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REVISION HISTORY

V23

This version of the report (V 2.3) was issued in order to present updated validation results at
HKZA and HKZB using the 10 months of measurements provided by RVO (and performed by
Fugro). Compared to the previous version (V 2.3), only the validation plots at HKZA and HKZB
have been updated (if not mentioned otherwise — the wave results at Euro platform and
Borssele 1 has been updated as well for the local wave model validation). The measurements
at HKZA and HKZB covered the period from 2016-06-04 to 2017-04-01 (with some gaps as
specifically mentioned or shown in the relevant sections). The update has focus on the wind
and wave conditions. The validations showed that the models perform very well in capturing
both normal and extreme sea states. Further analysis showed that considering the extended
part of the simulation into extreme value analysis would not influence the extreme values
already presented in version 2.2. Hence, all normal and extreme condition analysis has not
changed since version 2.2. The appendices have also not changed since version 2.2.
Here are the relevant section or tables/figures in/for which updates have taken place:

*  Plots for HKZA and HKZB in Sections 3.3.3.2.3 & 3.3.3.2.5

*  Plots for HKZA and HKZB in Section 4.3.6

» Sections 5.5.3.1 & 5.5.3.2 have been added. Some of the plots are the same as V 2.2.

+ Table 7.2 has been updated to cover the latest storms

* Section 9.1.1 has been updated with some text

+  Section 9.4.8 (NSS conditions to be used for ultimate and fatigue loads) has been added

+  Section 10.4.3.1 has been added

*  More tables on wind-wave misalignment for each wind speed bin (i.e. 2m/s, 4m/s, 6m/s, etc.
up to 30m/s) at relevant hub heights (i.e. 100m, 125m, 150m & 200m) are added the set of
excel files provided by RVO

The normal and extreme conditions in the report and database are based on the hindcast
data until January 2017.

Please note that Ecofys WTTS has updated the wind resource assessment of Hollandse Kust
(zuid) by including 12 months of on-site measurements in the analysis. Ecofys concludes in the
updated wind resource assessment that the long-term mean wind speed at Hollandse Kust
(zuid) at 100mMSL has changed from 9.5m/s to 9.44m/s compared to the first wind resource
assessment. After discussions with RVO.nl and DNV-GL, the small difference is considered to
have negligible effects on the numbers presented in the Metocean report. The numbers in the
Metocean report and database therefore have not changed compared to the first. Please see
Section 9.1.1 for more info.

V2.2

This version of the report (V 2.2) compared to the previous version (V 2.1), contains some
correction with relation to extreme wind speeds at 100, 125, 150 & 200mMSL for the time-
averaging periods of lower than 2 hours (1 hour, 10 minutes, 1 minute and 3 seconds). In the
previous version, the reduction of turbulence intensity with increasing height was not considered
in the converting the wind speeds to time averaging of lower than 2hours. In relation to this,
Section 10.1.4 and Appendix G.1 and G.2 have been updated. Table 10.7 to Table 10.11 have
been added as well.

V21
This version of the report (V 2.1) compared to the previous version (V 2.0) which was published

on 11 January 2017 by RVO.nl, contains some improvements related to the wind speeds at
eastern areas within the Hollandse Kust (zuid) wind farm and wind speeds at Hollandse Kust
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(noord) wind farm. In addition, some wording/typing mistakes have been corrected. Readers
are advised to follow the changes listed below and modify their design in case it is deemed
necessary:

*  More info on the changes with regards to winds in the eastern side of the Hollandse Kust
(zuid) and (noord) has been given in Section 3.3.3.2.5

*  All the plots for both normal (including Weibull parameters) and extreme conditions at HKZ
and HKN have been updated. In summary, the wind speeds have slightly increased at HKZ
and at HKN, they have been slightly reduced. For example, 100-year 1hr wind speeds at
HKZ at 10mMSL have been increased by 0.5m/s (and by 0.8m/s at 100mMSL) comparing to
version 2.0 of this report. The plots in Appendix E & F have also been updated.

* Table 7.2 has been added
* Table 9.10 has been given with two decimal numbers and reformulated to have MSL =0

*  The plots showing the spatial variation of wind speed in Sections 9.1.8 & 10.1.5 have been
updated

*  Figure 9.35 & Figure 9.36 have been updated
*  Figure 10.14 & Figure 10.16 have been updated

* Table 10.28 & Table 10.30 have been updated (0.1m difference in some columns compared
to version 2.0 due to rounding errors)

* Table 10.36, Table 10.38, Table 10.40 & Table 10.42 have been updated (0.1m difference in
some columns compared to version 2.0 due to rounding errors)

*  Previous (version 2.0) Section 10.4.7 has been modified and moved to Section 9.4.10

+  The misalignment of wind and wave (Section 9.4.5) has been updated to account for slightly
changed wind speeds

* Table 10.32 & Table 10.33 have been updated

* Table 11.1 has been updated

DHI « Agern Allé 5 « DK-2970 Hgrsholm ¢« Denmark
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Abbreviations

CDh Chart datum

DWR Directional Wave Rider

HAT Highest Astronomical Tide

HRL Highest Residual Level

HSWL Highest Still Water Level

LAT Lowest Astronomical Tide

LSWL Lowest Still Water Level

LRL Lowest Residual Level

MHWS Mean High Water Spring

MHWN Mean High Water Neap

MLWN Mean Low Water Neap

MLWS Mean Low Water Spring

MSL Mean Sea Level

MWD Mean Wave Direction

PWD Peak Wave Direction

POT Peak-Over-Threshold

Tl Turbulence Intensity

Tr Return Period

SWL Still Water Level

WTG Wind Turbine Generator

aMSL Above Mean Sea Level

mMSL Meters above Mean Sea Level
Subscripts

Sea Wind-sea partition of a sea state

Swell Swell partition of a sea state

Tide Tide partition of the surface elevation
Residual Surge partition of the surface elevation
Mp Most probable maximum (also denoted mode)
HKZ Hollandse Kust (zuid)

HKN Hollandse Kust (noord)

HKZWFZ Hollandse Kust (zuid) Wind Farm Zone
HKNWFZ Hollandse Kust (noord) Wind Farm Zone
SW Spectral Wave model

HD Hydrodynamic model

Definitions

Time Times are relative to UTC

Level Levels are relative to local LAT (if not specified

otherwise), however graphs are relative to MSL

Coordinate system

UTM31 ETRS89 or ETRS89 (if not specified
otherwise)

Direction

Directions are 30 and/or 45 degree bins relative to
true North, ie 12 or 8 bins covering:

30deg: 0°=+15°-15° 30° = 15°-45°, etc.
Wind: °N coming from

Current:  °N going to

Waves:  °N coming from

The expert in WATER ENVIRONMENTS

XVi





DA

XViii

Symbols

Latin characters

c Wave celerity

C Wave crest level

CD Current direction

CS Current speed

Crmax Maximum wave crest level

d Water depth

Hmo Significant wave height

Hmax Maximum wave height

N Number (of discrete value, number of waves, etc.)
To1 Mean wave period

Toz Zero-crossing wave period (spectral based)

Tp Peak wave period

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

Uc,avg Depth-integrated current speed (m/s)

WS Wind speed

Zo Mean sea level

WD Wind direction

U1o Wind speed at 10 meters above MSL

D1o Wind direction at 10 meters above MSL

Greek characters

Y

Threshold

Rate (events/year)

Surface elevation

A
n
0

Direction (°N)
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1 Introduction

Rijksdienst voor Ondernemend Nederland (RVO.nl) in July 2016 awarded DHI (contract
number: WOZ 1600017 — dated on August 17" 2016) to establish metocean conditions and
provide a digital database for the Hollandse Kust (zuid) Wind Farm Zone (HKZWFZ) and
Hollandse Kust (noord) Wind Farm Zone (HKNWFZ).

In September 2014, the Netherlands’s Minister of Economic Affairs presented a road map to
parliament, outlining how the Government plans to achieve its offshore wind power goals. The
Government has decided that three offshore Wind Farm Zones, within the appointed designated
areas for offshore wind, will be used for the deployment of the 3,500 MW of new offshore wind
power: Borssele (1,400 MW), Hollandse Kust (zuid) (1,400 MW) and Hollandse Kust (noord)
(700 MW). Figure 1.1 shows a schematic representation of these wind farm zones and the
planned timetable for related tenders to be issued.

[ g

Hollandse Kust (noord)

Figure 1.1  The road map towards 4.500 MW offshore wind power in the Netherlands. The yellow areas
are the future wind farms. The areas in dark blue are the already existing offshore wind
farms (RVO.nl, 2016)

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 (zuid)
and (noord) offshore wind farms. The metocean conditions have been established based on
numerical modelling and on performing analyses on the modelling results. A comprehensive
digital database is provided to RVO.nl, 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 HKZWFZ and HKNWFZ 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.
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Note that this report was subjected to an extensive quality control procedure by DHI. After
submission, it was reviewed and approved by experts on behalf of RVO. This included a review
of the extreme value analysis by a statistical expert. It was certified by DNV as well.

It is noted that data applied in this metocean study was validated against ten months of
measurements at the Hollandse Kust (zuid) wind farm zone.

In order to establish the metocean conditions, DHI performed high-resolution numerical
modelling covering the period 1979-2016 (+37 years) and state-of-the-art analyses, the results
of which are presented in this report.

This report is arranged as follows:

»  Section 2 provides the Executive Summary both in English and Dutch languages.

»  Section 3 presents the data that were used for establishing, calibrating and validating the
numerical models such as measurements acquired from RVO.nl and from other sources,
bathymetry data, wind data and satellite measurements.

+  Sections 4 & 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.

+  Sections 6 & 7 present the execution of the model simulation and the analysis points within
the wind farm areas. Section 8 describes the database area.

+  Section 9 includes analyses of wind, waves, currents and water level normal conditions.
+  Section 10 contains the analyses performed to estimate extreme metocean conditions.
«  Section 11 provides the results of joint probability analyses.

+  Section 12 presents the analyses of other metocean variables such as air temperature, sea
temperature, air density, water density, visibility, lightning, marine growth, sea and marine
icing, extreme temperatures and seismicity.

In parallel with the metocean study, RVO has commissioned Ecofys WTTS to perform wind
resource assessment for the Hollandse Kust (zuid) wind farms (Ecofys, 2016). The information
provided in Ecofys’s study is intended for wind farm modelling, yield assessments and business
case calculation for the offshore wind farms to be developed in HKZWFZ. However, as
mentioned above, the purpose of this study is to provide normal and extreme conditions to be
used in design of the offshore wind farms.
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2 Executive Summary/Samenvatting

2.1 In English

This report provides detailed information on the meteorological and oceanographic (metocean)
conditions for the Hollandse Kust (zuid) Wind Farm Zone (HKZWFZ) and Hollandse Kust
(noord) Wind Farm Zone (HKNWFZ). The results provided here aimed to 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 ~600m for
the wave model) state-of-the-art numerical models (based on MIKE Powered by DHI software
package) covering the period from 1979 to 2016 to provide metocean conditions in the Dutch
North Sea area. The 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). An extensive validation of the modelling results was conducted using
satellite and local measurements. The validation showed very good model performance and
thus ensured accurate and high-quality metocean conditions at the desired areas.

Normal metocean conditions are described in detail and were based on the +37 years of
modelling results.

Extreme conditions were established for wind, current and water levels for return periods up to
100-years and for waves (significant wave height, maximum individual wave height and
maximum crest heights) for return periods up to 10,000 years using advanced statistical
methods. Joint probability of metocean conditions is also provided with this report. The results
can be directly used for design purposes.

A comprehensive digital database is also provided, which enables users to access the modelling
data and the analysis results through a user-friendly interface. The results are available in a
large area covering Hollandse Kust (zuid) & Hollandse Kust (noord) and areas in between and
further offshore as shown in Figure 2.1.

Database Area is shown in Red

Latitude

Below -60
Undafined Value

B RN
-3

28 28 3.0 32 34 38 38 4.0 4.2 44 46 48 50
Longitude [deg]

Figure 2.1  The database area (outer red line) shown together with Hollandse Kust (zuid) and Hollandse
Kust (noord) offshore wind farms
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In Dutch

Dit rapport bevat gedetailleerde informatie over de meteorologische en oceanografische
condities voor windgebieden Hollandse Kust (zuid) en Hollandse Kust (noord). 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.

Voor de bepaling van deze condities heeft DHI een geavanceerd hydrodynamisch model
ontwikkeld met een hoge resolutie (~200m voor het waterbewegingsmodel en ~600m voor het
golvenmodel). Het model is gebaseerd op het MIKE Powered by DHI software pakket en is
gebruikt om een groot aantal meteo-oceanografische condities te simuleren voor de periode van
1979 tot 2016. Als randvoorwaarden voor het model zijn wind/druk velden gebruikt van de
Climate Forecast System Reanalysis (CFSR) dataset van het Amerikaanse National Centers for
Environmental Prediction, USA (NCEP).

Een uitgebreide validatie van de modelresultaten is uitgevoerd met behulp van satelliet-
gegevens en lokale metingen. Deze validatie heeft een goede overeenkomst tussen de
modelresultaten en metingen aangetoond met een hoge nauwkeurigheid van de gesimuleerde
gegevens op de selecteerde locaties.

De normale meteo-oceanografische condities zijn berekend op basis van de +37 jaar
modelresultaten.

Extreme condities (met een herhalingstijd van 100 jaar) zijn berekend voor wind, stroming, en
waterstanden. Extreme golfcondities (met een herhalingstijd van 10,000 jaar) zijn berekend
(significante golfhoogte, maximale individuele golfhoogte en maximale golfkamhoogte) op basis
van geavanceerde statistische methoden.

Dit rapport bevat ook gegevens over de gecombineerde kansverdeling van verschillende meteo-
oceanografische condities. De resultaten kunnen direct worden gebruikt voor ontwerp
doeleinden.

Hiernaast is een uitgebreide digitale database geleverd met meteo-oceanografische gegevens.
De database stelt de gebruiker in staat om de modelgegevens en resultaten van de studie weer
te geven op een gebruikersvriendelijke manier op elke willekeurige locatie binnen het
projectgebied. De database bevat resultaten voor een groot gebied wat de twee windgebieden,
de tussen gelegen gebieden en overige offshore gebieden omvat, zoals aangegeven in Figuur
2.1.
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Figuur 2.1 Het gebied van de database (buitenste rode lijn) samen met de twee windgebieden.
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3 Data/Study Basis

This section provides information about the measurement data provided by RVO.nl and the data
acquired by DHI and used to calibrate/validate the numerical models. It also presents the
bathymetry data applied in order to make the high-resolution computational mesh for the
models. The meteorological data (wind fields, pressure, temperature and humidity) which were
used as model forcing are described in this section as well.

3.1 Bathymetry

The applied bathymetry data are summarised in Table 3.1. The bathymetry data collected by
Fugro in 2016 cover the Hollandse Kust (zuid) area (Fugro, 2016). Fugro data was delivered on
a hard disk to DHI. The data came with 0.5m resolution which was considered to be very large
in size to be applied for modelling. DHI interpolated the data to 50m grids and used that to
generate high-resolution mesh for modelling purposes. Figure 3.1 shows the interpolated
bathymetry data. The data shows the existence of large dunes. According to Fugro, the very
large dunes have NW to SE trending crests with wavelengths ranging between 300m and 900m
and heights ranging from 2m to 5m (see (Fugro, 2016)).

For areas other than HKZWFZ and HKNWFZ, bathymetric data from the Digital Terrain Model
(DTM) data products have been adopted from the EMODnet Bathymetry portal -

. This portal was initiated by the European Commission as
part of developing the European Marine Observation and Data Network (EMODnet)!. The
EMODnet digital bathymetry has been produced from bathymetric survey data and aggregated
bathymetry data sets collated from public and private organisations. These are processed and
quality controlled. A further refinement and expansion is underway, by gathering additional
survey data sets and where possible, upgrading the DTM grid resolution, and will result in new
releases with time. The portal also includes a metadata discovery service that gives clear
information about the background survey data used for the DTMs, their access restrictions,
originators and distributors. The DTM has a grid size of 0.125 minute x 0.125 minute, and in
each cell, the average water depth in meters to LAT was adopted. Figure 3.2 shows the
coverage of EMODnet data together with some arbitrary contour lines, and Figure 3.3 shows the
combined dataset comprising the Fugro dataset and the EMODnet data (where Fugro data is
not available). This middle figure shows a good agreement between both, although the trough
of the sand dunes is lower in the Fugro dataset. The small differences between the EMODnet
data and the Fugro dataset are negligible after interpolation onto the final mesh (bottom figure).

Both the Fugro and EMODnet data were converted to MSL (to be used for modelling) based on
the regional hydrodynamic model (see Section 4.2).

Table 3.1 Bathymetry data sources applied

Priority Data provider Horizontal reference Vertical reference
1 Fugro UTM31 - ETRS89 LAT
3 EMODnet Longitude/Latitude (WGS-84) LAT

1 The overall objective of EMODnet is to create pilots to migrate fragmented and inaccessible marine data into
interoperable, continuous and publicly-available data streams for complete maritime basins. The bathymetry portal
development started in June 2009 and now provides a range of options for freely browsing and downloading a
harmonised Digital Terrain Model (DTM) for all European sea regions. The downloadable tiles are freely available
in a number of formats.

The expert in WATER ENVIRONMENTS 7



http://www.emodnet-bathymetry.eu/



fa0000 S50000 SE0000 A70000 A80000 A30000

5820000
A220000

5210000
Ag810000

5200000
4
A200000

5790000
&730000

5720000
&ra0000

Legend

D Investigation areas HKZ

/

S770000
A770000

5760000
ATEO000

3

540000 550000 SE0000 570000 520000 530000

Figure 3.1 Fugro bathymetry data (interpolated to 50m) covering the HKZWFZ
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Figure 3.2  EMODnet bathymetry data covering the European waters. Image produced by DHI
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3.2 Observations
3.2.1 Wind
Wind measurements were used to validate CFSR winds (see Section 3.3.1) and to assess wind
climate including wind turbulence. Wind measurement stations are described in the following
and summarised in Table 3.2.
Data from RVO ( ) were used at locations of Borssele and
Hollandse Kust (zuid) Wind Farm Zone, while data from Ijmuiden and OWEZ were obtained
from . Data for K13, K14, Europlatform and LEG were obtained
from KNMI.
Data consist of several locations, and elevations as summarised in Table 3.2. A more detailed
description of measurements can be obtained in reports found in the above references.
Table 3.2 Wind measurements stations characteristics
Available
. ETR TM31 . . .
Station .889 Y 3. Heights [m] Available periods |[Turbulence
Easting, Northing [m] :
Intensity data
30, 40, 60, 80, 100, 120,
HKZA 568791, 5795617 140, 160, 180, 200 06/2016-03/2017 YES
30, 40, 60, 80, 100, 120,
HKZB 568792, 5793671 140, 160, 180, 200 06/2016-03/2017 YES
30, 40, 60, 80, 100, 120,
Borssele L1 |502406, 5728452 140, 160, 180, 200 06/2015 - 07/2016 |YES
30, 40, 60, 80, 100, 120,
Borssele L2 496656, 5721716 140, 160, 180, 200 02/2016 — 07/2016 |YES
27, 58, 85, 92, 90, 115, Recalculated from
MM ljmuiden |529340, 5855469 140, 165, 190, 215, 240, (11/2011 —11/2015 |wind speed and
265, 290, 315 standard deviation
Recalculated from
OWEZ 594103, 5829390 21,70, 116 07/2005 — 12/2010 |wind speed and
standard deviation
K13 514708, 5896511 10 01/2001 — 10/2016 |No
K14 542240, 5902123 10 09/2008 — 10/2016 |No
Europlatform (518948, 5760963 10 01/2001 — 10/2016 |No
LEG 546071, 5753098 10 01/2001 — 10/2016 |No
3.2.2 Water level and current

The expert in WATER ENVIRONMENTS

Water level and current data available for this study are listed in Table 3.3. These data were
used to calibrate a local hydrodynamic numerical model of the area, as described in Section 4.
The data were also used to validate the vertical current profiles that are relevant at the site.

It is noted that the water level measurements at HKZA were not considered due to errors in the
data.
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Table 3.3 Characteristics of the water level and current observation stations applied in this study
Station ETRS89 UTM31 | ETRS89 UTM31 | Period Provider Type of
Easting [m] Northing [m] data
Current,
HKZB 568792 5793671 2016-2017 RVO water
levels
MM ljmuiden | 529340 5855469 2011-2015 ECN Current
Europlatform | 518948 5760963 1994-2016 Rijkswaterstaat | Water level
LEG 546071 5753098 2012-2016 Deltares Water level
K13a 514708 5896511 1994-2016 Rijkswaterstaat Water level
Waves

The wave measurement data available for this study are listed in Table 3.4. These data were
used to calibrate and validate the regional and local wave models (see Section 5).

The LEG wave data were considered to be erroneous for the majority of the coverage period
and were therefore disregarded in this study.

Table 3.4 Characteristics of the wave observation stations applied in this study
Station ETRS89 UTM31 | ETRS89 UTM31 | Period Provider Type of data
Easting [m] Northing [m]
Integral
HZKB 568792 5793671 2016-2017 RVO/Fugro parameters +
Spectra
Integral
HKZA 568791 5795617 2016-2017 RVO/Fugro parameters +
Spectra
ljmuiden
Munitiestort | 529248 5855495 1989-2016 Waterbase.nl Hmo, Toz, MWD
plaats*
ri”mp'atfor 518948 5760963 1989-2016 | Waterbase.nl | Hmo, Toz, MWD
LEG** 546071 5753098 1989-2016 Waterbase.nl | Hmo, Toz2
K13a 514708 5896511 1989-2016 Waterbase.nl | Hmo, Toz
Ekofisk 513214 6266793 1980-2012 Hmo, To2
Borssele2 | 496656 5721716 Feb-July RVO Integral
2016 parameters
Borsselel | 502406 5728452 2015-2017 | RVO Integral
parameters

* Herein referred to as ljmuiden

** The long-term wave data was considered dubious and thus discarded in this study

Figure 3.4 shows the location of all measurement stations applied in this study (waves, winds,
currents and water levels), apart from Ekofisk that is located further north in the North Sea.
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3.24 Scatterometer observations

In order to validate the wind fields, apart from in-situ measurements, wind speed and direction
observed by scatterometer satellites were used. A scatterometer is a microwave radar sensor
which measures the reflection (or scattering effect) produced while scanning the surface of the
Earth from an aircraft or a satellite. DHI possess a dataset comprising QuikSCAT? (1994-2009),
ASCAT? (2009-present), OSCAT* (2012-2014) and RapidScat® (2014-present) missions, which
were processed and used to validate the CFSR wind fields.

Table 3.5 provides the satellite data temporal coverage and the type of processing level
available at DHI. Figure 3.5 shows a sample time stamp of wind speed measurement coverage
by ASCAT.

Table 3.5 Satellite wind data (scatterometer) types, their temporal coverage and processing level type
available at DHI

Temporal Coverage
Satellite Version Processing Levels
Start End

QuikScat 12.5km 1999-10-28 2009-11-22 Level 2B-V3

Metop_A 12.5km

Metop_A 25km

ASCAT Metop_A Coastal_opt 2009-11-22 Now Level 2

Metop_B 25km

Metop_B Coastal_opt

OSCAT 12.5km 2010-01-16 2014-02-21 Level 2B- V2

RapidScat 12.5km 2014-10-03 Now Level 2B-V1
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Figure 3.5 A sample time stamp taken from ASCAT wind speed scatterometer observations and its
coverage around the Dutch coast on 2016-06-12.

3.25 Satellite altimeter data

Remote sensing data from satellite altimeters are an additional source of measurements
relevant for validating wave data. They have the advantage of global spatial coverage and are
unaffected by sensor malfunctions or data drop-outs during severe events as is sometimes the
case for in-situ wave observations. This section presents an overview and validation of the
adopted remote sensing wave data from altimeters.

Satellite altimeter wave data were adopted from the Geosat, Jason-1, Jason-2, and
Topex/Poseidon missions covering the period 1992 to 2016, see Figure 3.6; i.e. the NASA
missions, since the ESA missions were not available for commercial purposes.
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Figure 3.6  Timeline of satellite altimeter missions. The red box indicates missions adopted for this
study.

The data were downloaded as the Level 2 product (derived but non-gridded geophysical
parameters, license free) from the PO.DAAC data portal (hitp:/podaac.jpl.nasa.gov/) and
subsequently quality assured (based on various flags and auxiliary parameters) and calibrated
according to available guidelines, see e.g. (GlobWave, 2010). Only data with a quality flag of
0 (‘Probably good’) were adopted for this study (data with quality flags of 1 (‘Generally
acceptable’) and 2 (‘Probably bad’) were omitted).

The applied geophysical parameters included significant wave height (Hs) and zero-crossing
wave period (Tz). Hsis estimated from the change in slope of the waveform’s leading edge (and
subsequently calibrated according to offshore boys), while T was derived from an empirical
relation of Hs and oo (the backscatter coefficient), see (Mackay, 2008). Only data from the
KU-band were considered since these were reported to have a much higher accuracy compared
to the C-band measurements, see e.g. (CNES/NASA, 2008).

The repeat cycle (time between the satellite passing the same geographical location) of the
Jason missions was ~10 days with 254 passes per cycle. An example of a 10-day repeat cycle
indicating the relationship between spatial and temporal resolution of the altimeter data is shown
in Figure 3.7. The orbital ground speed was 7.2km/s with measurements available about every
1s, i.e. approximately 7km apart.

16 11820013 HollandseKust_zuid_noord_MetoceanStudy_Final / mgo/fld/pdg/rbol/ybr — Sept2017



http://podaac.jpl.nasa.gov/

http://www.pecad.fas.usda.gov/cropexplorer/global_reservoir/#SatelliteRadarAltimetry



10-day repeat cycle

80 |-

60

40 |- A AR R T R T

e
‘

-20 0 20 40

Figure 3.7 Example of 10-day repeat cycle indicating the relationship between spatial and temporal
resolution of the altimeter data (Globwave, 2012)

The limitations of altimeter wave data are mostly related to the presence of significant non-sea
features in the altimeter footprint (typically 2-11km) such as land or ice. For offshore passes
(i.e. coming off the land), measurements within up to 50km off the coast should therefore be
treated with caution. For onshore passes (i.e. coming onto land), the measurements should be
reliable to within 10km. Hence, most of the nearshore altimeter data were disregarded as part
of the quality assurance routines. Figure 3.9 shows the coverage of available number of
altimeter data points applied in this study for the period from 2001 to 2015. The coverage is not
so good around the Dutch coast. Therefore, no validation was performed at locations closed to
the Dutch coast.

A comparison of the altimeter Hs and T against WaveRider buoy (WR) measurements of 20min
sea states at Ekofisk is shown in Figure 3.10 and Figure 3.11. Altimeter data within £0.25°

(= £30km) were adopted and synchronised to the WR data resulting in almost 1,000 data points
(as shown within the blue circle in Figure 3.8). The agreement was very good as represented by
a zero BIAS, a scatter index (SI) of just 0.11 and a quantile (QQ) slope of 0.98 (see Appendix A
for definitions of quality indices), and hence the data were considered of appropriate quality for
validation of modelled wave data.

It is noted that the coverage of altimeter data is not good close to the coast, and not much data
is available around the Dutch coasts. Other data belonging to stations located further north in
the North Sea were also used for validation of altimeter data; however, these results are
confidential.
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Figure 3.9 Number of altimeter data points available for the period 2001 to 2015
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Figure 3.11 Comparison of the altimeter T, against WR data at Ekofisk
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3.2.6

3.3

Lightning data

Lightning data were taken from NASA’s Global Hydrology Resource Center (GHRC) namely the
LIS/OTD Gridded Climatology® data set. The LIS/OTD Gridded Climatology data sets consist of
gridded climatologies of 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 long
LIS (equatorward of about 38 degrees) record makes the merged climatology most robust in the
tropics and subtropics, while the high latitude data are entirely from OTD. The gridded
climatologies include annual mean flash rate on a 0.5 degree grid (Cecil, Buechler, & Blakeslee,
2014).

Figure 3.12 shows the global average flash rate density (fl/lkm2/yr) based on the GHRC data.

HRFC_COM_FR

00 01 02 04 06 08 10 20 40 60 80 10.0 15.0 20.0 30.0 40.0 50.0 70.0 Flashes km-2 yr-1

Figure 3.12 Global average flash rate density from GHRC data

The Hollandse Kust area has only been covered by the OTD sensor, which contains data from
4 May 1995 to 21 March 2000 (Christian, et al., 2003). For this project, the data was extracted
from the “High resolution flash climatology (HRFC)”, “High resolution monthly climatology
(HRMC)” & “Low resolution monthly time series (LRMTS)” products (Cecil, Buechler, &
Blakeslee, 2014). The HRFC and HRMC have a 0.5 degree resolution, while the LRMTS has a
2.5 degree resolution. No smoothing has been performed on HRFC, but extensive smoothing
has been performed on the data from HRMC and LRMTS. Please refer to (Cecil, Buechler, &
Blakeslee, 2014) for more information on this. The results at the study area are presented in
Section 12.8.

Wind and air pressure

This section presents the atmospheric input used to force the numerical models in this study.

It should be highlighted that all the modellings in this project should have been updated
(according to the Scope of Work — and implemented in V 2.3 of this report) when the
measurement campaign (performed by Fugro) were finished (summer 2017). In order to comply
with this, the forcings must be available very shortly after the measurements are available. In
addition, the forcings must cover the entire North Sea and English Channel (see Sections 4 &
5). Therefore, using the KNMI North Sea Wind Atlas was not an option since it contains data
until 2013 and is freely available only for a smaller domain (around the Dutch North Sea).

6 https://ghrc.nsstc.nasa.gov/uso/ds_docsl/lis_climatology/LISOTD_climatology_dataset.html
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3.3.1

3.3.1.1

Table 3.6

The Climate Forecast System Reanalysis (CFSR) atmospheric model

Atmospheric data applied in this study (for forcing of the numerical models and other purposes)
were adopted from the Climate Forecast System Reanalysis (CFSR) atmospheric model
established by the National Centre for Environmental Prediction (NCEP). CFSR is a coupled
meteorological and oceanographic model system that uses synoptic data for initialisation. The
data used for this study were available on an hourly basis from 1 January 1979 to 2016-09-01.
The choice of using CFSR for both forcing of the hindcast models (see Sections 4 and 5) and as
basis for the metocean analyses was based on the fact that CFSR covers this extended period
of time, which provides more confidence in the extreme values established, as well as because
it covers a sufficient spatial extent to for the hindcast models.

The CFSR data cover the period from 1979 to 2010 (31 years), and since then the operational
data set (denoted CFSV2) was applied. Since CFSV2 is an operational data set, it is possible to
use it later on to update the database in a consistent manner. The underlying model in CFSV2
is the same as for CFSR; however, the spatial resolution of wind was increased from 0.3° to
0.2°; see Table 3.6, while the resolution of atmospheric pressure was 0.5° for the entire period
(interpolated to the same grid as the wind speed in this project). Hereafter, ‘CSFR’ will refer to
the combined CFSR and CFSV2 data sets.

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. The atmospheric
model included in the CFSR modelling complex is GFS. Further details of CFSR are given in
(Saha, Moorthi, & Pan, 2010).

CFSR output specifications

The CFSR parameters characteristics applied in this study are summarised in Table 3.7. In
CFSR, the wind speed at 10mMSL (U10) was 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.

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 like, for instance, synoptic measurements (typically 10 min 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 various locations around
the North Sea have shown that the CFSR data is representative of about 2-hour averages.
Section 3.3.1.2 provides an example of such analysis.

Characteristics of the CFSR wind and pressure data

Data set (period)

Spatial resolution of wind, air Spatial resolution air
temperature, sea surface pressure’, relative humidity
temperature and ice coverage [°] and precipitation [°]

Temporal
resolution [h]

CFSR (1979 — 2010) 1 0.3 0.5

CFSV2 (2011 — present) 1 0.2 0.5

" Interpolated to the same grid as the wind speed data for this project
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Table 3.7 Specifications of CFSR parameters

Abbreviation Unit Description Comment

WS; or U, m/s Wind speed at height z mMSL Representative of
WD:; or D; °N (coming from) Wind direction at height z mMSL 2-hour averages
PairmsL hPa Atmospheric pressure reduced to MSL

RH % Atmospheric Relative Humidity

Tair °C Air temperature at 2m above MSL

SST °C Sea surface temperature

Based on the considerations above, wind characteristics required for other heights are
calculated based on the power law profile, while other time scales are derived by applying
ISO standard recommendations (European standard, 2005).

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.

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 MM Ijmuiden (sampled every 10 min and converted from 90maMSL to 10maMSL
using the Frgya profile).

The spectral analysis was based on the years 2012-2014. A Hamming window width of 1024
was applied.

The frequency power spectra of the observations, the observations averaged with a 1, 2 and
3-hour moving average window, and the model are shown in Figure 3.13 (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 is in agreement
with the findings in (Larsén et al., 2012). 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 measurements have to be averaged over 2 hours). Based on DHI's
experience, a much better agreement would be observed if the measurements were performed
at 10maMSL and not converted from 90maMSL. Unfortunately at this stage, no such data was
available.
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Figure 3.13 Frequency power spectrum of Uio at MM Ijmuiden

Land-sea mask

The land-sea mask of CFSR defines where the surface of the earth is interpreted as land and
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 or
the English Channel, which are considered to be quite wide concerning CFSR’s resolution, it is
expected to see good performance from CFSR and thus from the hydrodynamic and wave
models. Figure 3.14 and Figure 3.15 show the land-sea mask in CFSR and CFSV2 for the
areas around the Netherlands. It should be kept in mind that CFSR is a global model, and one
should be aware of the limitations of such models compared to e.g. local area higher-resolution
models such as for example WRF (Weather Research and Forecasting) models.

DHI has been applying the CFSR data set globally over the past couple of years and with great
success. DHI's experience using CFSR in the North Sea and English Channel has been very
successful and proven that CFSR wind fields will result in high accuracy in hydrodynamic and
wave conditions.
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3.3.3

Validation of CFSR data

Scatter comparisons of CFSR wind speed and measurements at K13, K14, Europlatform and
LEG locations are provided in Figure 3.45 and Figure 3.46 for 10mMSL altitude winds for the
period 2001-2016. As seen, the CFSR Uio dataset provides a good comparison to the
observations, both in terms of wind speed and wind direction. At Europlatform, slight over-
estimation is observed. This could be due to the fact the Europlatform is located quite close to
the land and within a CFSR cell, which is in a border between land and sea (see Section 3.3.2).
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Figure 3.16  Scatter comparison of measured and CFSR wind speeds at K13, K14, Europlatform and LEG (left to right

and top to bottom). Based on CFSR Uio data
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Figure 3.17 Wind rose comparisons of measured and CFSR wind speeds at K13, K14, Europlatform and LEG (left to
right and top to bottom), 10mMSL. Based on CFSR Uio data

As described in Section 3.2.4, the scatterometers are considered to be a great source for
validating the quality of wind fields over a large domain. In order to compare CFSR with the
scatterometers, data were extracted at several locations around the Netherlands and also
further offshore within the North Sea. These locations are shown in Figure 3.18.
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Figure 3.18 Location of the validation points for scatterometer data

Figure 3.19 to Figure 3.28 present the comparison results at locations shown in Figure 3.18.
Wind speeds lower than 3m/s were discarded from these comparisons as the scatterometer
data are erroneous at low wind speeds. In general, CFSR shows very good quality results at
offshore locations. At the locations closer to the shore, the scatterometer data are not as
frequently available as at the offshore locations. The wind speeds recorded by the
scatterometers could also be affected by land similar to CFSR. There appears to be some
under-estimation for lower wind speeds by CFSR at the locations near the shore. However, for
the modelling purposes and especially for the extreme sea states, the winds are blowing from
the sea. Therefore, the results indicate that CFSR would be a reliable source for forcing the
numerical models.
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Figure 3.20  Scatter comparisons of CFSR wind speed data and scatterometer data at Europlatform
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Figure 3.22  Scatter comparisons of CFSR wind speed data and scatterometer data at K13a
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Figure 3.23  Scatter comparisons of CFSR wind speed data and scatterometer data at OWEZ
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Figure 3.24  Scatter comparisons of CFSR wind speed data and scatterometer data at HKZB
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Figure 3.25 Scatter comparisons of CFSR wind speed data and scatterometer data at location C1
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Figure 3.26  Scatter comparisons of CFSR wind speed data and scatterometer data at location C2
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Figure 3.27  Scatter comparisons of CFSR wind speed data and scatterometer data at location C3
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Figure 3.28 Scatter comparisons of CFSR wind speed data and scatterometer data at location C4
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3.3.3.1  Vertical wind speed profile
Measurements at different heights from MM Ijmuiden, Borssele 1 and HKZB were compared to
theoretical vertical wind profiles (Power law profile and Frgya profile). The theoretical profiles
were calculated based on the CFSR data for the same period as the measurements. The power
law profiles were calculated based on the exponent derived for each time step from the CFSR
data between U1 and Uioo applying the following relation:

_ Voo /100
N TV AET) (3.1)

with n the power law exponent.

The Fragya vertical profile is defined as follows, see (European standard, 2005):

Z
UW,lh(Z) = UWO(l + C an) (32)

with Uy, 1,(z) the 1-hour wind speed at height z above mean sea level
U, the 1-hour wind speed at the reference elevation z, = 10m above mean sea level

C a dimensionally-dependent coefficient equal to 0.0573 . (1 + 0.15U,,,)'/?

Figure 3.29 to Figure 3.31 show the comparisons for two sets of events selected based on
thresholds of Uie. The power law profile appears adequate for the events with Uio above 5m/s
(normal conditions), however, it tends to under-estimate the high altitude winds for larger U1o
events. Hence, the Frgya profile is judged to be more adequate and is recommended for
obtaining high altitude winds (at 100, 125, 150, and 200mMSL).

This choice is considered slightly more conservative, as it can aslo be seen at HKZB (Figure

3.31), covering one winter season at the site. Frgya being conservative, we recommend
applying it for design.
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3.3.3.2

3.3.3.2.1
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Validation at given altitude

Comparisons between the CFSR wind dataset (available at 10 and 100mMSL) and the available
observations are shown as scatter plots of the wind speed and as wind roses. The CFSR data
were corrected to the observation altitude using the Fragya vertical profiles. The observed data
were also averaged over a two-hour period (moving average) in order to be comparable with the
CFSR time scale.

Comparisons between measurements and CFSR wind data are provided in this section in order
to validate the CFSR model performance at the HKZWFZ and HKNWFZ.

Only comparisons at measurement altitudes most relevant to the analyses are presented in this
report. The analyses are required at 10, 100, 125, 150 and 200mMSL, and hence, comparisons
are provided for altitudes closest to 10, 100 and 200m.

Comparisons at MM ljmuiden

Comparisons at MM ljmuiden are shown in Figure 3.32 to Figure 3.34. These figures show that
the CFSR Uio data provide a better comparison with the measured data at each altitude
compared to the CFSR U1 data. This could be explained by the relatively coarser grid of the
CFSR Uioo data. Wind roses comparisons in Figure 3.35 show that CFSR U1o data also
provides a good comparison in term of wind directions.
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Scatter plot (2011-11-01 - 2015-12-01; T_ = 2h; dt = 1h)
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Figure 3.32  Scatter comparison of measured and CFSR wind speeds at MM Ijmuiden, 21mMSL.
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Figure 3.33  Scatter comparison of measured and CFSR wind speeds at MM [jmuiden, 115mMSL.
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Figure 3.34  Scatter comparison of measured and CFSR wind speeds at MM Ijmuiden, 215mMSL. Left: based on
CFSR Uyo data; right: based on CFSR U1 data
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Figure 3.35 Wind rose comparison of measured and CFSR wind speeds at MM Ijmuiden, 115mMSL.
Top: based on CFSR Uio data; bottom: based on CFSR U100 data
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3.3.3.2.2

Comparisons at OWEZ

Comparisons at OWEZ are shown in Figure 3.36 to Figure 3.38. These comparisons are made
based on the undisturbed data periods and each direction, see (NoordzeeWind, 2007).

At both 21 and 116mMSL, the CFSR Uio data results in a better fit to the measured data and
less scatter compared to the Uioo dataset. It is, however, noted that some directional sectors
are slightly under-predicted in the CFSR Ui dataset, as shown in Figure 3.39 and Figure 3.40.
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Figure 3.36  Scatter comparison of measured and CFSR wind speeds at OWEZ, 21mMSL. Left:
data; right: based on CFSR Uieo data. Undisturbed periods and directions only
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Figure 3.37  Scatter comparison of measured and CFSR wind speeds at OWEZ, 116mMSL. Left: based on CFSR Uio

data; right: based on CFSR Uioo data. Undisturbed periods and directions only
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Figure 3.38  Wind rose comparisons of measured and corrected CFSR wind speeds at OWEZ,
116mMSL. Left: based on CFSR Uio data and right: based on CFSR Uioeo data. Undisturbed
periods and directions only
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Figure 3.39 Directional scatter comparison of CFSR and measured wind speeds at OWEZ, 21mMSL. Based on CFSR
Uio data. Undisturbed periods and directions only. Sectors 0 to 210°N
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Figure 3.40 Directional scatter comparison of CFSR and measured wind speeds at OWEZ, 21mMSL. Based on CFSR
U1o data. Undisturbed periods and directions only. Sectors 240 to 330°N

3.3.3.2.3 Comparisons at HKZB
Comparisons at HKZB are shown in Figure 3.41 to Figure 3.44 for altitudes of 30, 100 and
200m. These comparisons show a good performance of the CFSR model at the site, both for
Uio and Uioo. Based on measured dataset (~10 months), CFSR Uio appears slightly more
conservative compared to CFSR Uioo dataset for higher wind speeds. The wind direction is also
reproduced better by CFSR Uio. The bias and scatter is lower as well in CFSR Uso.
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Figure 3.41 Scatter comparison of measured and CFSR wind speeds at HKZB, 30mMSL. Left: based on CFSR Uio
data; right: based on CFSR Uigo data
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Figure 3.42  Scatter comparison of measured and CFSR wind speeds at HKZB, 100mMSL. Left: based on CFSR Uio
data; right: based on CFSR U1oo data
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Figure 3.43  Scatter comparison of measured and CFSR wind speeds at HKZB, 200mMSL. Left: based on CFSR Uio
data; right: based on CFSR Uioo data
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HKZB (4.0086E:52.2891N;-22.2mMSL)
Dual rose plot (2016—06—036 2%}7-03-31; Ta =2h; dt=1h)
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Figure 3.44  Wind rose comparison of measured and corrected CFSR wind speeds at HKZB, 100mMSL.
Top: based on CFSR Ui data and bottom: based on CFSR Uioo data

11820013 HollandseKust_zuid_noord_MetoceanStudy_Final / mgo/fld/pdg/rbol/ybr — Sept2017

44





3.3.3.24

Comparisons at Borssele 1
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Scatter comparisons at Borssele 1 location are also provided in Figure 3.45 and Figure 3.46 for
30 and 100mMSL altitudes. As observed for other locations, the CFSR Uio dataset provides a
slightly more conservative comparison to the observations than CFSR U1oo.
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Figure 3.45 Scatter comparison of measured and CFSR wind speeds at Borssele 1, 30mMSL.
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Figure 3.46  Scatter comparison of measured and CFSR wind speeds at Borssele 1, 100mMSL.

Uio data; right: based on CFSR Uioo data

3.3.3.2.5 Conclusions

S T I N PR N L
WS (m/s) - Measured

Left: based on CFSR

Based on the validation results presented above, it was concluded that the CFSR U1o dataset
provides a good basis for the purpose of establishing the metocean conditions at the Hollandse
Kust (zuid) and (noord) Wind Farm Zones, both in terms of wind speed and wind direction.
However, the comparisons at OWEZ showed that the wind speeds in the range 5-12m/s were

slightly under-estimated.

After performing a series of directional comparisons, it was found that some sectors (easterly
and south easterly) were indeed under-estimated. Hence, it was decided to correct the CFSR
Uio data prior to deriving metocean conditions at the site, with correction factors based on linear
fits to the data obtained for each directional sector, based on OWEZ undisturbed data (see
Figure 3.39 and Figure 3.40). Winds blowing from west (sector 270°N) were not corrected, as a
correction would have resulted in a slight decrease in wind speeds from this direction. It is also
noted that overall, the correction lead to a wind speed increase of about 8.6% during the
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observation period (June-August 2016). The wind speeds at higher altitudes were then obtained
from the corrected CFSR Uio dataset applying the Frgya profile (see Section 3.3.3.1).

Comparisons at OWEZ and HKZB after correction of the CFSR Uio data are presented in Figure
3.47 and Figure 3.48. These comparisons show an improved performance at medium wind
speeds, while the peak wind speeds are not raised significantly compared to the original
dataset. The corrected CFSR data is therefore considered to provide a good basis to derive the
metocean conditions across HKZWFZ and HKNWFZ. Some over-estimation is observed for
higher wind speeds at HKZB which could lead to more conservative extremes. However, only
10 months of measurements is not considered to be enough to assess the performance of the
model for higher wind speeds.

These data and the data applied in the wind resource study prepared by Ecofys (Ecofys, 2016)
were compared in Appendix H, and both datasets were found to be in good agreement, and fit
for each purpose.
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Figure 3.47 Scatter comparison of measured and CFSR wind speeds at OWEZ, 21mMSL (left) and 116mMSL (right).
Based on CFSR Uio data
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Figure 3.48 Scatter comparison of measured and CFSR wind speeds at HKZB, 30mMSL (left) and 200mMSL (right).
Based on CFSR Ui data

As was discussed in Sections 3.3.2 and 3.3.3, the CFSR grid is quite coarse to resolve the wind
speeds close to the shore. Figure 3.49 shows the mean wind speed at 10mMSL for the
database area (see Section 2 or 8) based on the original CFSR data. As it can be seen, the
mean wind speed decreases rapidly from the offshore locations towards the shore. After

46

11820013 HollandseKust_zuid_noord_MetoceanStudy_Final / mgo/fld/pdg/rbol/ybr — Sept2017





DA

performing the correction mentioned above at the grid point close to Hollandse Kust (zuid), it
was noticed that it is necessary to perform similar correction at other grids closer to the shore to
keep a reasonable spatial variation of wind speeds within the site. Figure 3.51 depics the mean
U100 within the HKZWFZ with only one CFSR grid point being corrected. It suggests a variation
of around 1m/s along the site (9.5-8.5m/s from west to east) which was not aligned with the
Ecofys study. This issue was corrected by applying the same correction mentioned above to the
grids closer to land. The correction was directionally based to be consistent with comparisons at
OWEZ location. Figure 3.50 shows the mean wind speed at 10mMSL, after performing the
corrections. Please note that Figure 3.49 and Figure 3.50 represent the discrete (not
interpolated) values based on the CFSR grid. The wind data was later interpolated to wave
model mesh and used for analysis. Therefore some very small differences are expected after
the interpolation was done (especially close to the land). Final spatial maps are given in Section
9.1.8.

Figure 3.52 shows the scatter comparison of the corrected CFSR data and the data provided by
Ecofys at HKZ3 location (see (Ecofys, 2016)) in the southern parts of the HKZWFZ. It shows a
bias of around 0.05m/s and proves that both datasets are aligned well.
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Figure 3.49  Spatial variations of mean Uio across the database area (original CFSR). Note that the axis

are not longitude and latitude but the grid numbers used in the CFSR file extracted for this
purpose. The geographical net has been put as a layer on the figure.
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Figure 3.50 Spatial variations of mean Uio across the database area (corrected CFSR). Note that the
axis are not longitude and latitude but the grid numbers used in the CFSR file extracted for
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92° 21'N

52" 24'N

52" 21

Mean U100 HKZWFZ
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Scatter plot (2000-01-01 - 2016-01-01; 1h)
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Figure 3.52  Scatter comparison of corrected CFSR data and EMD-Conwx data (provided by Ecofys) at
HKZ3 location at 2700mMSL
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4 Hydrodynamic Modelling

Water level and current data for the metocean study are adopted from a local hydrodynamic
(HDukzn) model developed for this study, see Section 4.3, and forced by boundary conditions
extracted from a regional model covering the North Atlantic (HDna-ba), See Section 4.2. These
data were established through numerical modelling using DHI’'s MIKE 21 Flow Model FM.

Flow modelling includes both tide and surge forced by the meteorological data described in
Section 3.3. Outputs are available with 30-min resolution.

4.1 MIKE 21 Flow Model FM

The MIKE 21 Flow Model is a modelling system for 2D free-surface depth-integrated flows that
is developed and maintained by DHI and offered as part of MIKE Powered by DHI (DHI, MIKE
21 FLOW MODEL FM, Hydrodynamic Module User Guide, 2016).

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 (DHI, MIKE 21 FLOW
MODEL FM, Hydrodynamic Module User Guide, 2016).

The hydrodynamic (HD) module is the basic module in the MIKE 21 Flow Model FM. The HD
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:

*  Bottom shear stress

*  Wind shear stress

*  Barometric pressure gradients
*  Sources and sinks (e.qg. rivers, intake and outlets from power plants)
*  Flooding and drying

* Momentum dispersion

»  Tidal potential

»  Coriolis force

*  Precipitation/Evaporation

* Ice coverage

*  Wave radiation stresses

The model uses a flexible mesh (FM) based on unstructured triangular or quadrangular
elements and applies a finite volume numerical solution technique (DHI, MIKE 21 FLOW
MODEL FM, Hydrodynamic Module User Guide, 2016).

The MIKE 21 Flow Model FM used for the present study was version 2017. The model uses

MPI parallelisation techniques and takes advantage of GPU to further boost the computational
speed.
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Regional hydrodynamic model (HDna-ba)

The North Atlantic regional hydrodynamic model previously developed by DHI, HDna-na, was
used to obtain boundary data for the local hydrodynamic model. Figure 4.1 shows the modelling
domain along with the bathymetry.

The HDna-oa 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. The assimilation was applied for the period after

1 January 1994 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-nba, model. The results of HDna-oa 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.

The HDna-ba model is based on an unstructured flexible mesh with refined mesh in shallow
areas. Cell sizes along the Dutch coast range from 1km? to approximately 3km? for water
depths < 15-20m.
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Figure 4.1  The North Atlantic regional hydrodynamic model (HDna-oa) model domain and bathymetry
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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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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.

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.

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 regularized 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 a 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 (Sgrensen, J.V.T.; Madsen, H., 2004).

The data coverage of the applied assimilation stations is shown in Figure 4.2. 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.

A number of 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 0.04 - 0.07m (Sgrensen, J.V.T.; Madsen, H., 2004). 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 improvement due to data assimilation was tested for the year 2005 and 2016 (for this
project). In general, the model including data assimilation showed much lower RMSE values.
For many stations also including validation stations, the model skill was improved by 50% or
more due to the data assimilation.

Figure 4.4 and Figure 4.5 show examples of the HDna-ba water level validations at two publicly-
available and nearby stations: Europlatform (very close to the HKZWFZ and HKNWFZ) and
Newhaven platform (around 200km south west of the HKZWFZ and HKNWFZ). The model has
also been validated against current measurements in the English Channel and the North Sea,
but for confidentiality reasons, they could not be presented in this report.

These validation results show excellent performance of the HDna-oa model (quantile alignment
close to the 1:1 line, peak ratio PR close to 1 and correlation coefficient CC close to 1). This
ensures that the model provides high-quality boundary conditions to be applied on the local area
HD model, HDrkzn.
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Figure 4.4  Validation of HDna-pa model at Europlatform for the period 1994-2014
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Figure 4.5  Water level validation of HDna-oa model at Newhaven for the period 1994-2014

4.3 The local Hollandse Kust (zuid) and (noord) flow model HDwkzn

4.3.1 Model domain, bathymetry and resolution

A detailed hydrodynamic model HDukzn of the southern part of the North Sea was established
for this study in order to represent the spatial variation of the hydrodynamics at HKZWFZ and
HKNWFZ. The model domain is shown in Figure 4.6.
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The HDHkzn model was based on an unstructured flexible mesh with a resolution of 3 to 5km
close to the model boundaries, while the approximate mesh resolution at the project site was
approximately 200m. The mesh refinement areas are shown in Figure 4.7. Figure 4.7 indicates
a second refinement zone to the southwest of the present Hollandse Kust (zuid) and (noord)
Wind Farm Zones. This second refinement corresponds to Borssele Wind Farm Zone, and was
applied to improve the performance of the model at this location (for validation purposes).

The model bathymetry was referenced to MSL, as it is a more spatially uniform basis for the
model datum. The choice of running the model with reference to MSL was also due to the fact
that the regional model (see Section 4.2) which provides boundary for the local model was also

run with reference to MSL.
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Figure 4.6  The Hollandse Kust (zuid) and (noord) model (HDHkzn) coverage and bathymetry (mLAT)
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Figure 4.7  Characteristic element size across the HDnkzn model domain
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4.3.2

4.3.3

4.3.4
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Set-up and parameters

The HDHkzn model has two open boundaries, which are forced with water levels extracted from
the HDna-oa model (see Section 4.2). The mean sea level (MSL) was used as vertical reference
for the HDrkzn model to ensure consistency with the regional HDna-ba model.

The HD+kzn flow model was set-up with the specifications indicated in Table 4.1. The HDHkzn
flow model was calibrated and validated for water level and currents against stations presented
in Section 3.2.2. The results of the calibration and validation are shown in Sections 4.3.5 and
4.3.6.

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

Setting Value
. Characteristic element size at HKZWFZ and HKNWFZ ~200m, see Figure

Mesh resolution 47

Simulation period 1979-01-01 — 2017-04-01 (+38 years) — 30-min output

Eddy viscosity Smagorinsky formulation with constant = 0.28
CFSR data set, Wind drag (empirical factors): Ca=1.569-10-3, Cb=3.031-10-3,

Wind forcing Wa=7m/s, Wb=25m/s (Ca, Cb, Wa, and Wb are used to calculate the empirical
drag coefficient of air)

Tidal potential Not included

Bed resistance Manning number, M = 35m3/s

From HDna-pa, See Section 4.2 — water levels varying in time and along

Boundary conditions boundary

De-tiding of water levels and currents

Observed and modelled water levels and currents 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, see (Codiga, 2011). This method builds on the 10S tidal analysis method
defined by the Institute of Oceanographic Sciences as described by (Pawlowicz, Beardsley, &
Lentz, 2002), and integrates the approaches defined in (Leffler & Jay, 2009) and (Foreman,
Cherniawsky, & Ballantyne, 2009).

De-tiding of the full hindcast period was based on a 19-year tidal analysis (1997-2015) to
analyse a full metonic cycle. 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.

Output specifications

The output of the local HDukzn model included water level and depth-integrated u and v-velocity
components covering the entire model area (all grid cells) at 30-min intervals. The water level
and current data were de-tided applying the I0OS method (see Section 4.3.3 above) to obtain
time series of total, tidal and residual water levels and currents. Subscripts ‘tide’ and ‘residual’
represent the tidal and residual components of the total water level and current speed
respectively. Water level and current data are considered representative of instantaneous data.
The output specifications are summarised in Table 4.2.
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Table 4.2 Specifications of water level and current parameters

Abbreviation Unit Description Comment

WL, WLid, WLres | MMSL Total, tidal and residual water levels De-tided via 10S

CS, CStid, CSres m/s Total, tidal and residual current speed Depth-integrated,
CD, CDxg, CDres | °N (going to) | Total, tidal and residual current direction | de-tided via 10S

The near-seabed and near-surface current speeds are calculated based on the depth-integrated
data CStot, CStia and CSres, applying the vertical profiles presented in Section 9.3.4.

4.3.5 Calibration and sensitivity tests

The calibration tests performed to establish the final HDukzn model applied for this study are
summarised in this section. Manning number (bottom friction, wind friction and data assimilation
(in the regional model) were the main parameters influencing the performance of the model. A
number of quality indices are used to quantify the model performance against measurements.
These indices are defined in Appendix A.

In this section of the report, all graphs related to water levels present the data with reference to
MSL.

4.3.5.1  Grid convergence
Sensitivity tests were conducted to confirm the required finest model resolution that allows an
accurate description of the conditions on site within an affordable time. Three different spatial
resolutions were tested:

+  Test 3: coarse resolution, approximately 500m at the site
*  Test 5: medium resolution, approximately 200m at the site
* Test 6: fine resolution, approximately 100m at the site

Figure 4.8 shows that varying the grid size of the model has minimum impacts on the modelled

currents and water levels on site. A resolution of 200m (as applied in Test 5) was therefore
assessed appropriate for the hindcast model.
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Calibration tests were then conducted to select appropriate wind friction parameters. Three
different combinations were tested based on the default setting (friction of 0.001255 at 7m/s and
0.002425 at 25m/s) as well as the default setting multiplied by 1.25 and 1.5. The comparisons
of measured and modelled water levels or currents (total and residuals) are presented in Figure

4.9 to Figure 4.11.

The residual currents at MM ljmuiden are slightly under-predicted when applying the default
wind friction parameters, while they are better represented with an increase of 25% in wind
friction. Wind friction parameters increased by 25% compared to default values were therefore
applied in the local HDnkzn model.
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Figure 4.11 Influence of wind friction on current speeds at MM Ijmuiden. Top: default setting, middle: default x 1.5,

bottom: default x 1.25. Left: total CS, right: residual CS

4.3.5.3 Bed resistance
Calibration tests were also conducted based on the bed resistance applied in the local HDnkzn
model. Different combinations were tested as indicated in Table 4.3.

The water levels and currents across HKZWFZ and HKNWFZ were sensitive to the bed
resistance (tested without data assimilation in the regional model), as shown in Figure 4.12 to
Figure 4.14. The constant Manning number of 35m*/3/s was found to provide the best

performance overall, and was selected to establish the final HDxkzn model.

Table 4.3 Selected bed resistance settings tested for the HDrkzn model calibration

Test

13

15

20

Manning number [m¥3/s]

HDna-pa setting: M=38 if depth < 30m, else M=42

32

35
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Figure 4.13 Influence of Manning number on water levels at K13a platform. Top left: HDna-.oa Manning number, top

right: constant Manning of 32m'/3/s, bottom: constant Manning of 35m3/s
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Figure 4.14 Influence of Manning number on current speeds at MM Ijmuiden. Top left: HDna-oa Manning number, top

right: constant Manning of 32m%3/s, bottom: constant Manning of 35m*3/s
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Data assimilation

The influence of data assimilation on the performance of the regional HDna-oa model was tested
nearby HKZWFZ and HKNWFZ. The test was made by comparing the performance of HDna-pa
with the corresponding model run without data assimilation, HDna-no pa. It was found that data
assimilation improves the model performance of the model both in term of quantile alignment
and scatter index, as shown in Figure 4.15 and Figure 4.16.
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Figure 4.15
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4.3.6
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Figure 4.16 Influence of data assimilation on regional HDna-ba model at HKZB. HDna-pa versus
HDNA-no DA

Validation

Long-term validation of the local model results is presented in Figure 4.17 to Figure 4.19.
Overall, the total water levels and current speeds are well represented across the HDHkzn
model. The scatter plots show good quantile alignments and low scatter indices in all cases.

At HKZB and HKZA, the results are influenced by the fact the model did not take advantage of
data assimilation for the period 2016-2017.
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Figure 4.17 Scatter plots of observed and modelled total water levels at Europlatform (top left), K13a (top right), LEG
platform (middle left) and K14 (middle right) and HKZB (bottom)
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MIKE 3 Flow model hindcast data

In order to extract information on seawater salinity and density, data from DHI’s existing MIKE 3

Flow Model FM 3D hydrodynamic model (2006 to 2014) covering the North Sea, the Norwegian

Sea and the Barents Sea was extracted. A short introduction is given in this chapter. The entire
model domain is depicted in Figure 4.20.
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Figure 4.20 Model domain for DHI's MIKE 3 three-dimensional hydrodynamic model of the North Sea,
the Norwegian Sea and the Barents Sea.

It has to be highlighted that the “DHI’s existing MIKE 3 Flow Model FM 3D hydrodynamic
model (2006 to 2014) covering the North Sea, the Norwegian Sea and the Barents Sea” has
only been used to provided seawater density (temperature + salinity) data for this project
(see Section 12.1).

MIKE 3 Flow Model FM is a 3D modelling system based on a flexible mesh approach. The
modelling system has been developed for applications within oceanographic, coastal and
estuarine environments. MIKE 3 Flow Model FM is composed of following modules:

*  Hydrodynamic module

*  Transport module

+  ECO Lab/Qil Spill module
»  Particle Tracking module
*  Mud Transport module

* Sand Transport module

The Hydrodynamic module is the basic computational component of the entire MIKE 3 Flow
Model FM modelling system providing the hydrodynamic basis for the Transport module,

ECO Lab/Qil Spill module, Mud Transport module, Particle Tracking module and Sand Transport
module.
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The model is forced by a combination of meteorological data (CFSR) within the entire domain
and boundary conditions in terms of sea surface elevation (including tide), salinity, water
temperature and currents following a downscaling methodology similar to Bolafios et al. (2014).
The model results are available on an hourly basis within the model mesh elements from 2006
to 2014. The vertical discretisation uses a combined sigma and z-levels, with 13 levels within
the upper 61m and 20 levels underneath. Vertical resolutions go from 1.5m at the surface,
decreasing to 750m at the deepest layer.

Figure 4.21 shows a snapshot of sea surface temperature from the MIKE 3 model.
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Figure 4.21  Snapshot of sea surface temperature (colour scale) and surface current vectors from
the MIKE 3 model.
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5 Spectral Wave Modelling

This section describes the establishment of the wave data developed under and used in this
project. The data was established through numerical modelling using state-of-the-art numerical
wave modelling software, MIKE 21 SW Spectral Wave FM model by DHI (version 2016 SP3)
(DHI, MIKE 21, Spectral Wave Module, Scientific Documentation, 2016).

5.1 Wave modelling approach

The modelling of wind-waves at HKZN was done using three individual spectral wave models all
developed by DHI. The local model of HKZN (SWhkzn) covers a small part of the North Sea only
and hence needs boundary conditions describing the waves generated in the North Sea. These
conditions were generated in the North Sea model (SWns). The North Sea model in turn needs
an input on its Atlantic Ocean boundary, which was adopted from DHI's Global Wave Model
(GWM).

5.2 MIKE 21 SW Spectral Wave model

MIKE 21 SW Spectral Wave FM model is developed, supported and maintained by DHI. Like
the other modules included in the flexible mesh 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, which has been available from DHI
now for more than a decade and which is thus fully matured, gives the maximum degree of
flexibility, and allows the model resolution to be varied and optimised according to requirements
in various parts of the model domain.

The MIKE 21 SW version 2016 SP3 was applied in this project. A summary of the model
description and capabilities is given below. Note that some features were not included in this
study.

MIKE 21 SW Spectral Waves FM

MIKE 21 SW is DHI's state-of-the-art third generation spectral wind-wave model. The model
simulates the growth, decay and transformation of wind-generated waves and swells in offshore and
coastal areas.

Due to its unique unstructured flexible mesh technique, MIKE 21 SW is particularly suited for
simultaneous, i.e. in one single model domain, wave modelling at regional scale and at local scale.
Coarse spatial resolution is used for the regional part of the mesh and a higher resolution is applied
in more shallow water environment at the coastline, around structures, etc.

MIKE 21 SW includes the following physical phenomena:

*  Wave growth by action of wind

*  Non-linear wave-wave interaction (quadruplet and triad-wave interactions)
* Dissipation due to white-capping

*  Dissipation due to bottom friction

*  Dissipation due to depth-induced wave breaking

* Refraction and shoaling due to depth variations and currents

*  Wave-current interaction

*  Effect of time-varying water depth and currents

*  Effect of ice coverage on the wave field

*  Wauve diffraction (not included in the present study)

*  Wauve reflection (not included in the present study)

* Influence of structures (like piers, wind turbine foundations, WEC, TEC)
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Main computational features of MIKE 21 SW are:

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

*  Fully spectral and directionally decoupled parameterised formulation

* In-stationary and quasi-stationary solutions

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

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

*  Flooding and drying in connection with time-varying water depths

*  Water-structure interaction module

*  Parallelised using OpenMP and MPI techniques

For further details, see (DHI, MIKE 21, Spectral Wave Module, Scientific Documentation, 2016)

GWM

The DHI Global Wave Model (GWM) is forced by CFSR wind and ice coverage data. The model
has been validated against observation, and has proven successful when applied as boundary
conditions for numerous regional models around the globe. For this project, a dedicated version
of the GWM model hindcast was ran, including the following updates:

«  Cap on wind friction

«  Stability-corrected wind fields

+  Temporal and spatially-varying ratio of air/sea density (based on CFSR)
«  Correction of wave celerity for surface current speed

This version is denoted GWMv3. The objective of including the updates was twofold. Firstly, it
was done to improve accuracy, and secondly it was done to align better with the settings of the
DHI North Sea wave model. Apart from the updates listed above, GWMv3 is identical to GWM.

The GWMv3 uses a computational mesh with a variable element size resulting in a resolution
offshore of approximately 100km and nearshore of approximately 50km; the mesh is shown in
Figure 5.1.

The model was validated against altimetry data for the period 2001-2014. The bias is presented
in Figure 5.2 and as seen the relative bias is close to zero in Northern Europe. The scatter
index is presented in Figure 5.3, and as seen, the value is generally in the order of 0.2, which is
considered very good.
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Figure 5.1  Computational mesh of DHI's Global Wave Model (GWMv3)
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Figure 5.2  Relative bias of Hmo for GWMv3 compared to altimeter data.
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Figure 5.3 Scatter index of Hmo for GWMv3 compared to altimeter data.
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5.4.1

[deg]
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The North Sea wave model (SWhs)

Model domain

In order to resolve waves in the HKZN area with high accuracy, a regional wave model was
adopted to provide high-quality boundary conditions for the local wave model. Figure 5.4 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.

The open boundaries of the regional wave model were forced by directional wave spectra from
GWMv3 (described in Section 5.3).
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Longitude

Domain of the regional DHI North Sea wave model, SWns

Regional wave model specifications

The SWhs has been widely used with success in various different 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 such as:

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

More on this has been described in the below sections.

Atmospheric stability

Previous studies have shown that the air-sea temperature difference can play an important role
in the growth of waves (Young, 1998), (Fairall C. W., 2003), (Ragotzkie), (Cardone, 1969) and
(Kahma, 1991). It was shown in (Cardone, 1969) 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 (Cardone, 1969).
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While performing extensive wave modelling in the Persian Gulf, (Golestani, Jensen, & Kofoed-
Hansen, 2015) 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. The
analysis described below is based on the findings in (Golestani, Jensen, & Kofoed-Hansen,
2015).

Figure 5.5 shows time series of air-sea temperature difference, and Figure 5.6 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.

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 (Young, 1998), (Ragotzkie) & (Cardone, 1969), 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 5.7 shows the averaged wind speeds (with 0.5m/s bins) against their
corresponding averaged measured 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 Figure 5.7, 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 5.7 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.

It is also shown in Figure 5.7 that when the air-sea temperature difference (6) 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 (Golestani, Jensen, & Kofoed-Hansen, 2015).
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Time series (1979-12-01 - 2016-09-01; T_ = 3h; dt = 1h) 214562  -0.48 -1799 1197
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Figure 5.5  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 5.6 Monthly statistics of air-sea temperature difference based of CFSR data at HKZ for the
period 2009-01-01 to 2014-01-01

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
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Figure 5.7  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 Eq (5.1) (DHI,
MIKE 21, Spectral Wave Module, Scientific Documentation, 2016):

Pa)\ (1.2
y = (E) (Fu ln4u) ox? (5.1)
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,
C, (x = (u,/c + z4) cos(6- By), where z,=0.11, 6 = wave direction, 6,, = wind direction) (DHI,
MIKE 21, Spectral Wave Module, Scientific Documentation, 2016).
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The surface roughness, z,, and the friction velocity, u,, defined in MIKE 21 SW follow Eq (5.2).
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 (Janssen J., 1997), (Tolman,
1996).

u,?

20 = Zcharnock 7
_ xu(2) (5.2)

* Y4
In(z)

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
Eqg. (5.3) (Young, 1998):

Ku(z)

T (ZZ—O) ~ () (5.3)

with z = 10 (the height at which the wind speed is measured), the van Karman constant, k =
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 Eqg. (5.4) (Young, 1998):

3 pcpTu,?
T KkgH, (5.4)

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) (Young, 1998).

In order to calculate the friction velocity (Eg. (5.3)), the COARE algorithm by Fairall et al (Fairall
C. W., 2003) and (Fairall C. W., 1996) (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. (5.3) is not (yet) implemented in the model. Using the COARE algorithm, the
friction velocity and the surface roughness were calculated, and by using Eq (5.2), 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. Figure 5.8 and Figure 5.9 show comparison of modelled significant wave
heights against measurements at Ekofisk for 2013 without and with taking the atmospheric
stability into account, respectively. The results show slight improvements in bias, scatter index,
error and peak ratio. The extent of improvements is a bit different depending on the location
and period of the analysis.

11820013 HollandseKust_zuid_noord_MetoceanStudy_Final / mgo/fld/pdg/rbol/ybr — Sept2017





DA

Ekofisk (3.2149E;56.5453N;-50.0mMSL)
Scatter plot (2013-01-01 - 2013-12-31; 1h)

1M . 120
Y, -_ 108 N = 6,974 (364.1days)
10 - e P MEAN = 1.86m (105.0%)
v 1 BIAS = +0.09m (5.0%)
of T2 < | AME =0.25m (14.1%)
" 17 2 | RMSE =0.36m (20.1%)
81 L7 160 « | Sl =0.19 (Unbiased)
e S |EV =090
g T ! . % 8 lcc =oss
%. 6l % £ [PR_=102(Np=2)
—_ £
E s} {24 2
2 -
I 4F %
12 5
3r g
2 - )
2} Data (linear +/- 60min)
1:1 Line (45°)
1+ °  Quantiles (0.1 - 100.0%)
. . Lo 1 — - - - QQ fit: y=1.02x+0.06

O N L Y X B B A D 9 0 N
Hmo (m) - Observed (DWR)

Figure 5.8 Scatter comparison of modelled significant wave heights (without taking the atmospheric
stability into account) against measurements at Ekofisk for 2013
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Figure 5.9 Scatter comparison of modelled significant wave heights (taking the atmospheric stability into
account) against measurements at Ekofisk for 2013.
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5.4.2.2

5.4.3

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
(Janssen P. A., 1991) spectral wave formulation (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
(Jensen et al., 2006; (Powell, 2003). Similar over-estimations were found (Chao, Alves, &
Tolman, 2005) with the WAVEWATCH Il formulation. Jensen et al. (2006) 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 (e.g. (Chang, Chen, Tseng, Centurioni, & Chu, 2012)).

Calibration of SWns

Although the results from the already existing SWns model showed very good quality
comparisons against measurements, some further specific simulations were executed in order
to provide the best possible boundary conditions to force the local wave model.

A set of model runs were performed with the aim to assess and potentially improve model
performance during the largest 50 storms measured at K13. The selection of storms was
performed by sorting the highest measured significant wave height at K13. Figure 5.10 shows
the list of storms used in the calibration process together with the measured significant wave
height, mean wave period and mean wave direction. Please note that some of the data are
missing from the records and have been flagged as NaN.

7

Extreme winds and waves for offshore turbines: Coupling atmosphere and wave modelling for design and operation

in coastal zones (Bolanos, 2013) (Bolafios, 2014)
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index | Date at the peak of the storm | HmO measured at K13a T02 MWD

1 12-12-1990 21:00 7,98 9,9 351
2 19-02-1996 09:00 7,54 8,5 5

3 01-11-2006 07:00 7,49 9,3 349
4 21-12-2003 14:00 7,07 8,9 359
5 09-11-2007 17:00 7,06 9,4 350
6 27-10-2002 15:00 7,06 8,1 248
7 28-12-2001 17:00 7,01 8,2 310
8 05-12-2013 19:00 6,9 7,8 312
9 14-11-1993 18:00 6,8 8,2 335
10 09-12-1993 13:00 6,75 7,7 304
11 21-02-1993 05:00 6,63 8,5 337
12 06-11-1999 11:00 6,67 NaN NaN
13 30-10-2000 11:00 6,61 8,2 202
14 25-01-1993 07:00 6,6 NaN NaN
15 05-01-1998 01:00 6,56 NaN NaN
16 25-11-2005 04:00 6,52 7,9 324
17 17-04-1991 06:00 6,41 9,6 358
18 06-01-1991 14:00 6,33 7,8 280
19 26-02-1990 15:00 6,32 7,7 280
20 25-10-1998 09:00 6,25 NaN NaN
21 21-11-2008 10:00 6,24 8,1 338
22 15-12-2003 06:00 6,22 8,8 349
23 08-02-2004 18:00 6,21 7,9 317
24 07-12-2011 19:00 6,18 7,7 295
25 12-11-1996 17:00 6,17 NaN NaN
26 09-02-2006 19:00 6,16 8,5 347
27 28-01-1994 08:00 6,16 7,7 312
28 01-03-2008 11:00 6,15 7,8 306
29 02-10-1991 03:00 6,09 7,7 309
30 15-02-2014 08:00 6,01 7,5 198
31 25-11-2012 15:00 6,01 NaN 254
32 17-12-2005 14:00 6,01 8,4 347
33 03-12-1999 18:00 6,01 NaN NaN
34 17-12-2009 13:00 5,99 NaN 40

35 24-12-2013 06:00 5,98 7,1 203
36 19-10-1991 15:00 5,93 8,7 354
37 09-01-1991 05:00 5,9 7,6 265
38 24-01-2005 02:00 5,84 8,6 355
39 08-11-2001 21:00 5,84 8 347
40 04-04-2000 16:00 5,8 NaN NaN
41 16-10-2009 19:00 5,75 7,6 359
42 05-02-1999 11:00 5,75 NaN NaN
43 31-03-2015 13:00 5,74 7,1 300
44 26-02-2002 14:00 5,72 7,4 258
45 13-12-2000 09:00 5,7 7,2 226
46 20-01-1998 08:00 5,69 NaN NaN
47 12-11-2010 07:00 5,67 7 256
48 16-04-1992 02:00 5,67 8,6 13

49 26-09-1993 16:00 5,66 8 11

50 22-10-2014 00:00 5,65 7,5 318

Figure 5.10 List of the top 50 most severe storms recorded at K13a

Variations among the calibration runs were due to

)

«  Cap to the ratio of friction velocity (u*) / wind speed (u10). It has been demonstrated that a
limit on the friction velocity is required for extreme events (see (Jensen, 2006)). Common
values to the u*/uio are between 0.05 and 0.06.
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*  The use of a coupled or uncoupled air-sea interaction approach to estimate surface
roughness in the wave model. MIKE 21 SW capabilities allow the use of a coupled,
uncoupled or spatially-varying specification of the approach to estimate surface roughness
for wave modelling. This is an important issue for accurate simulation of long-fetch and
short-fetch waves.

*  The effect of wind-induced currents (see Section 5.4.2.2) was seen to play an important role
for the extreme events.

*  The separation of wind-sea and swells and the effect of white-capping on swells. This
basically defines which part of the total spectrum on which white-capping will be applied.

Table 5.1 summarises the runs performed during the calibration of the regional wave model.
The model was executed for the 50 storms (covering the period from 1989 to 2016), and
comparisons were made at K13a, ljmuiden and Europlatform stations. Each simulation had
2 days as warm-up and covered until 1 day after the peak of the storm.

Amongst the 10 cases (listed in Table 5.1), case9 was seen to produce the best results.

Figure 5.12 to Figure 5.14 show the comparison of peak events against the measurements for
casel and case9 at K13a, ljmuiden and Europlatform stations, respectively. For the purpose of
these calibration tests, attention was mostly put on the results at K13s as it is located very close
to the northern local wave model boundary. The improvements from casel (which was the
configuration applied in previous version of SWns) to case9 are clear. The new set of
parameters enable the model to capture the largest storms with high accuracy and thus ensures
accurate boundary conditions to force the local wave model.

Figure 5.11 shows the scatter comparison of modelled significant wave heights against the
measurements at K13a for the storms. Results show very low bias and scatter and high
correlation and peak ratios.

Generally, the model slightly over-estimates the storms at Europlatform, but this was considered
not to be of very much importance (at this stage which is to provide boundary conditions to the
local wave model) since the resolution of the model is not optimal for the areas around
Europlatform or [jmuiden. In addition, the local wave model will better resolve the conditions at
areas near the shoreline. Results at ljmuiden are considered to be of good quality. However,
some of the measurements look dubious. Unfortunately, there was not enough information on
the way the measurements have been processed and if there is any source of error in them.
More on this topic is discussed in Section 5.4.4.

Table 5.1 Runs performed during the calibration of the regional wave model for storms

Case B'ott.om Current Cap Wind sga and swell
friction factor separation [Hz]
1 0.0144 0.02 0.056 N/A
2 0.0144 0.015 0.056 N/A
3 0.0144 0.01 0.056 N/A
4 0.0144 0.02 0.06 N/A
5 0.0144 0.02 0.065 N/A
6 0.0144 0.015 0.06 N/A
7 0.0144 0.01 0.056 0.083333333
8 0.001 0.01 0.056 N/A
9 0.009 0.01 0.056 N/A
10 0.009 0.01 0.056 0.067
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K13a (3.2203E;53.2177N;-28.6mMSL)
Scatter plot (1989-01-01 - 2016-01-01; T, = 3h; dt = 1h)
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Figure 5.11  Scatter comparison of modelled significant wave height (case9) and the measurements at K13a for the

50 largest storms
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Figure 5.12

K13a (3.2203E;53.2177N;-28.6mMSL)
Peak events (1989-01-01-2016-01-01; T_ = 3h; dt
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Scatter comparison of peak wave events at K13a for casel (left) and case9 (right)
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Imuiden munitiestortplaats (4.0667E;52 5500N;-23.0mMSL)
Peak events (1989-01-01 - 2016-01-01; Ta = 3h; dt = 1h)
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Figure 5.13  Scatter comparison of peak wave events at ljmuiden for casel (left) and case9 (right)
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Euro platform (3.276E;51.999N;-29.8mMSL)
Peak events (1989-01-01-2016-01-01; T_=3h; dt = 1h)
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Figure 5.14  Scatter comparison of peak wave events at Europlatform for casel (left) and case9 (right)
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5.4.4

DA

Final validation and configuration of SWns

The regional wave model uses a combined uncoupled and coupled formulations. The
uncoupled areas are defined close to the coast in order to avoid over-estimating the wave
generated by winds blowing from shore (DHI, MIKE 21, Spectral Wave Module, Scientific
Documentation, 2016). Figure 5.15 shows a map with the regions of coupled and uncoupled

air-sea model formulations.

[deg]

LI N N B B I I B A LI | LI T | LI T |
-10 -5 0 5 10
[deg]

Figure 5.15 Areas of coupled (red) and uncoupled (blue) air-sea interactions in the regional wave model

Although not described in the previous section, the number of directions used for spectral
discretisation (48 directions) in the wave model was considered to be of utmost importance in

the quality of the results based on DHI's experience.

The regional wave model production configuration is presented in Table 5.2.
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Table 5.2

Regional wave model set-up parameters

Setting

Value

Mesh resolution

See Section 5.4.1

Simulation period

1979-01-01 — 2017-04-01- 1-hourly output

Basic equations

Fully spectral in-stationary

Discretisation

47 frequencies (0.7-30s (0.033-1.4Hz) logarithmic frequency increment factor
of 1.085), 48 directions

Time step (adaptive)

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

Water level

HDna 2D (temporally and spatially-varying)

Current conditions

HDna 2D (temporally and spatially-varying)

Wind forcing

CFSR data, Map of coupled/uncoupled regions. Cap = 0.056
Charnock 0.0185 (uncoupled), Corrected to included atmospheric stability
effects

Air/water density ratio

Varying in time and domain calculated from CFSR

Wave breaking

Included, Specified Gamma, y=0.8, a= 1

Bottom friction

Nikuradse, kn = 0.009m

White-capping

Formulation: (Bidlot, Jansen, & Abdalla, 2007), Cdis =2.1, DELTAdis =0.4

Boundary conditions

2D spectra varying in time and along line from DHI’s global wave model

Figure 5.16 to Figure 5.23 show the scatter comparison of modelled significant wave heights
and mean zero up-crossing periods against the measurements at K13a, Ekofisk, [jmuiden and
Europlatform, respectively. The model shows good agreement with the measurements at all
stations. Slight over-estimation is seen at Europlatform as mentioned before.

Figure 5.24 and Figure 5.25 show the bias and scatter index of the modelling results compared
with the altimeter data in the North Sea for the period 2011-2015. Results indicate low bias and
scatter of the SWns model.

All'in all, results show that the SWs provides high quality sea states and it will ensure good
quality boundary conditions for the local wave model.
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K13a (3.2203E;53.2177N;-28.6mMSL)

Scatter plot (1989-01-01 -2016-09-01; T_ = 3h; dt = 1h)
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Figure 5.16  Scatter comparison of modelled (SWns) significant wave height against the measurements at K13a for the
period 1989-01-01 to 2016-09-01
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Figure 5.17  Scatter comparison of modelled (SWns) Toz2 against the measurements at K13a for the period 1989-01-01
to 2016-09-01
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Ekofisk (3.2149E;56.5453N;NaNmMSL)
Scatter plot (1980-06-01 - 2012-09-01; Ta = 3h; dt = 3h)
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Figure 5.18 Scatter comparison of modelled (SWns) significant wave height against the measurements at Ekofisk for
the period 1980-06-01 to 2012-09-01
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Figure 5.19  Scatter comparison of modelled (SWns) Toz against the measurements at Ekofisk for the period
1989-01-01 to 2016-09-01
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8.5

I[Jmuiden munitiestortplaats (4.0667E;52.5500N;-23.0mMSL)
Scatter plot (1989-01-01 - 2016-09-01; Ta = 3h; dt = 1h)
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Figure 5.20 Scatter comparison of modelled (SWns) significant wave height against the measurements at [jmuiden for
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Figure 5.21  Scatter comparison of modelled (SWns) Toz2 against the measurements at ljmuiden for the period

1989-01-01 to 2016-09-01
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Euro platform (3.276E;51.999N;-29.8mMSL)
Scatter plot (1989-01-01 - 2016-09-01; Ta =3h; dt=1h)
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Figure 5.22  Scatter comparison of modelled (SWns) significant wave height against the measurements at Europlatform
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Scatter plot (1989-01-01 - 2016-09-01; T, =10min; dt = 1h)
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Figure 5.23  Scatter comparison of modelled (SWns) Toz against the measurements at Europlatform for the period
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1989-01-01 to 2016-09-01
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Figure 5.24  Bias of Hs compared to altimeter data in the North Sea
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Figure 5.25 Scatter Index (Sl) of Hs compared to altimeter data in the North Sea
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5.4.5

5.5

Regional wave model (SWns) temporal scale

The wave model data represent instantaneous values of a grid cell, and considering that wind
forcing has 1 hour® time steps (with a larger grid cell than the wave model), it is expected that
the wave model results would not represent the high-frequency fluctuations common in
observation records. Therefore, the model data can be referred as a ‘smoothed’ (in space and
time) sea state. This temporal scale should be considered when applying the model data for
purposes such as structure design.

One simple approach of assessing such model temporal scale (or smoothing) is by a
comparison of power spectra of observed and modelled Hmo and performing different window
averaging to the observations. Figure 5.26 presents such approach at K13 where it can be seen
that a 3-hour moving averaging window better fits the high-frequency part of the model
spectrum. This confirms that for a fair comparison, the measurements needed to be averaged
over 3 hours. Thus, a running 3h-smoothing was conducted on all observations of integral
parameters applied for calibration and validation of the model. The main impact was that the
observed peak values were reduced (because the energy is averaged using a 3-hour window)
and that the scatter between observations and model data was reduced.

Power spectrum of Hmo at K13
01-Jan-2010 - 31-Dec-2014
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Figure 5.26  Hmo power spectra comparison at K13 for model and observations with different window
averaging

The local Hollandse Kust (noord) and (zuid) wave model SWhkzn

In order to achieve high-quality results, a dedicated local area wave model was set up for the
Hollandse Kust sites, which was forced by spectral boundaries from the regional wave model
described in Section 5.4. The local wave model (herein called SWhkzn) domain and bathymetry
are the same as the local hydrodynamic model HDnkzn as presented in Section 4.3.1.

The SWhkzny 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.

8

DHI has performed the same practice (comparison of power spectra) on CFSR and measurements at other sites

and concluded that CFSR is representative of 2-hour averaged values. An example is provided in Section 3.3.1.2.
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The frequency discretisation was 47 bins with a minimum frequency of 0.033Hz and a
logarithmic frequency increment factor of 1.085, resulting in resolved wave periods in the
interval 0.7-30s (0.033-1.407Hz). The directional discretisation was a 360° rose with 48 bins,
i.e. directional resolution of 7.5°. According to DHI's experience based on performing sensitivity
tests in various projects, it was revealed that using higher number of bins (for both frequency
and directions) would improve the results quite significantly and is a vital key to a high-quality
database.

A maximum (adaptive) computational time step of 3600 was applied, and the output time step
was 1 hour.

Model resolution and grid convergence

Grid convergence tests were performed for the local wave model in order to ensure that the
quality of results would not be affected significantly by mesh size. Four different mesh
resolutions were produced (see Table 5.3), and the model was executed for the 1.5-month
period from 2013-11-15 to 2014-01-01 in which both extreme and normal sea states occurred.
Special attention was paid to the three areas shown in Figure 5.27: area 1 surrounds HKZWFZ
and HKNWFZ, area 2 roughly covers the Dutch coasts in which less abrupt bathymetric features
were found (based on EMODnet), and area 3 covers the UK coasts. The areas shown in Figure
5.27 are approximately the same in “Final’, “High” resolution, “Low” resolution and “Base” mesh.
However, in the “Medium” mesh, areas “2” and “3” were slightly different in order to assess the

sensitivity to other layouts. Figure 5.27 presents the “Final” mesh.

Figure 5.28 to Figure 5.31 show the spatial map of maximum difference in significant wave
height between different mesh resolutions listed in Table 5.3. As it can be seen, the “Base”
mesh gave values very similar to the “High” resolution mesh (maximum difference in Hmo of less
than 0.05m). Some differences of around 8-10cm were seen between the “Medium” resolution
mesh and the “Base” mesh in the northern parts of HKNWFZ. Therefore, the “Final” mesh was
slightly refined in the northern parts of HKNWFZ as can be seen in Figure 5.27 and Figure 5.35.
The maximum difference in significant wave height between the “High” resolution mesh and the
“Final” mesh is shown in Figure 5.32.

Figure 5.33 and Figure 5.34 show time series comparison of significant wave height and mean
zero up-crossing wave period at Europlatform for different mesh resolutions described above.
The measured significant wave height at Europlatform has also been plotted for reference. As
was observed from the spatial map comparisons, there was no considerable difference between
different mesh choices.

The influence of large dunes on the wave climate at the wind farm zones was briefly assessed
by DHI. In order to resolve such features (assuming the distance between each dune to be
around 500m according to (Fugro, 2016)), resolutions of around 30-40m are required. However,
such high resolutions are not practical to be used in a relatively large spectral wave model. Not
to mention running the models for +37 years. Performing Boussinesq wave modelling would be
a suitable solution to study the effect of these dunes on the extreme wave climate. For that
purpose, a selection of storms has to be made, and models such as MIKE 21 BW could be
applied (the limitations of a Boussinesq approach should be considered). Another approach
would be to use the spectral wave model with resolutions of around 30-40m and assess the sea
states during some extreme events. Depending on the direction of the incoming waves, there
will be some refraction, shoaling and breaking (especially around the crest of the sand dunes).
The effect of water level variations are also considered to be important. Overall, it is believed
that some of the most extreme events and also swells would be influenced by the sand dunes.
The sea states could increase locally but on a larger scale, the sea states would slightly
decrease on average. Nevertheless, based on the validations performed against available wave
measurements, it was concluded that the modelling results were fully representative of the sea
state conditions. However possible effects of these sand dunes would add some uncertainty
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during some extreme events. Therefore, some conservatism was considered during the
extreme value analysis (see Section 1010.4).

The “Final” mesh was based on the “Base” mesh but has a bit higher resolution. This decision
was not based on results but purely to have resolution of around 600m around the wind farms.
Figure 5.35 shows a zoomed-in image of the “Final” mesh.
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Figure 5.27 Three areas which were considered important for the grid convergence study. Shown on top
of the “Final” mesh.

Table 5.3 Element size specification of different meshes applied for the grid convergence tests

Total number of Approxnpate Approxmate Approxmate
Mesh name element size at element size at element size at
elements

area 1 area 2 area 3
High 50588 400m 1800m 3000m
Medium 36050 600 2000m 3000m
Base 25278 700m 2500m 3200m
Low 22569 800m 3000m 3200m
Final 28065 600m 2300m 3200m
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High Resolution Mesh vs. Base Mesh

Statistical maximum : Sign.
Wave Height [m]
I Above 0.28
I 026-028
I 0.24-0.26
022-024
020-0.22
0.18-0.20

Latitude

[y od Value

28 3.0 32 34 36 38 4.0 4.2 44 46
Longitude [deq]

Figure 5.28 The maximum difference in significant wave height [m] between the “High” resolution and “Base” mesh
during the period from 2013-11-15 to 2014-01-01

High Resolution Mesh vs. Medium Resolution Mesh

Statistical maximum : Sign.
Wave Height [m]
I Above 0.28

Latitude

28 3.0 32 34 36 38 4.0 4.2 44 46
Longitude [deq]

Figure 5.29 The maximum difference in significant wave height [m] between the “High” resolution and “Medium”
resolution mesh during the period from 2013-11-15 to 2014-01-01
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[deg] Medium Resolution Mesh vs. Base Mesh

Statistical maximum : Sign.
Wave Height [m]

Latitude

Value

28 3.0 32 34 36 38 4.0 42 44 48
Longitude [deg]

16-11-2013

Figure 5.30 The maximum difference in significant wave height [m] between the “Medium” resolution and “Base” mesh
during the period from 2013-11-15 to 2014-01-01

[deg] Base Mesh vs. Low Resolution Mesh

Statistical maximum : Sign.
‘Wave Height [m]

Latitude

Value

28 3.0 32 34 36 3.8 4.0 4.2 4.4 46
Longitude [deg]

Figure 5.31  The maximum difference in significant wave height [m] between the “Base” and “Low” resolution mesh
during the period from 2013-11-15 to 2014-01-01
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High Resolution Mesh vs. Final Mesh

Statistical maximum : Sign.
Wave Height [m]

I Above 0.28
I 026-028
I 0.24-026
I 022-024
I 020-022

I 018-020
I 0.16-0.18
B 0.14-0.16
B 012-014
I 010-012
[ 0.08-0.10
[ 0.06-0.08

[ ]004-006
[ 0.02-0.04
[_]000-002
[ Below 0.00
[ undefined Value

Latitude

28 3.0 32 3.4 36 38 4.0 4.2 44 46
Longitude [deg]

Figure 5.32 The maximum difference in significant wave height [m] between the “High” resolution mesh and the
“Final” mesh during the period from 2013-11-15 to 2014-01-01
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Figure 5.33  Time series comparison of significant wave height at Europlatform for different mesh resolutions during the
period 2013-11-15 to 2014-01-01
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Figure 5.34 Time series comparison of mean zero up-crossing wave period at Europlatform for different mesh
resolutions during the period 2013-11-15 to 2014-01-01

5.5.2

102

Latitude

15

SW(HKZN) mesh

3.0

35

40

Longitude

Figure 5.35 Zoom at the HK area from the local mesh

Calibration of SWhkzn

Similar to the SWhs, the local wave model was calibrated with particular attention on the storms.
The main parameters used for tuning the model to produce the best possible results were seen
to be bottom friction and the Charnock parameter (for uncoupled wind-wave interaction). Table
5.4 summarises the runs performed during the calibration of the local wave model. The model
was executed for the 50 storms (described in Section 5.4.3), and comparisons were made at
K13a, ljmuiden and Europlatform stations. Each simulation had 1 day as warm-up and covered

until 1 day after the peak of the storm.

Figure 5.36 shows the spatial variation of the modelled significant wave height at the peak of the
storm on 1990-12-12 around the HKZN area (the largest modelled storm in the period 1979-
2016). This storm had a north westerly direction. The effect of bathymetry on the variation of

sea states across the area is clearly seen in Figure 5.36.
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Figure 5.36  Snapshot of the modelled significant wave height at the peak of the storm on 1990-12-12. Results are

from case8

' Longitude ’

[deg]

DA

Sign. Wave Height [m]
I Above 6.92

[ 664 -
[ 6.36-
[_]608-
[_]580-
] 552-
[ 5.24 -
[ 4.96-
I 468-
[ 4.40-
412
B 384-4
I 356 -
I 32s-
I 3.00-

6.92
6.64
6.36
6.08
580
552
5.24
4.96
468
4.40
12
3.84
3.56
328

I Below 3.00
[ Undefined Value

The calibration process was to compare the results after each run with the measurements and
based on the results, to define the configuration for the next set-up (cases in Table 5.4).

Table 5.4 Runs performed during the calibration of the local wave model for storms
Bottom Current Wind sea and swell
Case friction Charnock | Cap factor separation [Hz]
1 0.01 0.02 N/A N/A N/A
2 0.008 0.02 N/A N/A N/A
3 0.006 0.02 N/A N/A N/A
4* 0.02 0.025 0.056 0.01 N/A
5 0.006 0.023 N/A N/A N/A
6 0.009 0.025 N/A N/A N/A
7 0.0035 0.02 N/A N/A N/A
8 0.004 0.02 N/A N/A N/A
9 0.004 0.02 N/A N/A 0.067

*Coupled run

Amongst the 9 cases (listed in Table 5.1), case8 was seen to produce the best results. Figure
5.38 to Figure 5.40 show the comparison of peak events against the measurements for casel

and case8 at K13a, ljmuiden and Europlatform stations, respectively. For the purpose of these
calibration tests, attention was mostly put on the results at Europlatform as this is located close
to HKZWFZ and HKNWFZ and is believed to have better quality data than Iljmuiden. As

mentioned previously, the measurements at ljmuiden were considered to be dubious during

some periods. Nevertheless, the improvements in results at Europlatform were in line with
improvements at ljmuiden. The improvements from casel (which was decided after performing
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0.004 Charnock=0.02

8 BF=

o (m)-SW,  Case

some initial sensitivity tests for the period 2013-11-15 to 2014-01-01) to case8 are clear. The
new set of parameters enables the model to capture the largest storms with high accuracy and
thus ensures accurate sea state conditions at the HKZWFZ and HKNWFZ.

Figure 5.37 shows the scatter comparison of modelled significant wave heights against the
measurements at Europlatform for the 50 largest storms. Results show zero bias, very low

scatter and high correlation and peak ratios.

Generally, the local wave model only improved the results at Europlatform and [jmuiden
compared with the regional model. At K13a, the results remain more or less the same. Results
at ljmuiden are considered to be of good quality. However, as mentioned previously, some of
the measurements look dubious. More assessments in this regard are presented in the next

chapter.

Euro platform (3.276E;51.999N;-29.8mMSL)
Scatter plot (1989-01-01 - 2016-01-01; Ta = 3h; dt=1h)
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Figure 5.37  Scatter comparison of modelled (SWhkzn) significant wave height (case8) and the measurements at
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Europlatform for the 50 largest storms
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K13a (3.2203E;53.2177N;-28.6mMSL) K13a (3.2203E;53.2177N;-28.6mMSL)
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Figure 5.38  Scatter comparison of peak events at K13a for casel (left) and case8 (right) based on the results of SWnkzn model
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IJmuiden munitiestortplaats (4.0667E;52.5500N;-23.0mMSL)
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Figure 5.39  Scatter comparison of peak events at [jmuiden for casel (left) and case8 (right) based on the results of SWhkzn model
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Euro platform (3.276E;51.999N;-29.8mMSL) Euro platform (3.276E;51.999N;-29.8mMSL)
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Figure 5.40 Scatter comparison of peak events at Europlatform for casel (left) and case8 (right) based on the results of SWhkzn model
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Final validation and configuration of SWkzn

The SWhkzn local wave model production configuration is presented in Table 5.5. It should be
noted that the modelling was extended from 2016-09-01 to cover until 2017-04-01 for version
2.3 of this report. The validation plots at HKZB and HKZA have been updated and new plots
have been added. Other plots have remained the same if not mentioned otherwise
(Europlatform and Borssele plots have been updated for this section as well).

Table 5.5 Final SWhkzn local wave model set-up parameters

Setting Value

Mesh resolution See Section 5.4.1

Simulation period 1979-01-01 — 2017-04-01— 1-hourly output
Basic equations Fully spectral in-stationary

47 frequencies (0.7-30s (0.033-1.4Hz) logarithmic frequency increment factor

Discretisation of 1.085), 48 directions

Time step (adaptive) 0.01-3600s with a maximum time-step factor of 32

Water level HDukzn 2D (temporally and spatially-varying)

Current conditions HDukzn 2D (temporally and spatially-varying)

CFSR data, Charnock 0.02 (uncoupled) — Corrected to included atmospheric

Wind forcing stability effects

Air/water density ratio | Varying in time and domain calculated from CFSR

Wave breaking Included, Specified Gamma, y=0.8, a= 1 (Battjes & J.P.F.M., 1978)
Bottom friction Nikuradse, kn = 0.004m
White-capping Formulation: (Bidlot, Jansen, & Abdalla, 2007), Cdis =2.1, DELTAdis =0.4

Boundary conditions 2D spectra varying in time and along line from SWns

Each integral parameter is given for the total sea state and for swell and wind-sea components
respectively. The wave parameters (listed in Table 5.6) were saved at all elements and are
provided in the database. Sea and swell conditions were partitioned using the already existing
definition in MIKE 21 SW (DHI, MIKE 21, Spectral Wave Module, Scientific Documentation,
2016):

The wind-sea/swell partitioning method is based on a wave-age criterion where the swell
components are defined as those components fulfilling:

Uso
Tcos(e -0,) <0.83

Where Uy 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.

The directional-frequency spectra were saved within a 1km grid inside the wind farm zones and
within a 5km grid in other areas that will be provided in the database. Figure 5.41 and Figure
5.42 show the grid definition.
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Table 5.6 Integral spectral wave parameters
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 Radian N (coming from)
Mean wave direction MWD °N (coming from)
Direction standard deviation DSD deg.

SW(HKZN) mesh

il

Undefined Value

36 38 4.0 42 44 46 48 50 52 54 56
Longitude [deg]

Figure 5.41 The spectral data output grid - 5km grid outside HKZWFZ and HKNWFZ and 1km grid within
the wind farm zones
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Figure 5.42
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A zoomed in image of the spectral output grid - 5km grid HKZWFZ and HKNWFZ and 1km grid within the
wind farm zones

Validation at K13a, Ijmuiden and Europlatform

Figure 5.43 to Figure 5.45 show the time series and scatter comparison of modelled significant
wave heights against the measurements at K13a, ljmuiden and Europlatform (updated to cover
the period until 2017-04-01) respectively. The model shows very good agreement with the
measurements at all stations. Ijmuiden still remains dubious for some large storms. Figure 5.46
shows comparison of measured significant wave heights at ljmuiden and K13a platform for
Hmo>3m. It seems that the wave heights would not change much by traveling from K13a to
ljmuiden station (100km — although not all the waves are traveling from north, meaning passing
through K13 first and then Ijmuiden). This is not in line with Figure 5.47 which shows the
measured waves at K13a and Europlatform against each other.

Figure 5.48 shows time series comparison of measured significant wave height at K13a against
Europlatform (top plot) and Ijmuiden (bottom plot) for the south-easterly (according to the CFSR
and wind measurement) storm on 2001-12-28. The measurements at K13a and Europlatform
follow the same pattern, while Europlatform shows slightly lower values as expected (due to the
shorter fetch and perhaps lower water depth). However, at ljmuiden, the measurements show
similar numbers to K13a but contain some gap during and right after the storm. Figure 5.49
shows the modelled results at the peak of the storm for the entire SWhkzn domain. Similar
behaviour is observed during the storm on 2008-11-21 (Figure 5.50). At ljmuiden, there are
some gaps during the peak and after the peak.

The reasons behind this behaviour could be related to the fact that the instrument used at
ljmuiden is a Directional Wave Rider (DWR). DWRs have been seen to show some limitations
during breaking waves (few spikes during the storm), and that could be one of the reasons why
some of the data have been removed from the time series by the processing toolbox
(waterbase.nl). However, the details of the processing are not known to DHI. Some gaps also
exist during lower sea states as well (Figure 5.50) which could probably be related to breaking
waves. Other reasons behind the uncertainty at ljmuiden could be complex bathymetry features
and changes of bathymetry in time. It is noted that the model compares well with the
measurements for waves lower than 5 meters. This also implies that the measurements could
be affected only during high sea states.
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DHI does not believe that the modelled sea states dissipated too much because if that was the
case, more evidence should have been observed at HKZB and HKZA (where the model
performs well). However, due to the uncertainties mentioned above, the extreme value analysis
has been performed with some conservatism in mind.

K13a (3.2203E;53.2177N;-28.6mMSL)
Time series (1989-01-01 - 2016-09-01; T_ = 3h; dt = 1h)
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Figure 5.43 Time series and scatter comparison of modelled (SWhkzn) significant wave height against the
measurements at K13a for the period 1989-01-01 to 2016-09-01
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Euro platform (3.276E;51.999N;-29.8mMSL)
Time series (1989-01-01 - 2017-04-01; T_ = 3h; dt = 1h)
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Figure 5.44 Time series and scatter comparison of modelled (SWHkzn) significant wave height against the

measurements at Europlatform for the period 1989-01-01 to 2017-04-01
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IUmuiden munitiestortplaats (4.0667E;52.5500N;-23.0mMSL)
Time series (1989-01-01 - 2016-09-01; Tﬂ =3h;dt=1h)
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Figure 5.45 Time series and scatter comparison of modelled (SWHkzn) significant wave height against the
measurements at ljmuiden for the period 1989-01-01 to 2016-09-01
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K13a vs. IJmuiden munitiestortplaats (3.2203E;53.2177N;-28.6mMSL)
Scatter plot (1989-01-01 - 2016-01-01; Ta = 10min; dt = 1h)
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Figure 5.46  Scatter comparison of measured significant wave heights at |jmuiden and K13a stations for
wave heights above 3m and the period from 1989-01-01 to 2016-01-01

K13a vs. Euro platform (3.2203E;53.2177N;-28.6mMSL)
Scatter plot (1989-01-01 - 2016-01-01; T_ = 10min; dt = 1h)
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Figure 5.47 Scatter comparison of measured significant wave heights at Europlatform and K13a stations
for wave heights above 3m and the period from 1989-01-01 to 2016-01-01
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K13a vs. Euro platform (3.2203E;53.2177N;-28.6mMSL)
Time series (2001-12-27 - 2002-01-01; T, = 10min; dt = 1h)
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Figure 5.48 Time series comparison of measured Hmo at K13a against Europlatform (top) and Ijmuiden (bottom) for the

south-westerly storm on 2001-12-28
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Figure 5.49  Variation of Hmo based on the SWhkzn results for the peak of the storm on 2001-12-28
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K13a vs. Euro platform (3.2203E;53.2177N;-28.6mMSL)
Time series (2008-11-15 - 2008-12-15; T_ = 10min; dt = 1h)
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Time series (2008-11-15 - 2008-12-15; Ta = 10min; dt = 1h)
85
g N MEAN MIN  MAX STD [ I [ [ I I I ]
337 245 0.92 6.20 1.07 o Ki3a
7.5 1337 210 062 673 1.00 = lJmuiden munitiestoriplaats ||
7 I
6.5 . —
8
6 o7 -
L s ¢ .
58 @ ofi
— 5 Pl m
E 451 g ."_% -
£ o4 e 1 E .
35 - E) e -
) o $ 2. &
3 %’ﬂ e 8 Sruo n
S . 5 & of £
Y ek a8 3 & ]
:a fuR e LM W 1Y ]
» ° *
15 hﬂ :? ‘ - ﬁ; Ew 'E\.. i
1 —
w
ol R ]
0= | | | | | | | | | | | 1 |
o A CY N o i A o N & o ~ o Q)
N N N e ¥ M oa e S & & o § N N N
Ny Ny & & & & o o o o o o« B Bt ta o
o o < o o & & & & o o o o = i &
¥ ¥ ¥ v v v v A% A% A% P ¥ ¥ v v v

Figure 5.50 Time series comparison of measured Hmo at K13a against Europlatform (top) and Ijmuiden
(bottom) for the south-westerly storm on 2008-11-21

5.5.3.2  Validation at HKZB, HKZA, Borssele2 and Borsselel
Figure 5.51 to Figure 5.54 show the time series and scatter comparison of modelled significant
wave height against the measurements at HKZB, HKZA, Borrsele2 and Borsselel respectively.
At HKZB, HKZA and Borsselel, the latest sets of measurements (covering until 2017-04-01)
provided by RVO and performed by Fugro were used. Results show very good performance of
the wave model both for normal and extreme conditions. During the measurement period at
Hollandse Kust (2016-06-04 to 2017-04-1), there has been three major storms with 3-hour
averaged significant wave heights of above 4.5 meters. The model has been able to reproduce
those events with good accuracy and thus proves to be a trustworthy dataset to establish the
extreme conditions at the study area. At Borsselel, the model appears to miss the peak of the
storm on November 20t 2016, but this storm (coming from 240° true-North) has been captured
very well at HKZA, HKZB and also Euro platform (see Figure 5.44).
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HKZB (4.0086E:52.2891N;-22.2mMSL)

Time series (2016-06-04 - 2017-04-01; T, = 3h; dt=1h)
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Figure 5.51 Time series and scatter comparison of modelled (SWhkzn) significant wave height against the

measurements at HKZB for the period 2016-06-04 to 2017-04-01
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HKZA (4.0090E;52.3066N;-22 5mMSL)
Time series (2016-06-04 - 2017-04-01; Ta =3h: dt=1h)
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Figure 5.52 Time series and scatter comparison of modelled (SWHkzn) significant wave height against
the measurements at HKZA for the period 2016-06-04 to 2017-04-01
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Borssele2 (2 9517E;51 64684N;+0. 0mMSL)
Time series (2016-02-12 - 2016-07-08; T_ = 3h; di = 1h)
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Figure 5.53 Time series and scatter comparison of modelled (SWHkzn) significant wave height against
the measurements at Borssele2 for the period 2016-02-12 to 2016-07-08
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Borssele1 (3.0348E;51.7070N;+0.0mMSL)
Time series (2015-06-11 - 2017-03-01; Ta =3h; dt = 1h)
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Figure 5.54 Time series and scatter comparison of modelled (SWHkzn) significant wave height against
the measurements at Borsselel for the period 2015-06-11 to 2017-03-01

Figure 5.55 and Figure 5.56 show the time series and scatter comparison of To2 between the
wave model (SWhkzn) and the measurements at HKZB and HKZA. The To2 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
2.5 seconds (ie cut-off frequency equal to 0.4Hz). Thus for the below comparisons, the
modelled results were not considered for the periods shorter than 2.5 seconds (or 0.4 Hz). In
general, the model shows a good performance but slightly over-estimates the mean zero-
crossing period by around 0.4 seconds. Nevetheless, it must be noted that such comparisons
are very sensitive to the frequency range accounted. The results will be different if for example,
the total part of spectrum was considered. After clarfications with Fugro, it was noted that the
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cut-off frequency of the buoy measurements is 0.5Hz. DHI believes that if the comparisons
presented below were done using the cut-off frequency of 0.5Hz, the results would show very
little bias.

For Ty, since the measurements come with 10 minute time steps, and the wave model has a one
hourly time step, averaging the measuremet peak wave period is not correct. The correct
method is to take the raw data for every hour and derive the spectral information. Such
information was not available at the time of writing. However, DHI’s initial comparisons showed
good performance. Therefore the modelled data can be used with confidence for design. It has
to be noted that the peak wave period for wave heights lower than 0.5 meter are not trustworthy
and has to be taken out of the analysis.
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Figure 5.55 Time series and scatter comparison of modelled (SWhkzn) Toz against the measurements at

HKZB for the period 2016-06-04 to 2017-04-01
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Figure 5.56 Time series and scatter comparison of modelled (SWHkzn) Toz2 against the measurements at

HKZA for the period 2016-06-04 to 2017-04-01

Figure 5.57 and Figure 5.58 show the wave rose comparisons between the wave model and
measurements at HKZB and HKZA respectively. The model reproduces the mean wave

direction with very high quality.
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Figure 5.57 Wave rose comparison between the modelled and measured data at HKZB for the period
2016-06-04 to 2017-04-01
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Figure 5.58 Wave rose comparison between the modelled and measured data at HKZA for the period
2016-06-04 to 2017-04-01
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6 Simulation Execution

In order to perform all the required simulations, a super-computing cluster was used. The
HDwHkzn and SWs simulations were divided into yearly batches and pushed to the cluster at the
same time. Figure 6.1 shows the status of the cluster during the execution of local HD and the
regional SW models. Each simulation used 3 nodes (each node comprises of 24 cores). This
summed up to a total of 5328 cores being used simultaneously.

For the local SW model (SWhkzn), each year was divided into three parts resulting in 37x3=111
simulations.

Cluster usage project DD-16-27
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Figure 6.1  Cluster usage during running of local HD and regional SW models. Red dots represent the
nodes used for the simulations. Each node comprises of 24 cores.
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7 Analysis Points

The analyses required by the Scope of Work of this project were performed at one location at
each of the two wind farm zones. The selection of these two locations was based on the
100-year significant wave height extreme values. This definition was made in order to select the
most conservative point within each wind farm zone in terms of wave conditions. The selection
could have been made on the 10,000-year rare extreme significant wave height values, but
since the estimation of rare events contains much larger uncertainty compared with 100-year
extremes, the latter was considered to be more suitable for the purpose.

Figure 7.1 and Figure 7.2 present the 100-year extreme significant wave height values
estimated at HKZWFZ and HKNWFZ respectively together with the point of largest 100-year
extreme significant wave height estimate. Based on these results, one location per site with the
highest values was selected as listed in Table 7.1 and as shown in both Figure 7.1 and Figure
7.2. For more information on the extreme value analysis methods, see Section 10.4. The water
depths given in Table 7.1 are based on the wave model mesh. The corresponding numbers
from the HD model mesh could differ as the HD model uses a higher resolution.

Note that in the colour bar of Figure 7.1, “above 7.32” should be interpreted as between 7.32
and 7.4 (each color bar contains 0.08m variation). Same rule would apply on all the spatial
figures presented in this report. However, the legends and bins could be different in other plots
depending on the parameter and the zoom.

Table 7.2 list the 50 largest storms (based on the significant wave height — values correspond to
3-hr averaged sea states) at HKZ and HKN based on the modelling results. As expected, HKN
has experienced larger wave heights during the period 1979-2016 compared to HKZ. After
updating the results to cover the period until 2017-04-01 and having the latest storms in late
2016 and early 2017 in the dataset, the storm on 2017-01-13 have ranked 8" among the largest
storm modelled at HKZ and 5™ at HKN.
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Figure 7.1 100-year Hmo value estimates [m] at HKZWFZ
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Table 7.1 Specification of the analysis points selected as representative of each wind farm zone
ETRS89 UTM31 ETRS89 UTM31 Depth
. Easting [m] Northing [m] [mMLAT]
Location Wave Model
Mesh
Hollandse Kust (zuid) -
HKZWEZ 566,838 5,803,980 -27.05
Hollandse Kust (noord) -
HKNWEX 582,765 5,844,275 -22.87
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Table 7.2 List of the largest 50 storms at HKZ and HKN based on the modelled results (1979-2017)
HKZ HKN
index | Date at the peak of the storm HmO T02 MWD [ Date at the peak of the storm HmO T02 MWD
1 12-12-1990 19:00 7.22 9.10 331 12-12-1990 18:00 7.59 9.30 331
2 27-10-2002 15:00 6.48 7.19 252 21-02-1993 08:00 6.79 8.85 332
3 14-11-1993 18:00 6.44 7.67 324 01-11-2006 06:00 6.69 8.85 335
4 25-11-2005 04:00 6.31 7.82 312 14-01-1984 21:00 6.60 7.61 285
5 21-02-1993 08:00 6.29 8.42 332 13-01-2017 20:00 6.57 8.71 329
6 01-11-2006 06:00 6.26 8.55 335 25-11-2005 03:00 6.50 7.97 309
7 29-02-1988 18:00 6.06 8.48 336 25-01-1990 22:00 6.48 7.58 257
8 13-01-2017 21:00 5.97 8.31 329 29-02-1988 16:00 6.42 8.69 336
9 25-01-1990 20:00 5.96 7.11 250 14-11-1993 18:00 6.39 7.59 326
10 01-01-1995 22:00 5.96 8.26 325 27-10-2002 15:00 6.37 7.33 250
11 14-01-1984 21:00 5.85 7.18 283 01-01-1995 21:00 6.35 8.61 327
12 18-01-2007 18:00 5.83 7.06 269 01-02-1983 15:00 6.23 7.30 269
13 05-01-2012 23:00 5.80 7.72 323 28-01-1994 11:00 6.23 8.25 315
14 12-01-1995 07:00 5.74 7.98 340 06-12-2013 00:00 6.20 8.38 320
15 28-01-1994 11:00 5.74 7.77 313 09-11-2007 08:00 6.19 8.51 329
16 01-02-1983 16:00 5.72 7.08 270 18-12-1979 01:00 6.13 7.55 286
17 09-11-2007 08:00 5.71 8.15 329 18-01-2007 18:00 6.10 7.24 270
18 08-02-2004 18:00 5.65 7.35 314 01-01-1981 11:00 6.04 7.96 316
19 18-12-1979 00:00 5.65 7.17 278 10-01-1995 06:00 6.03 8.05 321
20 15-01-1986 03:00 5.65 7.35 294 21-12-2003 12:00 6.02 8.27 327
21 25-07-2015 13:00 5.59 6.77 318 09-12-1993 12:00 6.01 7.34 283
22 22-10-2014 00:00 5.58 7.61 320 12-01-1995 06:00 6.01 7.96 338
23 24-01-1986 21:00 5.57 7.87 326 05-01-2012 21:00 6.01 8.04 323
24 20-04-1980 06:00 5.57 7.89 330 06-01-1991 09:00 5.90 7.21 255
25 06-12-2013 00:00 5.55 7.75 317 19-01-1983 14:00 5.88 8.23 333
26 19-01-1983 14:00 5.54 7.97 334 05-02-1999 08:00 5.88 8.09 324
27 01-01-1981 12:00 5.54 7.59 316 14-02-1989 06:00 5.87 8.01 319
28 27-02-1990 22:00 5.52 7.13 292 17-02-1999 03:00 5.86 7.83 320
29 06-11-1999 12:00 5.46 7.20 293 27-02-1990 16:00 5.86 7.20 287
30 21-12-2003 12:00 5.45 7.86 324 28-12-2001 17:00 5.81 7.43 298
31 09-12-1993 10:00 5.44 6.96 275 22-10-2014 00:00 5.80 7.95 321
32 17-02-1999 03:00 5.43 7.51 321 06-11-1999 12:00 5.78 7.61 289
33 05-01-1998 00:00 5.40 6.96 250 15-01-1986 02:00 5.78 7.44 291
34 19-12-1986 03:00 5.38 6.87 283 24-01-1986 20:00 5.77 7.96 327
35 06-01-1991 09:00 5.36 6.87 253 07-10-2003 18:00 5.75 7.76 326
36 14-02-1989 06:00 5.35 7.58 318 20-04-1980 06:00 5.73 8.09 330
37 15-12-2003 01:00 5.35 7.89 334 25-01-1993 05:00 5.71 7.35 301
38 01-01-1985 07:00 5.32 7.74 326 08-02-2004 19:00 5.67 7.52 315
39 25-01-1993 05:00 5.29 7.03 301 01-01-1985 07:00 5.65 8.05 328
40 21-11-2008 10:00 5.27 7.29 326 15-12-2003 00:00 5.65 8.04 333
41 10-01-1995 06:00 5.26 7.50 317 19-12-1986 04:00 5.60 7.11 290
42 01-04-1994 09:00 5.25 6.75 243 25-07-2015 14:00 5.58 7.10 327
43 26-03-1983 03:00 5.22 6.99 339 03-12-1999 12:00 5.57 6.99 237
44 17-12-2005 02:00 5.21 7.65 333 11-01-2007 11:00 5.55 7.03 238
45 11-01-2007 12:00 5.21 6.82 243 05-01-1998 03:00 5.52 7.17 260
46 03-12-1999 12:00 5.19 6.67 240 28-04-1985 01:00 5.49 7.97 335
47 12-12-2014 08:00 5.18 6.65 235 02-10-1991 04:00 5.49 7.53 309
48 14-07-2011 12:00 5.18 7.06 341 21-11-2008 16:00 5.45 7.65 328
49 28-04-1985 02:00 5.17 7.79 335 14-09-1998 19:00 5.42 7.24 315
50 28-12-2001 17:00 5.17 7.10 297 20-11-1987 22:00 5.41 7.86 333
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Digital Metocean Database

Simulated wave, current and water level conditions together with CFSR wind speeds were
available at each grid point of the respective model mesh. Time series from all grid points within
the polygon shown in Figure 8.1 were extracted and stored in the database set up as part of this
project. The selected polygon encompasses both the HKZWFZ and the HKNWFZ areas as well
as some future Dutch wind farm areas. The database hence provides access to more than
17,000 time series of wave conditions, while current and water level time series are available at
more than 72,000 elements, for a period of +37 years (1979-2016). The atmospheric
parameters follow the CFSR grid and will be available together with other metocean parameters.

It is noted, however, that some of 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,
extreme values and joint probabilities) are only available at the closest wave mesh element
(i.e. at more than 17,000 points). On the contrary, analyses provided in this report were based
on data extracted directly from the hydrodynamic mesh elements.

Pre-processed data such as extreme metocean conditions, joint-probabilities, associated
periods, tidal analysis and fatigue data will be available at any given element within the
database area. Users will be able to get access to the analysis results via a user-friendly and
agile interface and export the desired information to common text/Excel formats. The
directional-frequency spectrum will be available at pre-defined points (Figure 5.41). Due to the
very large size of the spectral files, they are provided through an ftp address, which will be
accessible through the database software.

Various different types of analysis (rose, scatter diagrams, occurrence tables, persistence, etc)
will be available on-the-fly through the database software which is based on MIKE Operations
technology. 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
analysis.

Pre-defined button has been designed by DHI and in agreement with RVO to print out different
sets of analysis, which are believed to be sufficient for the design, by just one click. These sets
of analysis/report can be modified by the users so that they can define their desired set of
outputs according to their criteria.

The database utilises advanced GIS technologies which enables the users to add/remove
different layers (maps, shape files, images, etc). By providing a simple xyz file, various sets of
coordinates can be loaded to the database and then, results/reports can be made by one click.

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.
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9.1

9.1.1

)

Normal Metocean Conditions

A number of analyses were conducted on the established metocean data describing the
operational conditions within the project site and made available in the database. The analyses
were conducted at the two locations, HKZ and HKN — see Table 7.1, and were based on the
modelled metocean data covering the period 1979-2016 (+37 years).

The analyses were conducted for 12 directional bins of 30 degrees (centred at 0°N, 30°N ...) for
both locations. Unless otherwise stated, graphical results are shown for annual results only in
this main part of the report, while the monthly or directional results are presented in

Appendices E and F for HKZ and for HKN respectively. The tables corresponding to all the
figures presented in this section are available in ASCII format (easily importable to Excel
format).

Wind

The normal wind conditions at HKZWFZ and HKNWFZ are described below. The analyses
were based on CFSR wind data for the period 1979-01-15 to 2016-01-01. The temporal
resolution of the modelled wind speed data was 1 hour, and the values are considered
representative of an averaging window of 2 hours (see Section 3.3.1.2).

Wind statistics representative of different altitudes (10, 100, 125, 150 and 200mMSL) are
provided as required. The Frgya profile was applied to obtain the wind speeds at heights higher
than 10mMSL from Uio CFSR data. This methodology is described in Section 3.3.3.1.

Time series and annual statistics

Time series and statistics of wind speeds at HKZ and HKN are shown in Table 9.1 and Figure
9.1. The average Uioo wind speed was 9.5 and 9.8m/s at HKZ and HKN respectively.

In parallel with the metocean study, RVO has commissioned Ecofys WTTS to perform wind
resource assessment for the Hollandse Kust (zuid) wind farms. Ecofys WTTS has used
measurement data from OWEZ and EMD-ConWx data as the primary inputs for the wind
resource assessment. DHI and Ecofys WTTS communicated regularly during the execution of
both projects in order to ensure an optimal balance between both studies. After receiving the
data from Ecofys, DHI performed some comparisons with CFSR and provided the results. The
results have been made available in (Ecofys, 2016) and are also attached to this report in
Appendix H. Both studies found the mean wind speed of 9.5m/s at 100m at HKZ.

Please note that Ecofys WTTS has updated the wind resource assessment of Hollandse Kust
(zuid) by including 12 months of on-site measurements in the analysis. Ecofys concludes in the
updated wind resource assessment that the long term mean wind speed at Hollandse Kust
(zuid) at 100 mMSL has changed from 9.5m/s to 9.44m/s compared to the first wind resource
assessment. The reported mean wind speed derived from the metocean study by DHI was
9.5m/s at the center of Hollandse Kust (zuid) (same as the number reported by Ecofys WTTS in
the first wind resource assessment). Please note that using 9.5m/s instead of 9.44m/s might
result in conservative force estimates. After discussions with RVO.nl and DNV-GL, the small
difference is considered to have negligible effects on the numbers presented in the Metocean
report. The numbers in the Metocean report and database therefore have not changed
compared to the first version.
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Table 9.1 Annual statistics of wind speed [m/s] (2-hour) at HKZ and HKN

Uio 324001 7.9 0.0 29.1 3.9
U100 324001 9.5 0.0 38.0 4.9
HKZ Uizs 324001 9.7 0.0 38.9 5.0
Uiso 324001 9.8 0.0 39.6 5.0
U200 324001 10.0 0.0 40.7 5.2
Uio 324001 8.1 0.0 29.4 4.0
Uioo 324001 9.8 0.0 38.3 5.0
HKN Uizs 324001 10.0 0.0 39.2 5.1
Uiso 324001 10.1 0.0 39.9 5.2
U200 324001 10.3 0.0 41.0 5.3

HKZ (3.98E 52.38N,-28 OmMSL)
Time series (1979-01-15 - 2016-01-01; 1h) CFSR,_

T T T T N MEAN MIN  MAX STD
324001 953 001  37.99 485
324001 7.91 0.01 2913 386

N MEAN  MIN MAX  STD
324001 10.02 001 4066 5.15
324001 982 001 3955 503
324001 969 001 3885 495
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Time series (1979-01-15 - 2016-01-01; 1h) CFSR,
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§ 324001 979 003 3833 498
324001 8.1 003 2937 3.95
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Figure 9.1  Time series of wind speeds Uio, U1oo, U125, U1so and Uzoo at HKZ (top) and HKN (bottom)

9.1.2 Wind roses

Average annual wind roses at the two positions HKZ and HKN are presented in Figure 9.2 and
Figure 9.3. They show a predominance of south-westerly winds compared to other wind
directions. Corresponding frequency of occurrence tables are provided in Table 9.2 and Table
9.3. Annual wind roses for other altitudes and monthly roses for all altitudes are provided in
Appendices E and F.
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HKZ HKZ
Rose Plot (1979-01-15 - 2016-01-01; 1h) All Rose Plot (1979-01-15 - 2016-01-01; 1h) All
NORTH NORTH

UIOAZ! (mis) Umozh (mis)
vs.D, vsD,,
>4 B >=1e
E13-14 B 13-14
12-13 E2-13
-2 -2
W o-1 Wio-1
e-10 | W ERY
Cs-o CJe-9
W-s W-s
Ws-7 Ws-7
Ws-s Ws-s
[J<s@0.5%) <5 24.9%)
SOUTH
Figure 9.2  Average annual wind roses at HKZ position for altitudes of 10 (left) and 100 (right) mMSL
HKN HKN
Rose Plot (1979-01-15 - 2016-01-01; 1h) All Rose Plot (1979-01-15 - 2016-01-01; 1h) Al
NORTH NORTH
Uy n (MIS) | . I { N i i | Usgozn (mis)
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[ 10- \ ~ B 10-11
Ee-10 4 Eoe-10
s-9 [Je-9
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[J<520.7%) [J<525.9%)

Figure 9.3  Annual wind roses at HKN position for altitudes of 10 (left) and 100 (right) mMSL
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Table 9.2

Occurrence tables of wind speed and direction at HKZ, for altitudes of 10 (top) and 100 (bottom) mMSL

HKZ
Frequency of Occurrence [%] (1978-01-15 - 2016-01-01; 1h) All
U, zp [mis] -CFSR,

o-2[ 241 60 [8-8[ B-100 (042 [124] 1416 [16-18[ (18200  [20-22[  [22-24[  [24-26]  ([26-28] [28-30[  [30-32[ Total Accum
[315-345] 7783 100.000
[285-315] 8783 2217
E | [255-288] 11287 83423
% |225-255] 15487 T2 A48
& [135-225] 12 876 56,664
A | 185185 7250 43788
E [135-165] 5044 36538
Z | nostas 53313 31434
LC, [75-105] 6437 26162
o [45-75] 5358 13725
[15-45] 6.525 13.328
[H15-15] 6,803 6.803

Total 3472 11.345 15.000 21.185 17622 11.823 7.456 4173 2,087 0.856 0.270 0.081 0.028 0.006 ool - 100.000

Accum 3472 15.421 24.421 55.606 73229 85.052 52,508 96.681 SB.T4T 55.604 35,873 95,565 55.583 95,959 100.000  100.000
HKZ
Frequency of Occurrence [%] (1979-01-15 - 2016-01-01; 1h) All
U, g [mis]-CFSR_

02 24 -8 (880  [B10[  [1042[ [1214] [1416] [1613] (13200 [2022] [2224] [2426] [2628] [2830] [30-32] [32-35] [35.40[ [40-45]  Total  Accum
pews [ orer | I WS W | o7es | s [orste ISR NN RN AN A S N - 76 | 10w
s | oo | 1 [ - [ [ECIEW oo [ oov | v [ oow [ O [ own [oso | omw | wont

g [255-285] 11.287 83.433
% [225-258 15.482 72148
& | mes2n 12.876 56,684
,_‘E. [185-195] 7250 43788
£ [[iasa 5044 38538
z | mos1as 5331 31484
= | metem 6437 28182
a 4575 B.2%8 19.7285

115451 6525 13328
1515 6.803 6803
Total 1 . 0.165 0073 0.038 0015 0.003 100.000

Accum 2581 1215 25358 42.275 £9.088 72800 82548 89.487 83 862 56 80% 98449 §9.332 89.709 58874 99.947 §9.882 59 567 100.000 100.000

Table 9.3

Occurrence tables of wind speed and direction at HKN, for altitudes of 10 (top) and 100 (bottom) mMSL

HKN
Frequency of Occurrence [%] (1978-01-15 - 2016-01-01; 1h) All
Umm[mis] -CFsR,
o-2[ 241 60 [8-8[ B-100 (042 [124] 1416 [16-18[ (18200  [20-22[  [22-24[  [24-26]  ([26-28] [28-30[  [30-32[ Total Accum
mese s vess SN N oss  oco o e W RS - - o oo
meumems e (A e e v e S S W WSS - v woc
E | [255-288] - 11.807 &2 35T
%‘ |225-255] - 15.061 71351
5 [195-225] - 12.307 55,280
~ | res-iss - T.174 43383
E [135-185] - 5108 36208
=z | ros13g - 5483 30902
LC, [75-105] - 6438 25820
a [45-T5[ - 8272 13182
[15-45] - 6.297 12310
[5-15] - 6513 6.613
Total 3444 11.356 17.955 20517 17.952 12.388 7544 4.581 2.387 1.008 0.341 0.100 0.035 0.010 o001 - 100.000
Accum 3444 14.800 32.756 53273 T1.225 83,553 91.537 %6119 98.506 55,513 35.854 55,554 55.585 95955 100000  10D.000
HKN
Frequency af Occurrence [%] (1979-01-15 - 2016-01-01; 1h) All
U"n,m [mis] 'CFSRmm
21 24 48[ 8-8[ B-10[ Mo420 2440 (4460 [1843[ [18-200  [20-22]  [22-24]  [24-28]  [26-28[  [28-30] [30-32[  [32-35[  [35-40[  [40-45] Total Accum
[315-345 - - T4 100.000
[285-315] 8118 52078
g [255-285] 11.807 82.957
% [225-258 15.081 71.381
& | mes2n 12.807 56,250
,_‘E. [185-155[ TATH 42383
5 | masteg 5108 38208
=z | ros-1agg 5481 102
)_9 [rs-108] 6438 25620
O | pasTE 8.272 19.182
115431 8257 12910
1515 6612 5813
Total 5 16034 18623 13889 10218 4.897 213 1897 0.987 0475 0213 0.083 0.037 0021 100.000
Accum 2561 10822 24080 40230 56853 70753 B0.STI 8247  SRI44  SO2E2  SEATS 99160 99042 99855 990938 S5 9ES60  10D00D  100.000
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9.1.3 Weibull distribution parameters
Weibull parameters (for normal wind speeds) have been calculated for the omni-directional
conditions and for each direction sector of 30°, for modelled wind speeds at 10m, 100m, 125m,
150m and 200m. The Weibull scale (A) and shape (k) parameters fitted to the wind data are
indicated in Table 9.4 and Table 9.5 for HKZ and HKN respectively, for the omni-directional
conditions and each 30° sector. The corresponding histograms are provided in Appendices E
and F.
Table 9.4 Scale (A) and shape (k) parameters of the Weibull distributions of omni-directional and directional wind
data (sector centre point) representative of HKZ at altitude z above MSL
z Parameter Omni |0° 30° 60° 90° 120° [150° |180° |[210° |240° |270° |300° [330°
10 A (scale), m/s |8.94 |7.72 (752 |7.61 |7.70 |7.31 |7.33 |9.00 |10.36 [10.35 |9.89 |9.09 [8.55
k (shape), - 216 |2.24 (243 (239 (233 |2.30 (2.23 |2.18 (236 (241 (216 |2.12 (2.14
100 A (scale), m/s |10.77 |9.24 (898 |9.10 |9.21 [8.73 |[8.75 |10.85 |12.57 (12.56 |11.98 |10.96 [10.28
k (shape), - 207 |2.15 |2.33 |2.30 (2.24 |2.22 (215 |2.08 |2.24 |2.30 (2.06 |2.02 |[2.05
125 A (scale), m/s |10.95 |9.38 ([9.12 |9.24 |9.36 [8.86 (8.89 |11.03 [12.79 (12.77 |12.19 |11.14 [10.45
k (shape), - 206 |2.14 (233 |2.29 (223 |2.21 (214 |2.07 (224 |229 (205 |2.01 (2.04
150 A (scale), m/s |11.09 |9.50 ([9.24 |9.36 |9.48 [8.98 [9.00 |11.17 [12.96 (12.95 |12.35 |11.29 [10.58
k (shape), - 205 |2.13 (232 (228 (2.23 |2.20 (2.14 |2.07 |2.23 |2.28 [2.05 |2.01 ([2.04
200 A (scale), m/s [11.32 (9.69 [9.42 |9.55 (9.67 |9.15 (9.18 [11.40 |13.24 (13.22 |12.61 (11.52 |10.80
k (shape), - 205 [2.13 |2.31 |2.27 |2.22 |2.20 (2.13 |2.06 |2.22 |(2.27 |2.04 |2.00 |[2.03
Table 9.5 Scale (A) and shape (k) parameters of the Weibull distributions of omni-directional and directional wind
data (sector centre point) representative of HKN at altitude z above MSL
Z Parameter Omni |0Q° 30° 60° 90° 120° [150° |180° [210° |240° |270° |300° |330°
10 A (scale), m/s |9.16 |7.96 |7.66 |7.79 |8.14 |7.70 |7.66 |9.14 |10.55 |10.54 |10.08 [9.29 (8.79
k (shape), - 216 (221 |237 |235 (230 |2.28 (222 |2.13 |2.34 (240 |2.19 |214 |2.12
100 A (scale), m/s |11.05 [9.54 |9.15 |9.32 |9.77 |9.21 |9.16 |[11.03 |12.81 (12.80 |12.22 (11.22 |10.58
k (shape), - 206 [2.12 |2.27 (225 |2.20 |2.19 (2.13 |2.04 |2.22 (229 |2.08 |2.04 |[2.03
125 A (scale), m/s [11.23 [9.69 |9.30 |9.47 (9.93 |9.36 |9.30 [11.21 |13.03 (13.02 |12.43 [11.41 |10.76
k (shape), - 206 [2.11 |2.27 (224 |2.19 |2.18 (2.12 |2.03 |2.22 (228 |2.08 |2.03 |[2.03
150 A (scale), m/s [11.38 (9.81 |9.42 |9.59 |10.05 |9.48 |9.42 |[11.36 |13.21 (13.20 |12.60 [11.56 |10.90
k (shape), - 205 (211 |2.26 (224 |2.19 |2.18 (2.12 |2.03 |2.21 |(2.27 |2.07 |2.03 |[2.02
200 A (scale), m/s |11.62 |10.01 |9.61 |9.78 |10.26 |9.67 |9.61 [11.60 |13.50 (13.48 |12.86 (11.80 |11.12
k (shape), - 204 [2.10 |2.25 |2.23 |2.18 |2.17 (211 |2.02 |2.20 (226 |2.06 |2.02 |[2.01
9.14 Persistence of wind speed

Persistence with regard to metocean conditions is defined as a continued occurrence of a given
minimum duration during which a given parameter is above or below a given threshold.
Persistence statistics of metocean parameters applied for planning purposes of operational
tasks (e.g. maintenance or construction works) are often referred to as ‘Weather Windows’
and/or ‘Downtime’.
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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) and vice versa. The thresholds may be defined as being either above or below a
given value depending on what is critical for the parameter in question. After discussion with
RVO, it was decided to present the results in this report using the ‘Non-overlapping’ method
which is somewhat more conservative (more downtime or lower occurrence of weather
windows).

An illustration of persistence during 1 month (31 days) is shown in Figure 9.4. As an example,
the persistence for an overlapping duration = 1 day (24 hours) and a threshold Hmo < 4.0m yields
weather windows 93.2% of the time (28.9 days) and corresponding downtime of 6.8% (2.1 days)
during that particular month.

6

eather windo Neather indow Weather window ‘eather windo
=4.8days 10.1/days £ 10.9 day: =3.1days

Hupo (M)

v

i \/ \ | /

Persistence during 1 month of January (31 days) for a threshold H,, < 4.0 m and a duration 2 1 day (24 hours):
Overlapping: Weather Windows = 4.8+10.1+10.9+3.1=28.9 days =93.2%  Down-Time = 6.8%
Non-Overlapping: Weather Windows = 4+10+10+3 =27.0days=87.1%  Down-Time = 12.9%

0

QNQ’LQ”),QD/Q"JQ%SQ%QQ@\’\/%\‘)")%’\Q:OAQ'\:\’\/”)D‘ob’\%%Qk\QN

ccooooccodd’yo‘\’«\’\’d (\,’»(\,’»(\,’»(\,\/«\/(\,’L(\, (jv(\fv(\fv«’b(\,’v(\fv(}d o‘“’«\ >
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Figure 9.4 lllustration of persistence during one month (example only)

Preferably, a long-term time series (several years) is applied for the calculation of persistence
statistics in order to reduce the uncertainty related to yearly variations. The uncertainty 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.
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Persistence analyses of the winds speeds Uio, U1oo, U125, U1so and U200 were conducted for
monthly conditions. Weather windows were calculated for durations of 1, 2, 4, 6, 12, 24, 48 and
72 hours and were defined as times when the wind speed was below specified thresholds: 2, 4,
6, 8,9, 10, 11, 12, 15, 20 and 25m/s. Finally, weather windows were calculated for different
percentiles: 20, 50 and 80.

Example results at HKZ and HKN (U1o and Uioo) are given in Figure 9.5 and Figure 9.6 for a
window of 24 hours and the 50-percentile. The vertical bars in the plot indicate the standard
deviation for each threshold and month. Results for other altitudes, other window durations and
percentiles are provided in Appendices E and F.

Threshold (m/s) <

24h (Non-Qverlapping) [%)

Weather Wmdnwsp=50% >

Persistence U

100.2n (1978-01-15 - 2016-01-01; 1h) CFSR, | At=1.0h, N = 315577 (36.00 years) Threshold (m/s) <

-—---2
e 4

=t == == =+ =+ ===l _t' ———_ ==

24h (Non-Overlapping) [%)

Weather Wlndnwsp=5a% >

L
g,c\

Figure 9.5 Persistence (weather-window) of wind speed Uio and Uioo at HKZ for a number of wind speed thresholds.
Window duration of 24 hours (50-percentile)
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Persistence (weather-window) of wind speed U0 and Uioo at HKN for a number of wind speed thresholds.
Window duration of 24 hours (50-percentile)

Wind energy spectra

There are no available long-term raw high-frequency wind data at HKZ to enable the
assessment of wind spectra with high resolution. Therefore, the three common parametric
spectra are presented here. From DHI's experience, the Frgya spectrum reproduces the
offshore wind conditions well. Additionally, the CFSR data have been used to estimate spectra
and characterise the low frequency trends.

The Frgya spectrum (also recommended by ISO 19901-1:2005(E)) was derived from maritime
wind-turbulence data (resolution of 1 Hz) obtained at exposed sites (height range of 10-100m)
on the western coast of Norway during gale and stormy conditions. The Frgya database is
considered suitable for describing the wind structure of the maritime boundary layer. The
spectrum is described as:

320(1#)2(21)045
S(f) = . 9.1)
(1+fm)3n
where:
Uo wind speed (1h) at reference elevation (z;)
ur reference wind speed (10m/s)
z  height above mean sea level
z, reference elevation (10m)
n a coefficient equal to 0.468
2
~ Z\3 Uy _
F=172r () o 02
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f is the frequency in cycles per second over the range 0.00167 Hz < f< 0.5 Hz.

Other spectra based on maritime data are the (Wills, Grant, & Boyack, 1986) and (Ochi & Shin,
1988) spectra, defined as (Andersen & Lgvseth, 2006):

Wills spectrum

_ g 0.66X _ 1667f
S = f (x91541.125x)5/3 T u(2)
(9:3)
O-u = 0.0751130
Ochi spectrum
¥y, yo
S(f) - f S (X): X u(z) (94)
S*(X) = 583X 0<X<0.003
S*(X) = 420X%7(1 + x035)~115 0.003<X<01
S*(X) = 838X(1 + X035)7115 X=01

Figure 9.7 shows a comparison of the three parametric wind spectra. The Ochi spectra present
a faster decay of the high-frequency energy. Note that Wills and Ochi spectra require further
wind information, ugo (wind speed at 80m elevation) for the Wills spectra and friction velocity (u*)
for the Ochi spectra, while the Frgya spectra only need a value of wind speed for a specified
elevation which makes it easier to apply. With the available information and according to DHI's
experience, the Frgya spectrum is preferred for the wind spectra description at Hollandse Kust
area.

4
10 1500
—— Wills
—— Ochi
N Freya
21 N J
10 \ \ 1000 f
5 \,;":\ 5
0l \ _ |
10 \ 500
\
\
102 — o
10 10° 10° 8 6 4 2
f In(f)

Figure 9.7 Parametric spectra from Wills, Ochi and Frgya for wind speed of 25m/s at 48m elevation.
Right panel are same spectra as on the left panel but they are shown at log scale as done by
Andersen and Lgvseth (2006)

CFSR hourly Uio time series at HKZ has been used to estimate the wind spectra (Figure 9.8).
A clear yearly (seasonal), diurnal and semi-diurnal peak is observed.
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Wind spectra based on hourly CFSR
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Figure 9.8 Wind (Uio) spectra based on hourly CFSR at HKZ

Turbulence intensity

Turbulence intensity (TI) is analysed at the two locations within the Borssele wind farm: at
OWEZ and at ljmuden stations. Several Tl models are included in the assessment as described
below. Turbulence intensity data at HKZ sites are plotted in Figure 9.9 and Figure 9.10,
however, according to Fugro the turbulence data is not validated.

The turbulence intensity is defined as the standard deviation (o) of the horizontal wind speed
related to the mean wind speed (u):

u (9.5)

The IEC (2009) recommends the Normal Turbulence Model (NTM) defined as:
5.6
TI = Iref - (075 + 7) (9.6)

where lref is the standard turbulence intensity in IEC 61400-3, (ler defined as 0.16, 0.14 or 0.12
for different turbulence intensity sites).

The above definition is very general and does not account for waves (e.g. via surface
roughness) or variations in height. Onshore, the surface roughness is a function of the surface
characteristics only and assumed to be independent from the atmospheric conditions. This is
different for offshore conditions; due to wind-induced waves, the surface roughness increases
with increasing wind speed. This leads to a slight increase of turbulence intensity for high wind
speeds (Ernst & Seume, 2012).
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The ISO 19901-1 recommends to estimate the turbulence intensity with the following equation:
7 \—0.22
L@ = (0.06)[1 +0.0430,,0] () @7
where:

Uwo is the 1-hour wind speed (m/s) at height z (m)
zr s the reference height (10m)

A similar model to the one recommended by ISO 19901-1 is the linear model as shown by
(Andersen & Lagvseth, 2006) and recommended by them due to its more conservative nature.
It is defined as:

-0.2

TI = 0.087 (1 +0.302 (110 - 1)) (1) ©.8)

The Eurocode 1 (Partl-4) defines the turbulence intensity at height (z) as:

ky
TN=——"——
Co(2) In(=) (9.9)
A
where:
ki is the turbulence factor (recommended value is 1)

Co(2) is the orography factor (1, only for cases with steep orography)
Zo is the roughness length, (equal to 0.003 for Eurocode)

(Wang, Barthelmie, Pryor, & Kim, 2014) proposed a turbulence intensity model (ONT, Offshore
Normal Turbulence model), which 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. They tested it against
observations from three sites (in Asia, Europe and the USA) showing better performance than
the NTM.

The (Wang, Barthelmie, Pryor, & Kim, 2014) ONT model is defined as:

2405
[CI\ZIT + CI\%IX ' (_ %)3]

Tloyr = k- Z > + ATI (9.10)
Inz=—¥n(p)
where:
Vg u?
Zy = )/u—*+ a? (9.11)
z 14 x%\ /14 x\2 g eant x4
=~ ) () |2ty 0.12)
3 pTCyu?
" kgH, (9.13)
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u, = bV (9.14)

ATI = 0.0124 + 0.14 /V

15z
x=(1- T)l/‘* (9.15)

Cwmx normalised o in free convection layer (constant)
Cnr normalised o under neutral conditions (constant)
Cp specific heat at constant pressure (J kg K1)

Ho surface heat flux (W m-?)

L  Monin-Obukhov length (m)

z  height above ground level (m)

Zo surface roughness length (m)

T  surface temperature (°C)

z; the atmospheric boundary height (m)

b:1 the slope in the linear relationship between u* and wind speed (V), constant=0.04
ATI difference between Tlg and mean Tl

ua  kinematic viscosity of air (14x106 m?2s-1)

Table 9.6 summarises the Tl models including the ONT, NTM with different turbulence intensity
sites (lrer) and the recommendations by ISO and Eurocode. The Linear and ISO models are
very similar, showing a relatively fast increase of Tl with wind speed, while the ONT shows a
more moderate raise.

Table 9.6 Definition of variables of Turbulence Intensity (TI) models

Model Variable Value/description
Cnt 25
Ho 2 (Wm?)
Cwmx 0.7
b1 0.04
A 0.0185
ONT Zi 800 (m)
Co 1000 (JkgiK?)
P 1.225 (kgm-3)
T 15 (°C)
zpm(%) Equal to zero
lret (NTMa) 0.16
NTM Iref (NTMb) 0.14
lret (NTMc) 0.12
ISO Zr 10 (m)
ki 1
Eurocode Co 1
20 0.003 (m)
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Figure 9.9 to Figure 9.12 present the Tl at HKZA, HKZB, Borssele 1 and Borssele 2,
respectively, together with the estimates of TI models. In general, for wind speed lower than
10m/s, the ONT model reproduces well the mean Tl. The ONT model under-estimates the 90t
percentile, while the NTMc model seems to fit better the measurements, especially for winds
larger than 10m/s. The linear models (ISO, Linear & Eurocode) tend to under-estimate the Tl for
all wind speed ranges.

The observed increase in turbulence with wind speed in the range of 10m/s to 20m/s has been
attributed by authors, e.g. (Wang, Barthelmie, Pryor, & Kim, 2014) to presence of waves and
increased roughness (drag). However, this is not expected to be maintained for larger wind
speed, where measurements under such conditions (e.g. (Powell, 2003)) indicate a levelling off
(or even a reduction) of drag.

The NTMc model reproduces well the 90" percentile of TI, being slight conservative for low wind
speeds; thus, it is recommended to use the 90t percentile of Tl for design at the Hollandse Kust

area.
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Figure 9.9  Turbulence intensity at HKZA, at 40, 60, 80, and 100m elevation. The figure shows the measurements in
coloured bins (colour scale in percent) and several TI models. Data coverage was from June 2016 to

August 2016.
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Figure 9.10 Turbulence intensity at HKZB, 40, 60, 80, and 100m elevation. The figure shows the measurements in
coloured bins (colour scale in percent) and several TI models. Data coverage was from June 2016 to
August 2016.
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Figure 9.11 Turbulence intensity at Borssele 1, 40, 60, 80, and 100m elevation. The figure shows the measurements
in coloured bins (colour scale in percent) and several TI models. Data coverage was from June 2015 to

July 2016.
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Figure 9.12 Turbulence intensity at Borssele 2, at 40, 60, 80, and 100m elevation. The figure shows the
measurements in coloured bins (colour scale in percent) and several TI models. Data coverage was from
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June 2015 to July 2016.

Figure 9.13 to Figure 9.20 show several variables related to turbulence intensity (mean, 90t
percentile and standard deviation) at OWEZ. Measurements at OWEZ cover from 2005 to
2011. Comparisons of turbulence intensity data during the first year (before wind farm
construction) with all data do not present any evidence of an impact of the wind farm on
turbulence intensity. The ISO mean estimates seem to fit well the data for wind speed larger
than 5m/s. Slightly lower mean TI's are observed for winds from the south (SW, S and SE) in a

wind speed range of 5 to 12m/s.

Figure 9.21 to Figure 9.30 present the Tl variables at ljmuiden. Similarly to OWEZ, the ISO
model fits the data well. Measurements at OWEZ also present slight reduction of Tl from the

southern sectors.

Overall, considering that data at HKZ site is not validated according to Fugro (results from the
floating lidar), and based on turbulence intensity at ljmuiden and OWEZ, the turbulence intensity
can be described by the ISO model. For a larger degree of conservatism, the ONT models
could be used, which agrees well with data at Borssele.
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Figure 9.13 Turbulence intensity at OWEZ, 21m elevation. Left panel shows Tl using all data, while right panel shows
Tl for the first year of data (previous to wind farm construction). The figure shows the measurements in
coloured bins (colour scale in percent) and several TI models.
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Figure 9.14 Turbulence intensity at OWEZ, 116m elevation. Left panel shows Tl using all data, while right panel shows
Tl for the first year of data (previous to wind farm construction). The figure shows the measurements in
coloured bins (colour scale in percent) and several TI models.
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Figure 9.15 Mean turbulence intensity by direction at OWEZ, 21m elevation.
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Figure 9.16 Mean turbulence intensity by direction at OWEZ, 116m elevation.
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Figure 9.17 90" percentile of turbulence intensity by direction at OWEZ, 21m elevation.
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Figure 9.18 90" percentile of turbulence intensity by direction at OWEZ, 116m elevation.
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Figure 9.19 Standard deviation of turbulence intensity by direction at OWEZ, 21m elevation.
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Figure 9.20 Standard deviation of turbulence intensity by direction at OWEZ, 116m elevation.
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Figure 9.21 Turbulence intensity at ljmuiden at three elevations: 27, 58 and 92m.
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Figure 9.22 Mean turbulence intensity by direction at ljmuiden, 27m elevation.

The expert in WATER ENVIRONMENTS

DA

20

23

157

0.12

0.1

0.1

0.09

0.08

0.07

0.06





DA

ljmuiden Mean TI, 58m

Direction

2 5 8 11 14 17 20 23
Wind speed (m/s)

Figure 9.23 Mean turbulence intensity by direction at ljmuiden, 58m elevation.
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Figure 9.24 Mean turbulence intensity by direction at ljmuiden, 82m elevation.
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Figure 9.25 90" percentile of turbulence intensity by direction at ljmuiden, 27m elevation.
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Figure 9.26 90" percentile of turbulence intensity by direction at |jmuiden, 58m elevation.
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Figure 9.27  90™ percentile of turbulence intensity by direction at Iljmuiden, 92m elevation.
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Figure 9.28 Standard deviation of turbulence intensity by direction at ljmuiden, 27m elevation.
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Figure 9.29 Standard deviation of turbulence intensity by direction at Iljmuiden, 58m elevation.
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Figure 9.30 Standard deviation of turbulence intensity by direction at Iljmuiden, 92m elevation.
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9.1.7

Characteristics wind profiles

As mentioned in Section 3.3.3.1, the Frgya profile is the preferred profile to represent the wind
conditions at different altitudes, given the wind speed Uio. The Frgya profile is defined in
Eq (3.2) and is recommended for design purposes.

It is noted that a different profile was applied in the wind resource assessment for the site, see
(Ecofys, 2016), as the power-law profile was considered more appropriate for the purpose of
that study.

For applications where a wind shear is necessary, values of the power law exponent equivalent
to the Fraya profile were derived. Directional and monthly statistics of the power law exponent
are provided in Table 9.7 and Table 9.8. These indicate that the average wind shear at HKZ
and HKN is about 0.08, while for larger wind speeds, the wind shear is closer to 0.11. Wind
shear for specific Uio conditions can be derived from the equation shown in Figure 9.31.

Table 9.7 Directional and monthly statistics of the power law exponent equivalent to Frgya profile at HKZ
Statistics (1979-01-15 - 2016-01-01; 1h) CFSRAQ“ Directional
Wind shear (-}
All 0 30 &0 90 120 150 180 210 240 270 300 330
MEAN 0.076 0.074 0.074 0.074 0.074 0.073 0.073 0.077 0.07% 0.07% 0.078 0.077 0.076
MIN 0.054 0.054 0.054 0.054 0.054 0.054 0.054 0.054 0.054 0.054 0.054 0.054 0.054
WMAX 0115 0.105 0.103 0.102 0.09% 0.102 0.100 0112 0111 0115 0115 0112 0112
STD 0.008 0.008 0.007 0.008 0.008 0.008 0.008 0.00% 0.010 0.00% 0.010 0.00% 0.00%
HKZ
Statistics {1979-01-15 - 2016-01-01; 1h) CFSR, _ Monthly
‘Wind shear (-}
Al Jan Feb Mar Apr May Jun Jul Aug Sep Oct Mow Dec
MEAN 0.078 0.081 0.078 0.0 0.074 0.074 0.073 0.073 0.073 0.07s 0.0ve 0.080 0.081
WIN 0.054 0.054 0.054 0.054 0.054 0.054 0.054 0.054 0.054 0.054 0.054 0.054 0.054
WMAX 0.115 0.114 0.112 0.108 0.108 0.107 0.102 0.110 0.101 0.105 0.115 0.112 0.110
STD 0.009 0.010 0.010 0.00% 0.008 0.008 0.008 0.007 0.008 0.00% 0.00% 0.00% 0.010
Table 9.8 Directional and monthly statistics of the power law exponent equivalent to Frgya profile at HKN
HKN
Statistics (1879-01-15 - 2016-01-01; 1h) CFSR, | Directional
Wind shear (-}
All 0 20 &0 80 120 150 180 210 240 270 200 330
WMEAN 0.077 0.074 0.074 0.074 0.075 0.074 0.074 0.077 0.080 0.080 0.07% 0.077 0.076
MIN 0.054 0.054 0.054 0.054 0.054 0.054 0.054 0.054 0.054 0.054 0.054 0.054 0.054
WMAX 0.116 0.105 0101 0.104 0.101 0.102 0.102 0.113 0.112 0.115 0.116 0.112 0.111
STD 0.009 0.008 0.008 0.008 0.008 0.008 0.008 0.00% 0.010 0.00% 0.010 0.010 0.00%
HKN
Statistics (1979-01-15 - 2016-01-01; 1h) CFSR, _ Monthly
Wind shear (-}
All Jan Feb Mar Apr May Jun Jul Aug Sep Oct How Dec
MEAN 0.077 0.082 0.080 0.078 0.075 0.074 0.073 0.073 0.074 0.076 0.07% 0.080 0.081
MIN 0.054 0.054 0.054 0.054 0.054 0.054 0.054 0.054 0.054 0.054 0.054 0.054 0.054
MAX 0.118 0.118 0.114 0.109 0.106 0107 0.103 0111 0.103 0107 0114 0111 0112
STD 0.008 0.010 0.010 0.00% 0.008 0.008 0.008 0.007 0.008 0.00% 0.00% 0.00% 0.010
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Figure 9.31 Relationship between wind shear and wind speed Uio applicable at both HKZ and HKN

9.1.8 Spatial variations of winds under normal conditions

Spatial variations of mean Uioo across the Hollandse Kust wind farm zones are shown in Figure
9.32 for HKN (top) and HKZ (bottom) respectively. The variation across the HKZWFZ is about
0.2-0.3m/s (~9.55m/s-9.35m/s) which is in agreement with Ecofys study (Ecofys, 2016). The
differences between the two studies is about 0.05m/s-0.1m/s on average.
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Figure 9.32  Spatial variations of mean Uioo across HKNWFZ (top) and HKZWFZ (bottom). Black lines show the
contour of the investigation areas
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9.2.1
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Water levels

The normal water level conditions at HKZ and HKN are described below. The analyses are
based on the modelled data for the period 1979-01-15 to 2016-01-01, as described in Section 4.
The temporal resolution of the modelled water levels is 30 minutes, and 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 9.2.2.

Time series and annual statistics

Time series and mean annual statistics of water levels at the site are shown in Table 9.9 and
Figure 9.33. These tables and figures 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 4.3.3.

Table 9.9 Annual statistics of water levels at HKZ and HKN

Location Parameter Number of .
data points Mean Min Max
WLt [MMSL] 648001 0.1 -1.8 2.9
HKZ WLt [MLAT] 648001 0.9 -1.0 3.8
WLia [m] 648001 0.1 -0.9 1.3
WLres [M] 648001 0.0 -1.8 2.4
WLiot [MMSL] 648001 0.1 -2.0 2.8
HKN WLt [MLAT] 648001 1.1 -0.8 3.9
WLia [m] 648001 0.1 -1.0 1.2
WLres [M] 648001 0.0 -1.6 2.4

HKZ (3.98E;52.38N;-28.0mMSL)
Time series (1979-01-15 - 2016-01-01; 1h) HDMZN

N MEAN  MIN MAX
648001 0.08 -1.83 292
648001 008  -086 1.32
648001 -0.00 -1.78 243

— WL
— WL,

WLRaumul

> & \\\\\\\x\\p\pxg\ & &
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Figure 9.33 Time series of water levels at HKZ and HKN
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Astronomical tide levels

The astronomical values of WL presented in Table 9.10 were derived from the modelled tidal
water levels time series/constituents at each location as follows:

*  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)

*  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)

+  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

Table 9.10  Astronomical tide levels at HKZ and HKN

Parameter Hikz HEN

mMSL mLAT mMSL mLAT

HAT 1.07 1.98 0.96 2.03
MHWS 0.87 1.78 0.73 1.80
MHWN 0.56 1.47 0.47 1.54
MSL 0.00 0.91 0.00 1.07
MLWN -0.44 0.47 -0.46 0.61
MLWS -0.66 0.25 -0.82 0.25
LAT -0.91 0.00 -1.07 0.00

Sea level rise due to climate change

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 IPCC, fifth assessment report on climate change, AR5, indicates a
likely range of sea level rise by 2100 between 0.3 and 1.0m relatively to the period 1986-2005
(see Figure 9.34). The main contributions to this very likely sea level rise are ocean warming
and increased loss of mass from glaciers and ice sheets (IPCC, 2013).

These estimates do not take into account any regional effects. It should also be mentioned that
climate change may also result in an increase of storm events (frequency and intensity) in the
future. Stronger wind speeds could result in greater wave heights and surge events.

Assuming that the offshore wind farms would be in operation for 25 years, it is proposed to use
a 0.2m contribution as an estimate of the sea-level rise in 2045. This value was derived using a
linear interpolation between the pessimistic estimates provided for 2030 and 2050 (slightly
conservative based on the current data available, as sea-level rise is likely to accelerate with
time).
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It should be noted that normal and extreme value analyses in this report were based on hindcast
data, which considered previous storm events, but which did not take into account future
changes due to climate changes. The recommended value for sea-level rise should therefore
be added when relevant, for example, to the water depth. The effects on extreme crest levels or
significant wave heights are a source of uncertainty, which has been considered in the extreme

value analysis.

Global mean sea level rise
1.0 T T T T T T T T

Mean over
2081-2100

RCP8.5

RCP4.5
RCP6.0

©
o
o
Q
14

0.0 . L . L L L . 1 L
2000 2020 2040 2060 2080 2100
Year

Figure 9.34  Projected mean global sea-level rise until 2100 relative to 1986-2005 from IPCC AR5 (IPCC,
2013).

The shaded areas show the likely range of sea-level rise computed for the different models
and the median values are indicated as solid colour lines. The vertical bars on the right
show the mean values calculated on the period 2081-2100, with median values indicated as

horizontal lines

9.24 Spatial variations of water level under normal conditions

Spatial variations of selected astronomical tide levels (HAT and MSL — relative to LAT) across
the Hollandse Kust wind farm zones are shown in Figure 9.35 and Figure 9.36 respectively.
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Figure 9.35 Spatial variations of astronomical tide level HAT across HKNWFZ (top) and HKZWFZ (bottom). Black lines
show the contour of the investigation areas
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Figure 9.36  Spatial variations of astronomical tide level MSL across HKNWFZ (top) and HKZWFZ
(bottom). Black lines show the contour of the investigation areas
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9.3 Currents

The normal current conditions at HKZWFZ and HKNWFZ are described below. These analyses
are based on the modelled data for the period 1979-01-15 to 2016-01-01, as described in
Section 4. The temporal resolution of the modelled currents is 30 minutes. Unless stated
otherwise, the values presented are depth-integrated (representative of ~33% of water depth
above the seabed). Near surface (100% of water depth) and near seabed (5% above seabed),
currents were derived as described in Section 9.3.4, based on a combination of power law and
linear profiles.

9.3.1 Time series and annual statistics

Time series and mean annual statistics of currents at the HKZ and HKN positions are shown in
Table 9.11 and Table 9.12 and Figure 9.37 to Figure 9.38.

Table 9.11  Annual statistics of current speeds at different depths at HKZ

Depth Parameter Number of

data Mean Min Max STD
points

_ CStot [M/s] 648001 0.4 0.0 1.0 0.2
22‘:;; )'megrated CSta [M/s] 648001 0.4 0.0 1.0 0.2
CSres [M/S] 648001 0.1 0.0 0.7 0.0
CStot [M/s] 648001 05 0.0 15 0.2
g%%;j;‘rface CSta [M/s] 648001 05 0.0 11 0.2
CSres [M/S] 648001 0.1 0.0 14 0.1
CStot [M/s] 648001 0.3 0.0 07 0.2
?'5802; seabed CSta [M/s] 648001 0.3 0.0 0.7 0.2
CSres [M/S] 648001 0.0 0.0 0.1 0.0

Table 9.12  Annual statistics of current speeds at different depths at HKN

Depth Parameter Number of

data Mean Min Max STD
points

_ CStot [M/s] 648001 0.4 0.0 11 0.2
2e3p;£; )'megrate‘j CSta [m/s] 648001 0.4 0.0 0.9 0.2
CSres [m/s] 648001 0.1 0.0 0.8 0.1
CStot [M/s] 648001 05 0.0 16 0.2
g%%zz;rface CSta [m/s] 648001 05 0.0 11 0.2
CSres [M/s] 648001 0.1 0.0 17 0.1
CStot [M/s] 648001 03 0.0 07 0.1
E\lseoz)r seabed CSta [m/s] 648001 0.3 0.0 0.7 0.1
CSres [m/s] 648001 0.0 0.0 0.1 0.0
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Figure 9.38 Time series of total, tidal and residual current speeds at HKN
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9.3.2 Current roses

Mean annual current roses for the two locations, HKZ and HKN, are presented in Figure 9.39
and Figure 9.40 for total, tidal and residual currents. The current roses show the dominance of
the tidal currents flowing along an ENE — WSW axis, while the often weak residual currents
occur in similar directions. It is noted that flood currents (going towards northeast) are usually

stronger than ebb currents.

Roses for different depths and monthly roses are provided in Appendices E and F.
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Figure 9.39 Depth-integrated current roses (going to) at HKZ (top: total, bottom left: tidal, bottom right: residual)
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Figure 9.40 Depth-integrated current roses (going to) at HKN (top: total, bottom left: tidal, bottom right: residual)
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9.3.3 Joint occurrence of water levels and current direction

Annual joint occurrence of water levels and total as well as residual current direction are
provided in Table 9.13 and Table 9.14.

These tables show that high total water levels are usually reached during flood tide (easterly
current directions), while low total levels are associated with westerly currents. Residual events
are more evenly distributed across directions.

Table 9.13  Joint occurrence of water levels and total (top) and residual (bottom) current direction at HKZ

HKZ
Frequency of Occurrence [%] (1979-01-15 - 2016-01-01; 1h) All

€D [*N-lo] - HD 7,

[5-15[  [15-45] [45-75 [75-105[ [105-135[ [135-165[ [165-195] [195-225] [225-255[ ([255-285[ [285-315[ [315-345] Tofal  Accum
[3.2535] - - - - - - - - - - - - - 100.000
[3-3.25] - - - - - - - - - - - - - 100.000
2753 0.001  100.000
25275 00M 9.9
22525 0014 93.995
[22.25] 0043 92.981
s 0115 s

z | 17 0334 s

% [1.25-1.5] 0887  99.489

% [1-1.25] 3T wmEm

2| s 5435 95245

B | psorE 11658 BBT4T

E [0.250.5] 11788 75.089

o | ooz 12180 83300

= [-0.250 170480 50.441
[0.5-025] 19527 33am
[0.75-0.5] 10355 13574
[1-0.75 2277 2815
[1.25-1] 0.289 0.337
[-1.5-1.25] 0.040 0.048
17515 0.008 0.008
2175 - - - - - 0.001 0001
Total TTE4 34535 3044 0.782 0.544 0758 1889 45EM4 1077 0.432 0434 0817 100.000
Accum TTE4 42748 45781 46585 47098 47857 51546 97240 98T SBT49 99133 100.000

HKZ
Frequency of Ococurrence [%] (1979-01-15 - 2016-01-01; 1h) All
CDpciguar [“N10] - HD ey
[5-15]  [15-45[ [4575 [75-105[ [105-135[ [135-165[ [165-195] [195-225 [225-255[ [255-285[ [285-315[ [315345] Total  Accum
1525 0085 9.9
[1.25-1.5] 0131 93.904

z | (129 0375 T2

% [7519] 1077 99388

% [0.50.75 257 883X

.| masos 8Tz 9533

E | poag 259452 EA.E0Z

g 0250 44339 5120

@ | [0.5-0.25 10835 12180

| rorsos 1.162 1.345

= [-1-0.75] 0.148 0.183
[1.25-1] 0.032 0.025
[-1.5-1.25] 0.003 0.003
Total 7B 15321 10.200 4811 3,587 4,485 8782 1832 12780 5847 4037 4582 s
Accum TEE0 23000 33200  37E11 41378 4582 54655 72873 85733 91379 85417 99988
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Table 9.14  Joint occurrence of water levels and total (top) and residual (bottom) current direction at HKN
HIKN
Frequency of Occurrence [%] (1979-01-15 - 2016-01-01; 1h) All
CD [*N-to] - HD o),
[-15-15[ [15-45[ [45-T5] [75-105[ [105-135] [135-165[ [165-195] [195-225] [225-265] [255-285[ [285-315[ [315-345] Total Accum
[3.25-3.5] 100.000
[2-3.25 100,000
2753 0.000 100.000
[2.5-2.75] 0.003 100.000
[2.25-2.5 0.013 5.5%8
[2-2.25] 0.044 ki
[1.75-2] 0.108 3533
= | (1.51.75 0.257 5,831
% [1.25-1.5] 0782 98,515
% -1.25 2471 35.752
_|'L‘ [0.75-1] TET4 5,281
W [0.5-0.75] 14.040 88707
E [0.25-0.5] 15.428 T4EET
i [00.25] 14,258 £5.23%
= [-0.25-0] 12878 44343
[-0.5-0.25] 14237 31254
[-0.75—0.5] 12.031 17.027
[1-0.75] 4321 4555
[1.25-1] 0573 0875
[-1.5—1.25] 0.086 0.102
[-1.75-1.5] 0.012 0.016
[-2-1.75] 0.004 0.004
Total 5.342 34038 1.988 1.048 1.082 2,058 13.408 38027 0.568T7 0.154 0.104 0.148 100,000
ACCUM 9.242 43.380 45,368 43415 47437 45 556 63.002 99023 55,5590 59.750 55854 100,000
HIKN
Frequency of Occurrence [%] (1979-01-15 - 2016-01-01; 1h) All
CDppeiuar [“N10] - HD o,
[-15-18[  [15-45[ [45-T5[ [75-105[ [105-135] [135-165[ [165-195[ [195-225] [225-255] [255-285[ [285-315[ [315-345]  Total Accum
[1.5-2.5] 0.103 100.000
[1.25-1.5] 0132 5.857
= | (1125 0.407 ki
% [0.75-1] 1428 35.358
% [0.50.75] 1054 SB225
S, | 2508 .05 95175
E [00.25] 8.5 55,113
E [-0.25-0] 44,450 57224
8 | [0.5-0.25 11283 12733
_F [-0.75-0.5] 1.254 1.450
= [1-0.75] 0.159 0.156
[1.25-1] 0.033 0.037
[-1.5—1.25] 0.004 0.004
Total 12181 17.719 5254 2658 Z.483 4,078 12.538 23340 T.518 3.5 3115 4573 100.000
Accum 12181 25,880 16,124 TR 40.2T5 44,351 £7.289 81.229 BB.T4T 92.208 85.427 100.000
9.34 Characteristic current velocity profiles

Characteristic current velocity profiles were establish based on the measured data at the HKZB
position, which cover a 3-month summer period at the time of writing this report (June to August
2016). The available data was de-tided and the tidal and residual parts of the profiles were

compared to theoretical profiles separately. For tidal currents, a power law profile is

recommended in (DNV, 2014), while a linear decreasing profile is recommended for residual

(wind-generated) currents, see (IEC, 2009).
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The tidal current speed at a reference height, z, above the seabed, Uc(2), is then given by:

1/7
Ue( =2Ucavg (ﬁ) ,forz<0.33h

1/5 9.16
Ue(@) = 2Uqayg (£) , forz > 0.33h (©-10)
where: Ucayg depth-averaged tidal/total current speed
z reference height above seabed (positive upwards from seabed)
h water depth

The wind-generated current speed Ucres(z) at reference height z below the surface for a linear
profile is given by:

do +z
Ucres(z) = Ugres (0) - < d ) (9.17)
0
where:  Ucres(0) wind-generated current speed at the surface
z distance to surface (positive upwards)
do reference depth for wind-generated currents, local water depth

The total current velocity profile is then obtained by combining the tidal and residual parts, taking
into account their respective directionality, with the following steps:

a. Transforming the tidal and residual parts of the profile to easting and northing
components

Sum the easting components (totaleasting = tidaleasting + residualeasting)

Sum the northing components (tota|northing = tida|northing + TESidualnorthing)

d. Combine the total components to obtain the total current speed profile:

Uc,tot(z) = \/Uc,tid (Z)Z + Uc,res (Z)Z

e o

The applicability of these profile was verified based on the data measured at HKZB.
Comparisons of the measured residual and tidal profiles are made to corresponding theoretical
profiles in Figure 9.41 and Figure 9.42. The total profiles are compared to the combined
theoretical profiles in Figure 9.43.

Figure 9.42 shows that the power law profile with a 1/5 exponent is more appropriate for the site
than the usual 1/7 exponent law. However, this resulted in lower tidal current estimates at the
bottom of the water column. Hence, the 1/5 exponent law is applied to transform currents above
33% of the water column, while the 1/7 exponent law is applied to derive bottom tidal currents,
as specified in Equation (9.16).
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Figure 9.41 Vertical profiles of residual currents observed at HKB positions from June to August 2016. Top left:
20 largest events measured at 4m depth, top right: top 20 depth-integrated events, bottom: all events
above 0.1m/s
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Figure 9.42  Vertical profiles of tidal currents observed at HKB positions from June to August 2016. 20 largest depth-
integrated events during ebb (left) and flood (right) tide conditions
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Figure 9.43  Vertical profiles of total currents observed at HKB positions from June to August 2016. Top left: all ebb

currents larger than 0.1m/s, top right: all flood currents larger than 0.1m/s, bottom: 20 largest events at 4m
depth
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9.3.5 Spatial variations of currents

Spatial variations of 50 and 90-percentile total current speeds across the Hollandse Kust wind
farm zones are shown in Figure 9.44 and Figure 9.45 respectively.
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Figure 9.44  Spatial variations of 50-percentile total current speed across HKNWFZ (top) and HKZWFZ
(bottom). Black lines show the contour of the investigation areas
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Figure 9.45 Spatial variations of 90-percentile total current speed across HKNWFZ (top) and HKZWFZ
(bottom). Black lines show the contour of the investigation areas
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Waves

The wave statistics were based on +37 years of modelled wave data (1979-2016) as described
in Section 5.5. Only the total part of the spectrum (sea + swell) was considered here if not
mentioned otherwise. The results are only presented at HKZ (see Table 7.1) if not mentioned
otherwise. The results at HKN are provided in Appendix F.

Time series and annual statistics

Time series and mean annual statistics of significant wave height, peak and zero-crossing wave
periods are presented in Figure 9.46. The mean modelled significant wave height was 1.24m
and the maximum significant wave height was 7.22m for the +37 years of modelling period.

The maximum wave height occurred during a storm on December 12t 1990.
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Figure 9.46 Time series and statistics of significant wave height, peak and zero-crossing wave periods at
HKZ location for the period from 1979-01-01 to 2016-09-01

Figure 9.47 shows the monthly variation of the omni-directional mean and maximum significant
wave height. A seasonal variability is seen with the highest waves occurring in winter and
lowest in summer (same as the wind). Some relatively large waves are also seen during
summer (maximum 5-5.5m).
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Figure 9.47 Monthly variation of the mean and maximum significant wave height (omni-directional) at
HKZ for the period from 1979-01-01 to 2016-09-01

94.2 Wave roses

Figure 9.48 - Figure 9.49 present a mean annual wave rose and frequency of occurrence table.
The wave rose shows the predominance of northerly and north-north-westerly (from where also
the strongest winds occur). More than 50% of the time, waves come from between N and NW
with the more extreme waves coming from NNW. The south westerly sector also contains more
than 20% of the waves.
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Figure 9.48 Wave rose at HKZ for the period from 1980-01-01 to 2016-09-01
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Figure 9.49 Frequency of occurrence of significant wave height against mean wave direction at HKZ location for the
period from 1979-01-01 to 2016-09-01
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9.4.3 Exceedance of significant wave height

Figure 9.50 shows the monthly exceedance plots of the omni-directional significant wave height.
As mentioned before, higher waves occur in fall and winter; however, in summer period, waves

higher than 4m have occurred. According to the modelling results, among the summer months,
July stands out for having quite large waves.

Figure 9.51 presents the frequency distribution of the omni-directional significant wave height.
On average, there is 25% chance that the waves exceed 1.6m.
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Figure 9.50 Monthly exceedance plot of omni-directional significant wave height at HKZ location
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Figure 9.51  Frequency distribution of the omnidirectional significant wave height

9.4.4 Scatter plots of joint occurrences

9.4.4.1  Significant wave height vs. mean and peak wave period
Scatter diagram of Tp vs. Hmo at HKZ is given in Figure 9.52 for omni-directional conditions. For
waves above 2.5-3m, there is a strong correlation between wave height and wave period, but for
waves below 2.5m the correlation is weaker and influenced by the occurrence of swell
(propagating from the Atlantic Ocean through the English Channel or the North Sea).

Scatter diagram of To2 vs. Hmo at HKZ is presented in Figure 9.52. The standard deviation

around the mean is a bit larger for waves below 2.5m because of the existence of swell
conditions.
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Figure 9.52  Scatter diagram of Tp vs. Hmo at HKZ location
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Figure 9.53  Scatter diagram of Toz vs. Hmo at HKZ location
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9.4.4.2  Wind direction and significant wave height
The rose scatter plot of Hmo vs. wind direction at HKZ is given in Figure 9.54. The corresponding
occurrence table is given in Figure 9.55. The majority of the time, winds are blowing from
westerly and south westerly directions which coincide with wave heights of up to 6.5m.
However, the largest waves are coming from northerly directions (N & NNW).
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Figure 9.54 Rose plot (top) and scatter plot (bottom) of Hmo against wind direction at 10maMSL
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Figure 9.55 Frequency of occurrence of Hmo against wind direction at 10maMSL

9.4.43  Wind speed and significant wave height
Scatter diagram and occurrence table of Hmo vs. wind speed at HKZ is given in Figure 9.56. As
expected, there is a very strong correlation between wind speed and significant wave height.
Some large variance is observed around large wave heights (they are associated with a wide
range of wind speeds). This could be related to the large sea states traveling from the North
Sea or the English Channel, which are not in correspondence with the local wind speed.
Directional tables (based on MWD) are given in Appendix E & F for HKZ and HKN respectively.
All the tables provided in a figure format use Hmo bins of 0.5m. However, bins of 0.25m are
provided in ASCII format together with the report. Results in the appendices are presented for
various altitudes (10, 100, 125, 150 & 200 meters above MSL).

The directional tables based on wind direction (only for 10 and 100maMSL) are given in
Appendix E and F for HKZ and HKN respectively.

The expert in WATER ENVIRONMENTS 193





30

28

U10 (m/s) - CFSR

Hollandse Kust (zuid) (3.98E;52.38N;-28.0mMSL)
Scatter (1979-01-01 - 2016-09-01; 1h) All

Data points (N = 329449)
Mean +/- 2 x std. dev. binned by H.o

Hio (M) - SWioy

Hollandse Kust {zuid)
Freguency of Occurrence [%)] (1979-01-01 - 2016-09-01; 1h) All

Ho, Iml- SW,

400
360
320
- 280
240

200

160

120

40

Number of data points in each 0.05 m bin

[mis] - CFSR

[

124280
12224

[12-20]
[16-18]
[14-18]
[12-14]
[10-12[

005  [O0540 (450 [152 [225

22845 12310 T3 4288 2.406 1315 0.545 0238 0.108
Ti.8ar 83.947 81.078 85,348 97.752 89,067 89812 99.851 88,957

0033
&5.550

0.008
99.598

0.001
98.999

[2.5-3  [*-35] [354] [445] [455] [5-55  [5.56] [6-65] [857[ | [T-7.5[ | [7.5-8[

0.001
100.000

0.001
0.008
0.027
0.092
0.274
0.884
2.084
4170
T482
11823
17.614
21.200
18.9%9
11.935
3.469
100.000

100.000
55555
59932
95 985
99872
88,589

6672
szEz
85040
TINT
56602
34.404
15.405

2463

Figure 9.56  Frequency of occurrence of Hmo against wind speed at 10maMSL
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9.4.4.4  Significant wave height and depth-integrated current speed
Scatter diagram and occurrence table of Hmo vs. total and residual current speeds at HKZ is
given in Figure 9.57 and Figure 9.58. There is no strong correlation found between the two
parameters. Currents are mostly tidal driven so they are not strongly related with local wind or
waves. Residual currents have more dependency on local wind, but as it can be seen in
Figure 9.58, no direct relationship can be found with the significant wave heights at HKZ.
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Figure 9.57 Frequency of occurrence of Hmo against depth-averaged total current speed at HKZ location
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Figure 9.58 Frequency of occurrence of Hmo against depth-averaged residual current speed at HKZ location
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9.4.45 Significant wave height and water levels
Scatter diagram and occurrence table of Hmo vs. total and residual water levels at HKZ is given
in Figure 9.59 and Figure 9.60. There is a strong correlation between extreme sea states and
high water levels. It can be concluded that the extreme sea states are associated with high
water levels, which are mostly due to storm surge.
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Figure 9.59 Frequency of occurrence of Hmo against water level variations at HKZ location
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Figure 9.60 Frequency of occurrence of Hmo against residual water level variations at HKZ location
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9.4.5

Misalignment of wind and wave directions
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The wind-wave misalignment was calculated as WD minus MWD for each point in the time
series. Monthly and directional scatter diagrams of the misalignment vs. Hmo and U1o are given
in Figure 9.61 and Figure 9.62 for the total wave spectrum respectively. Figure 9.63 to Figure
9.66 show the monthly wind-wave misalignment for sea and swell part of the spectrum.

The misalignment of the total wave spectrum shows high scatter for wind speeds below about
~15m/s, but the misalignment gradually decreases towards zero for higher wind speeds.

The sea part of the wave spectrum is by definition well correlated with the wind directions, while
a significant misalignment was present for the swell part.

The monthly and directional misalignment corresponding to wind speeds at 100m, 125m, 150m
and 200m above MSL have been provided in set of excel tables available at
http://offshorewind.rvo.nl/windwaterzh.
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Figure 9.61 Wind-wave misalignment vs. Hmo at HKZ for total spectrum
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Figure 9.62 Wind-wave misalignment vs. Uio at HKZ for total spectrum
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Figure 9.63 Wind-wave misalignment vs. Hmo at HKZ for wind-sea part of the spectrum
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Figure 9.64 Wind-wave misalignment vs. Uio at HKZ for wind-sea part of the spectrum
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Figure 9.65 Wind-wave misalignment vs. Hmo at HKZ for swell part of the spectrum
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Figure 9.66 Wind-wave misalignment vs. Uio at HKZ for swell part of the spectrum
9.4.6 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 JONSWAP spectrum at Hollandse Kust sites.
Representative parameterisation of the wave frequency spectra was established for various
discrete bins of Hmo and Tp for the total spectrum. The parameterised spectra were fitted to the
modelled frequency spectra averaged over all sea states in each bin. Due to the large size of
the spectral data, only the period from 2005 to 2016 (11 years) was considered for this analysis.
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 10.4).
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The JONSWAP spectrum is given by (DNV, 2014):

ag? 5/F\* (9.1)
Sjonswap(f) = —(2n)4f5 exp| — 2 (]T) ye
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 <— U= f) fpz) ) 9.2)
20%f,

while fp is taken directly from measured spectra, and the quantities, o and y, are determined

from a least-square fit. The quantity, o, takes a different value for f < f, and f > fo.. The peak
enhancement, y, typically falls within the range 1-7.

An example of such a fit at a location close to HKZ is given in Figure 9.67 as well as
recommended JONSWAP spectral parameters for the sea states for which reasonable fits with
the modelled frequency spectra were established. Judging from the results and previous
experiences, it was noted that the JONSWAP spectra are generally representative for the total
conditions at Hollandse Kust area. The detailed results for HKN are presented in Appendix F.

Figure 9.68 to Figure 9.71 present the suggested JONSWAP parameters to be used. Figure
9.72 summarizes the number of events considered in each bin to calculate the mean spectra
and fit the JONSWAP parameters.
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Figure 9.67 Example of parameterised JONSWAP frequency spectra fitted to mean modelled spectra for
a specific bin (5.0m< Hmo <6.0m & 10.0s < Tp < 115)
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Figure 9.68 The a parameter for fitting the JONSWAP spectrum at HKZ for different Hmo and Tp bins.
Based on modelled results covering the period from 2005-01-01 to 2016-01-01
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Figure 9.69 The y parameter for fitting the JONSWAP spectrum at HKZ for different Hmo and Tp bins.
Based on modelled results covering the period from 2005-01-01 to 2016-01-01

206 11820013 HollandseKust_zuid_noord_MetoceanStudy_Final / mgo/fld/pdg/rbol/ybr — Sept2017





DA

Hollandse Kust (zuid)
JONSWAP Parameter: «_ (2005-01-01 - 2016-01-01) SW

H_, {m}
[0-1] [1-2[ [2-3[ [3-4[ [4-5[ [5-8[ [E-7[ [F-8[
[-2[ - - - - -
[2-3[ 0146 - .
(-4 0.158 - .
[ [ 0.240 - -
[5-6[ 0.197 013 -
71 o oost 0w
vl W owos [ERN o
= | Bl --- 0.215 0,143 0.172
o | B o7 [oed | oms oo 0172 -
12131 oD oo om0 A I AT
[13-14f oo opeT oms - - oo -
4151 ooosT oo ops -
5191 B L
[8-17] oo oms omr -
17-181 oo o7 - -
19 B
[s-201 o amr -

Figure 9.70 The oa parameter for fitting the JONSWAP spectrum at HKZ for different Hmo and Tp bins.
Based on modelled results covering the period from 2005-01-01 to 2016-01-01
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Figure 9.71 The oy parameter for fitting the JONSWAP spectrum at HKZ for different Hmo and Tp bins.
Based on modelled results covering the period from 2005-01-01 to 2016-01-01
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Figure 9.72 Number of events considered in each bin to calculate the mean spectra and fit the
JONSWAP parameters

In order to provide some clarification on the directional variation of the JONSWAP parameters,
the JONSWAP parameters were calculated for each individual time step (instead of averaged
approach described above) based on the spectral data at HKZ. Figure 9.73 and Figure 9.74
show the directional scatter of JONSWAP’s spectral gamma and alpha parameters for
significant wave heights above 2 meters. The scatter would be larger for smaller wave heights
and since lower wave heights are not important for design, they have been removed from the
plot. The alpha parameter tends to be lower on average for north westerly waves. The variance
on the gamma parameter appears lower for westerly directions.
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Figure 9.73 Directional scatter of JONSWAP’s spectral alpha parameter condition on Hmo>2m
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Figure 9.74  Directional scatter of JONSWAP gamma parameter condition on Hmo>2m
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9.4.7

T (s}

Fatigue data (occurrence of individual wave height and period)

Scatter table of individual wave height (H) vs. period (T), i.e. H-T scatter diagrams, was
generated based on individual sea states. The individual wave heights and wave periods were
found by a zero-down crossing analysis of the surface elevation time series (generated from the
modelled frequency spectrum assuming a Gaussian process with random phases). The
analyses were conducted for the total wave spectrum.

The H-T scatter plots for omni-directional conditions are produced based on all of the data
covering from January 2005 to December 2015. Figure 9.75 and Figure 9.76 show the omni-
directional H-T scatter table at HKZ and HKN location. The scatter data have been normalised
to represent average annual number of waves. As expected, HKN experiences slightly larger
sea states.

Hollandse Kust (zuid)
Average annual number of waves (2005-01-01 - 2016-01-01; 1h) - All

H{m}
[0-1[ [-2[ I2-3 1B3-4L [4-5[ [5-6[ [6-7T [7-8[ [B-9{ [8-100 [0  [1-42] [1243[ [13-14[ [1415]  Total  Accum

101 2588801 - - - - - - - - - - - - - - IEERED.T ZSEEED1
112 1480834.1  1TBGB14.2
23 20218038 3E0EE1E.0
14 178B30T.4 55065253
145 13080471 ES045TZ 4
154 BEE4E1E  TTTDAE4.0
67 514T40.1  B2B5154.1
75 ITD150.4  BEEE3A4E
X 1256244 BEBI1G8.3
[5-10[ 540T1Z  BT35Z40.1
[10-1[ 72370 BTETEET.A
-1z SI6T8 BTBOBI4.5
[z AT BTT0831.T
1314 1584.0 BTT2135.7
11415 6788 BTTZBT4.3
[15-16] =7 ETT31EE.0
118177 1353 BTT3303.3
1718 a1 8773383 4
188135 6 £773351.0
118-20[ - - - - - - - 0.1 BTT401.1
Total TIITESLE 12432373 240TI0.E B4EEL2  128DEZ 28623 T8 1826 5.1 X 21 03 - - - TTUOLL -

Accum TZITBH.E B4G1105.4 GT0IB40.2 ETSEES34 BTEG51S.T BTT24B1.8 BTTIIS0.2 STTIISRT BTTI3B88 BTTIISET BTTMO0E BTTMOLI  BTTOLI  BTTIOLA ETTMDLA -

Figure 9.75  Scatter table of individual wave height vs. wave period (average annual) at HKZ based on modelled data

covering the period 2005-2016

Hollandse Kust (noord)
Average annual number of waves (2005-01-01 - 2016-01-01; 1h) - All

H (m)
-1 11-2[ 23l [B-4( [4-5[ [56[ 671 el Bar 0] MO (4420 {2430 [134[ (4150  Tetal  Accum

o1 2836379 - - - - - - - - - - - - - - 193517 .0 2835279
-2 1306616.3 - . - - . - - . - . - - . - 1396625.8 16901537
[2-3] 1817964 6 - - - - - - - - - - - - 1935041 .4 36160951
4] 15676443 2 - E - - E - E - - E - 17481625 63642576
51 12000023 66632698
561 474185 3 877432.2  TE40BO2.D
171 5351558 GOTSR4T 6
[r-2 1821108 2363067 .4
B9l 126067.6 85009350
[@-1a[ f9817 8 BAAOTAT &
{1011 26001.1 8595742,
{112 10411.1 5596160.0
[12-13[ 42008 2500460 6
[13-14[ 1776.2 5602235,
[a15[ 742 26029220
[15-18[ 326.1 B503309.1
617 160 .4 BA03A59 6
[17-18[ 7.9 8603527 3
[&-18[ M Bf03A56 4
{1020 . . . . . . . 125 8602660.0
Total BO5O7STA 12834655  267208.4 BGT330 100638 42006 10867 0.4 078 182 42 08 0.1 . . 6036600 -

Aocum BOA0TET 4 91482260 24165243 BAR126TI 9507012 BE0Z1I1.8 9602207 4  2E03477.8  @G026457  BE02662.0 2602662.0 26026620 06025600 2EOISGO.0  BEORSEOO0 -

Figure 9.76  Scatter table of individual wave height vs. wave period (average annual) at HKN based on modelled data
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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. For fatigue load calculations, a series
of NSS, associated with a mean wind speed, should be considered.

From DNV-GL-0437 (DNV-GL, 2016), the significant wave height Hsnss 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, Tpnss. 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) associated with the
normal sea-state parameters was also considered as part of this analysis.

Data basis

Wind data were obtained from the Climate Forecast System Reanalysis (CFSR) atmospheric
model at an elevation of 100m (see Section 3.3). The CFSR wind speed data were previously
shown to represent a temporal averaging period of approximately 2-hours. However, it is stated
in section 12.3 of IEC 61400-3 (IEC, 2009) that: “long term probability distribution of mean wind
speed, Vhub, may be assumed to be independent of averaging period for periods in the range
between 10 min and 3h”. The wind speed magnitude at 100m were used to represent the
10-minute mean wind speed at turbine hub-height, Unub.

Time series of the total significant wave height (Hs) and peak wave period (Tp) were taken from
the local Hollandse Kust (zuid) & (noord) wave model, SWhkzn (see Section 5.5).

The values of the JONSWAP Gamma were determined at each time-step following the method
as outlined in Section 9.4.6.

Methodology
The calculation of NSS conditions was performed for two analysis points: Hollande Kust (zuid)
and Hollandse Kust (noord). These locations were defined in Section 7.

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

1. The hub-height wind speed data (Unuw, taken as wind speed at 100mMSL) were discretised
into bins of 2m/s (from 2-32m/s).

2. The expected Hs was determined as the mean value of all the significant wave heights
conditioned on the binned hub-height wind speed identified in step 1.

3. The peak wave period associated with the expected Hs derived in step 2 was determined.
The range Tp values was characterised by calculating the quantile values corresponding to
5%, 50% and 95% of the data.

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

The analysis was performed on 11 years of data, from 2005 — 2016 (inclusive). The temporal
resolution of the data was 1-hour.

Results
The NSS conditions for Hollandse Kust (zuid) and Hollandse Kust (noord) are summarised in
Table 9.15 and Table 9.16, respectively.

The expert in WATER ENVIRONMENTS 211





D

Table 9.15  Normal sea-states parameters for Hollandse Kust (zuid): Hsnss, Tpnss and JONSWAP Gamma,
conditioned on hub-height wind speed.

Tp.Nss [S] JONSWAP Gamma, y
Unhub [M/S] Hsnss [M]

5% 50% 95% 5% 50% 95%
1=Unub<3 0.6 3.0 4.9 13.4 1.00 1.39 2.47
3=Unhub<5 0.6 3.0 4.9 13.4 1.00 1.39 2.47
55Unub<? 0.7 3.2 5.0 135 1.00 1.38 2.47
7=Unhub<9 0.8 3.7 5.3 11.7 1.00 1.36 2.39
9=Unub<11 1.1 4.2 55 11.6 1.00 1.35 2.29
11=Unwp<13 | 1.4 4.6 5.8 12.0 1.00 1.36 2.22
13<Unuwb<15 | 1.8 5.3 6.2 10.2 1.00 1.40 2.25
15<Unwp<17 | 2.1 6.0 6.7 9.3 1.00 1.62 2.40
17<Unup<19 | 2.5 6.5 7.1 8.7 1.00 1.83 251
19<Unp<2l | 2.9 7.0 7.5 9.0 1.00 1.86 2.59
21<Unip<23 | 3.3 7.5 7.9 9.5 1.04 1.94 2.63
23<Unip<25 | 3.7 7.7 8.2 9.9 1.08 2.00 2.70
25<Unup<27 | 4.0 8.1 8.7 10.0 1.26 1.94 2.66
27<Unuip<?29 | 4.4 8.2 8.9 10.4 1.21 1.96 2.64
29<Unip<3l | 4.5 8.4 9.1 11.0 1.16 1.99 2.69
31<Unu<33 | 4.9 8.9 9.8 10.9 1.19 1.84 2.68

Table 9.16  Normal sea-states parameters for Hollandse Kust (noord): Hsnss, Tp,nss and JONSWAP Gamma,
conditioned on hub-height wind speed.

Tp.Nss [S] JONSWAP Gamma, y
Uhub [M/S] Hsnss [M]

5% 50% 95% 5% 50% 95%
1=Unub<3 0.6 3.0 5.0 13.6 1.00 1.39 2.49
3=Unhub<5 0.6 3.2 5.1 13.6 1.00 1.38 2.50
55Unub<? 0.7 3.4 5.2 12.2 1.00 1.37 241
7=Unub<9 0.9 3.7 5.4 11.7 1.00 1.35 2.32
9=Unub<11 1.1 4.1 5.6 11.5 1.00 1.33 2.26
11<Unwp<13 | 1.5 4.9 6.1 11.0 1.00 1.38 2.24
13<Unw<15 | 1.8 5.6 6.5 9.8 1.00 1.48 2.33
155Unup<1? | 2.2 6.3 7.0 8.9 1.00 1.73 2.47
17<Unwb<19 | 2.6 6.8 7.4 8.8 1.00 1.93 2.59
19<Unw<21 | 3.1 7.2 7.8 9.2 1.00 1.93 2.66
21=Unub<23 | 3.5 7.6 8.1 9.7 1.00 2.07 2.67
23<Unuwb<25 | 3.9 8.0 8.6 10.2 1.14 2.04 2.63
25<Unub<27 | 4.3 8.3 8.9 10.5 1.33 2.02 2.73
27<Unb<29 | 4.6 8.7 9.5 11.1 1.23 2.03 2.75
29<Unwb<31 | 4.8 8.7 9.5 11.1 1.23 2.03 2.75
31=Unuw<33 | 5.1 8.9 9.9 11.2 1.50 2.08 2.58
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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 9.1.4). Weather
windows were calculated for durations of 1, 2, 4, 6, 12, 24, 48 and 72 hours. Weather windows
was defined as times when Hmo was below specified Hmo 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 was calculated for
different percentiles: 20, 50 and 80. The ‘Non-overlapping’ method was used (see Section
9.1.4).

Example results at HKZ are given in Figure 9.81 for a window of 24 hours and the 50-percentile.
The vertical bars in the plot indicate the standard deviation for each threshold and month.
Results for other window durations and percentiles are provided in Appendices E and F.

The results of the analyses are presented in graphical and tabular format showing the
percentage of time a given condition can be expected to occur in each month as follows:

Hollandse Kust (zuid)

Threshold (m) <

B s il

----025
—-e=- 050

075
1.00
1.25

Weather Windowspzw% = 24h (Non-Overlapping) [%]

& & & & o &
Hollandse Kust (zuid)
Persislence H_ (1979-01-01 - 2016-09-01; 1h) SW,, , At =1.0h, N = 324336 (37.00 years)
Weather Winduv\spm = 24h (Non-Cverlapping) [%]
Jan Feb Mar Apr May Jun Jul Aug Sep Oct How Dec

0.25 0.0 (05) 0.0 (0.0) 0.0 (0.7) voze |[EESINFEEEN 00@2) 0.0(32) 0.0 (15) 0.0 (0.7) 0.0 (0.5) 0.0 (0.0)

0.50 0.0 (42) 124(102)  140(92)  158(117) 160 (116) 0032) 00030

075 126(11.1)  17.3(127)  2B0(15.3)  317(130) ME(121) 49(15T)  3/A(142) 260(127) 148(102)

1.00 179(142)  218(153)  341(161)  436(180) | 518(120) | 506(144) | 57.0(160) | S08(155)  410(141) 287(148) 162(157) 138(121)
T‘; 125 262 (187) 389(192) | 47.0(184) | BO7(167) 665(111) 686(1198) 709(141) 654(131) | 5T.0(152) 428(158) 286(182) 258 (16.3)
= | 150 362(196) [533(216) |[S60(192)| 743 (144) 77.8(10.0) S19(10.7) B26(123) 761 (11.1) | 669(148) | 544(169) | 415(189) 383 (182)
RS 447 (20.0) 654 (176) 840(120) B853(78)  892(75)  838(38)  825(80)  T743(124) | 498(17.4)  445(200)
g | 200 [ 503(187) 705(21.0) T735(166) S76(96)  91.1(64)  O19(EE)  923(75)  E1.3(74)  B19(101) 695 (142) | 584(164)
E |22 | B34(194) 780(188) 789(144) 917(79)  93E(55)  942(42)  956(54)  899(S5)  B85B(84)  TST(134) BEE(147) | 642 (185)

275 TI8(1T5) 861 (145) 87.8(108) 957(56)  989(32)  984(30)  993(29) 972(36) 93B(7E)  858(89)  B12(108) 741 (156)

3.00 829(150) 897 (129) 928(88)  97.8(37)  1000(23) 100.0(26) 1000(23) 100.0(25) 963(58)  892(71)  BT1(95)  TBB(133)

3.50 905(102) 93.4(82)  952(53)  100.0(25) 100.0(12) 100.0(15) 100.0(16) 100.0(1.2) 99.4(43) 948(52) 91T(E3)  90.0(84)

400 972(66)  97.0(62)  99.5(29)  100.0(1.5) 100.0(0:2) 100.0(0.8) 100.0(08) 100.0(0.7) 100.0(23) ©99.2(35) 96T (3.8) 957 (44)

450 99.4(42)  1000(36) 1000(20) 100.0(1.2) 1000(0.0) 100.0(0.0) 1000(07) 100.0(0.1) 100.0(1.1) 1000(1.8) 100.0(23)  100.0(26)

5.00 1000(24)  100.0(23) 100.0(05) 100.0(0.9) 1000(0.0) 100.0(0.0) 100.0(03) 100.0(0.0) 100.0(03) 100.0(0.8) 1000 (16)  100.0(1.5)

Figure 9.77  Persistence (weather-window) of significant wave height Hmo at HKZ for a number of Hmo thresholds.

Window duration of 24 hours (50-percentile)
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Associated wave periods

Regression analyses were carried out to determine relations of the peak wave period, Tp, and
zero-crossing period, Toz as a function of Hmo. The functional form is given as:

T = aH?,

The higher sea states at Hollandse Kust area will be related to extreme meteorological (wind)
events. Therefore, the regression analysis was based on wind-sea only. If the regression
would have been based on the total part of the spectrum, the fit for some easterly directions
would have suggested too low T, values. This is because of higher periods (swells) associated
to low wave heights while the mean wave direction is from east (means that there are some
swells coming from northerly directions). Since these swells only are associated to very low
wave heights, they are not important in deriving the associated periods for higher sea states.
The fetch and wind speed associated with the higher wave events are dependent on the
directional sector. Hence, the analysis was done for each directional sector individually. It
should be highlighted that the associated periods to extreme sea states are given in
Section 11 and follow a more sophisticated method. The fitting parameters provided here
can be used for normal conditions.

Figure 9.78 and Figure 9.79 show an example of the regression analyses for Tp and To2
respectively. As seen, there is only a small scatter around the regression line, which indicates
that correlation between Hmo and Tp and Toz is represented very well by the proposed
regression. The plots also indicate the successful separation of sea and swell by the model as
there is no significant evidence of high periods in the plots.

The resulting fitting parameters (Tp and Toz) at HKZ and HKN are presented in Table 9.17 and
Table 9.18. The estimated wave periods are associated to the extreme Hmo presented in Table
10.22 and Table 10.23, and hence incorporated the Hmo correction.

The relationships for monthly associated periods are given in Appendices E and F.

Hollandse Kust (zuid) (3.98E;52.38N;-28.0mMSL)
Scatter (1979-01-01 - 2016-09-01; T, =3h; dt=1h) 330
15 T T T T T T T T T T T T T

Data points (N = 53769)
Mean +/- 2 x std. dev. binned by H_,

" = 0.769
13+ Least-Square fit: T02.Sea = 2.192><HmO .

Hoo (M) - SWoy

Figure 9.78 Hmo vs. Toz scatter and fitted functional form of To2 (Hmo) at HKZ for the directional interval:
315-345°N. Analysis was based on wind-sea only.
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Hollandse Kust (zuid) (3.98E;52.38N;-28.0mMSL)
Scatter (1979-01-01 - 2016-09-01; Ta =3h; dt = 1h) 330
25 T T T T T T T T T T T T T T T
Data points (N = 53769)
Mean +/- 2 x std. dev. binned by Ho

. = 0.715
Least-Square fit: Tp'Sea =3.421xH 34

20 - m

175 - n

Tp,Sea (8) - SWyon

Ho o (M) -SW_ .-\

Figure 9.79  Hmo vs. Tp scatter and fitted functional form of Tp (Hmo) at HKZ for the directional interval:
315-345°N. Analysis was based on wind-sea only.

Table 9.17  Fitting parameters for Tp [s] associated to Hmo — HKZ & HKN

Direction HKZ HKN
(MWD
[deg N]) a b a b

Omni | 3.86 | 0.60 | 3.89 | 0.59
0 346 | 0.76 | 3.64 | 0.71
30 3.87 | 056 | 3.95 | 0.61
60 3.85 | 049 | 3.76 | 0.47
90 3.86 | 045 | 3.76 | 0.44
120 387 | 045 | 3.81 | 0.43

All
[y
gl
(@]
(o8]
00
(6]
o
~
~
(o8]
©
=
o
1SN
1SN

180 3.89 | 047 | 3.96 | 0.48
210 4.07 | 051 [ 4.14 | 0.52
240 4.25 | 051 | 4.27 | 0.50
270 403 | 051 [ 4.01 | 0.52

330 342 | 0.71 | 3.49 | 0.70
Omni | 3.86 | 0.60 | 3.89 [ 0.59

0 346 | 0.76 | 3.64 | 0.71
30 387 | 056 | 3.95 | 0.61
60 385 | 049 | 3.76 | 0.47
90 386 | 045 | 3.76 | 0.44
120 387 | 045 | 3.81 | 0.43
385 | 044 | 391 | 0.44
180 389 | 047 | 3.96 | 0.48
210 407 | 051 [ 4.14 | 0.52
240 425 | 051 | 427 | 0.50
270 403 | 051 | 401 | 0.52
300 381 | 0.59 | 3.86 | 0.58
330 342 | 071 | 3.49 | 0.70

Low water (WL<OmMMSL)
[
a1
(@}
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[deg]

Table 9.18

Fitting parameters for Toz [s] associated to Hmo [s] — HKZ and HKN

Direction HKZ HKN
(MWD
[deg N]) a b a b
Omni | 2.61 | 0.64 | 2.62 | 0.63
0 228 | 0.76 | 2.39 | 0.73
30 267 | 058 | 2.70 | 0.60
60 277 | 052 | 273 | 0.50
90 285 | 0.48 | 2.82 | 0.48
[ 120 [ 292 [ 049 | 2.85 | 0.47
T 150 | 2.88 | 0.49 | 2.85 | 0.47
180 | 2.80 | 0.49 | 2.80 | 0.49
210 | 2.81 | 051 | 2.82 | 0.54
240 | 2.87 | 056 | 2.87 | 0.56
270 | 2.73 [ 058 | 2.70 | 0.59
300 | 253 | 0.65 | 2.54 | 0.65
330 | 219 | 0.77 | 2.23 | 0.75
Omni | 2.61 | 064 | 2.62 | 0.63
~ o 228 | 0.76 | 2.39 | 0.73
o[ 30 267 | 058 | 2.70 | 0.60
260 | 2.77 | 052 | 2.73 | 0.50
Sl_90 285 | 048 | 2.82 | 0.48
Y120 | 2.92 [ 049 | 2.85 | 047
S[ 150 | 2.88 | 0.49 | 2.85 | 0.47
=/ 180 | 2.80 [ 0.49 | 2.80 | 0.49
® 210 | 2581 | 051 | 2.82 | 0.54
S| 240 [ 287 | 056 | 2.87 | 0.56
gl 270 [ 2.73 | 058 | 2.70 | 0.59
=300 | 2.53 | 0.65 | 2.54 | 0.65
330 | 219 | 0.77 | 2.23 | 0.75

Spatial variations of normal wave heights

Figure 9.80 and Figure 9.81 show the mean significant wave height variation within Hollandse
Kust (zuid) and Hollandse Kust (noord) wind farm zones. At both sites, the north and westerly
(offshore) areas experience large wave heights on average. HKNWFZ experiences larger
waves compared with HKZWFZ.

Mean HmO at Hollandse Kust (zuid)
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Figure 9.80 Mean significant wave height at HKZWFZ based on SWhkzn model (1979-2016)
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Figure 9.81 Mean significant wave height at HKNWFZ based on SWhkzn model (1979-2016)

9.5 Expected impact of presence of fully-developed wind farm
(Luchterduinen) on the metocean conditions at Hollandse Kust (zuid)

Figure 9.82 shows the layout of the Hollandse Kust (zuid) wind farm sites I, II, lll and IV together
with the existing Luchterduinen wind farm.
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Figure 9.82 The Hollandse Kust (zuid) Wind Farm Sites I, I, lll and IV

(Christensen, et al., 2013) 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 9.83 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 9.84).
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Local winds are predominantly from southwest, and the Hollandse Kust (zuid) wind farms will
therefore be located upwind of the existing Luchterduinen wind farm. The effects from
Luchterduinen wind farm on the Hollandse Kust (zuid) wind farms would be more relevant to be
considered for winds blowing from north or north east. However, it has been shown in Section
9.1.2 that the wind magnitude is considered weak compared with the dominant south westerly
directions. For the north westerly winds, the north eastern part of the Hollandse Kust (zuid)
WEFS IV could be affected. Since lee effects from the Luchterduinen wind farm are not included
in the metocean wave modelling, it is deduced that wave heights inside the Hollandse Kust
(zuid) wind farms and downwind the Luchterduinen wind farm are likely conservative. Hence,
the potential increase in wave height from the existing wind farm cannot result in larger waves
than has been predicted in the present study.
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Considering the traveling waves from NNW, N and NNE directions (see Section 9.4.2), itis
expected that they will experience some dissipation of energy while passing through the
Luchterduinen wind farm and entering the Hollandse Kust (zuid) wind farms. This phenomenon
has not been included in the modelling, and thus it is expected that the results provided are
slightly conservative. Same conclusion can be made for the currents.

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

Considering that the Hollandse Kust (noord) OWF is located around 30km to the north of
Hollandse Kust (zuid) OWF, it is expected that the metocean conditions at Hollandse Kust
(noord) wind farms would not be significantly influenced. The waves traveling from south
(occurring around 2% of the time, according to Figure 9.49) would dissipate slightly while
passing through the Hollandse Kust (zuid) wind farms. Overall, the changes in the metocean
conditions are considered to be negligible.
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10 Extreme Metocean Conditions

A number of analyses were conducted to estimate the extreme metocean conditions within the
project site. The extreme analyses were conducted at the same two locations as the normal
conditions: HKZ and HKN. The extreme conditions were based on the model data presented in
Section 3.

All analyses were conducted for 12 directional bins of 30 degrees (centred at 0°N, 30°N...).
Monthly extremes were also performed and results are provided in relevant sections. The
extreme wave conditions were considered for the total spectrum only for selected parameters
(Hmo, Hmaxand Cmax). The data covered the period from 1979 to 2016 (+37 years).
Methodologies applied are described in Appendix B.

Wind data for heights larger than 100m were obtained from the 10mMSL CFSR dataset
applying the Frgya profile. 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 9.2.2.
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 at 0.91m at HKZ and 1.14m at
HKN.

10.1 Wind speed

10.1.1 Choice of distribution

The distribution applied to estimate the extreme wind speeds on site was chosen based on a
sensitivity test comparing the 100-year extreme U1o,2n Values (and the corresponding fit to the
data) obtained from various distributions, number of events and fitting methods. The results of
this sensitivity test are presented for HKZ and HKN in Figure 10.1 in term of the

100-year values obtained.

This figure shows that the Gumbel distribution with least-square fit (LS- to the wind speed
squared) provides a central estimate of the 100-year extreme wind speeds at both HKZ and
HKN, compared to other distributions and fitting methods. The fit to the data was verified for all
distributions, and it was found that the exponential distribution did not provide appropriate fits.
The results of the 2-parameter Weibull distributions also appeared to be too variable to be
reliable.

Figure 10.2 and Figure 10.3 show that the extreme distribution at HKZ and HKN based on
Gumbel, LS fit and squared annual peak values, provides a good fit to the data; hence, it is
recommended to apply this method to derive extreme wind speeds (at all heights) at the
Hollandse Kust (zuid) and (noord) wind farm zones.
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Figure 10.1  Omni-directional values of 100-year U1o,2n at HKZ (left) and HKN (right) estimated using different
distributions for varying number of peak events (from 1 to 6 events per year). Each distribution is
estimated based on least-square (LS) and maximum likelihood (ML) methods
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10.1.2 Directional extreme wind speed values

Directional extreme wind speeds were derived through a multi-step approach. The same
approach was applied to derive extreme currents and waves, and is described in more

details in Sections 10.4.5 and 10.4.6 (Extreme significant wave heights). The main reason to
perform the extreme value analysis on a directional basis (and not using the approach given in
Appendix B.4 — ensuring that the directional fits for each sector are in accordance with the omni-
directional fit by constraining the directional fits so that the product of the directional non-
exceedance probabilities matches the omnidirectional values) is that it might result in slightly
reduced extreme estimates for the key directional sectors. The approach utilised here can be
summarised as follows:

a) For each directional sector (described below), the unconstrained fits are taken as
reference. Then the accumulated unconstrained fit (product of non-exceedance
probability of the directional distributions) is taken for the omni-directional case

b) To maintain the overall failure probability of the structure, the directional extremes are
then scaled or optimised according to the method described in Appendix B.5, see also
(Forristal, 2004) and (DNV, 2014) by scaling up the return periods associated to the
directional sectors. The directional extreme values from the dominant sectors are then
scaled while maintaining the targeted overall probability of occurrence of an extreme
wave. In order to keep the consistency between the different directional sectors, the
return periods shown in Table 10.1 were applied to each direction sectors, such that:

1 _ 1 + 1 4 1
TR omni TR secl TR sec2 TR sec3

Sectors 1, 2 & 3 correspond to the directional sectors defined below. As an example, for a
100-year event, the above formula was set to follow:

1 _ 1 + 1 + 1
100 5000 160 282
Step (a) was conducted based on three directional sectors, as follows:
1) North North East —South South East (15°<=MWD<165°)
2) South South East to West North West (165°<=MWD<285°)

3) West North West — North North East (285°<=MWD<15°)

Table 10.1  Return periods [years] for consistent design criteria — Directional wind speed EVA

Directional Sectors Oomni NNE-SSE SSE-WNW WNW-NNE
1 50 1.6 2.82
2 100 3.2 5.64
5 250 8 14.1
Return periods [years]
10 500 16 28.2
50 2500 80 141
100 5000 160 282
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The above approach results in the worst direction having slightly higher values than the omni-
directional values in order to keep the overall failure probability (but with higher return period as
well). The estimates from the 3 main directional sectors were then applied to the corresponding
30° directional bins within each sector.

As mentioned in Section 3.3, the modelled wind speeds at 10m altitude are considered
representative of an averaging window of 2 hours. For this study, it was required to estimate
extreme wind speeds at lower averaging periods of 1h, 10min, 1min and 3s.

Directional extreme wind speeds estimated for a 2h averaging period were converted to
equivalent 1h, 10min, 1min and 3s extreme wind speeds for all altitudes applying profiles
recommended in (European standard, 2005). The conversion factors are stated in the following
Section 10.1.4. The resulting extreme Uio and Uioo for a 1-hour averaging period are given in
Table 10.2 and Table 10.3 for HKZ and HKN respectively. Corresponding values for other
averaging periods and all altitudes are provided in Appendix G. These optimized values can be
directly used in design.

It is noted that the extreme Uio wind speeds obtained at HKZ are similar to the values
recommended for the Borssele wind farm in (Deltares, 2015). At higher altitudes, however, the
extreme values derived for HKZ and HKN (hourly Uico of 41.9m/s and 42.8m/s respectively) are
larger than the recommendations for the Borssele wind farm (hourly Uioo of 37.6m/s
recommended in (Deltares, 2015)).

Table 10.2  Directional extreme estimates of Uio and U100 (M/s) at HKZ (Gumbel, LS, AMP). Averaging

period 1h
Uio,1h [M/S] U100,1h [M/S]
Tr [years]
1 2 5 10 50 100 |1 2 5 10 50 100
Annual/Omni | 24.3 | 25.0 | 27.0 | 28.3 | 30.8 | 31.8 | 31.2 | 32.2 | 35.0 | 36.7 | 40.4 | 41.9
o° 233 | 248 | 266 | 27.8 | 30.5 | 315 | 29.7 | 319 | 344 | 36.2 | 399 | 414
30° 221 | 228 | 238 | 244 | 26.0 | 26.6 | 281 | 29.1 | 304 | 314 | 335 | 344
_| 60° 221 | 228 | 238 | 244 | 26.0 | 26.6 | 281 | 29.1 | 304 | 314 | 335 | 344
g 90Q° 221 | 228 | 238 | 244 | 26.0 | 26,6 | 281 | 29.1 | 304 |314 | 335 | 344
é 120° 221 | 228 | 238 | 244 | 26.0 | 26.6 | 281 | 29.1 | 304 |314 | 335 | 344
:‘% 150° 221 | 228 | 238 | 244 | 26.0 | 26.6 | 281 | 29.1 | 304 |314 | 335 | 344
% 180° 239 | 256 | 274 | 28,5 | 31.0 | 32.0 | 30.6 | 33.0 | 355 | 37.1 | 40.7 | 42.2
-é 210° 239 | 256 | 274 | 28,5 | 31.0 | 32.0 | 30.6 | 33.0 | 355 | 37.1 | 40.7 | 42.2
L 2400 239 | 256 | 274 | 28,5 | 31.0 | 32.0 | 30.6 | 33.0 | 355 | 37.1 | 40.7 | 42.2
= 270° 239 | 256 | 274 | 28,5 | 31.0 | 32.0 | 30.6 | 33.0 | 355 | 37.1 | 40.7 | 42.2
300° 23.3 | 248 | 266 | 27.8 | 30.5 | 315 | 29.7 | 319 | 344 | 36.2 | 399 | 414
330° 23.3 | 248 | 266 | 27.8 | 30.5 | 315 | 29.7 | 319 | 344 | 36.2 | 399 | 414
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Table 10.3  Directional extreme estimates of Uio and U100 (M/s) at HKN (Gumbel, LS, AMP). Averaging
period 1h
Uio,1h [M/S] U100,1h [M/S]
Tr [years]

1 2 5 10 50 100 |1 2 5 10 50 100
Annual/Omni | 24.7 | 254 | 275 | 28.7 | 31.4 | 325 | 31.7 | 32.7 | 35.6 | 374 | 41.2 | 42.8
0° 235 | 249 | 26.6 | 27.7 | 30.2 | 31.2 | 30.0 | 32.1 | 34.4 | 36.0 | 39.5 | 40.9
30° 22.6 | 233 | 242 | 249 | 263 | 27.0 | 28.8 | 29.8 | 31.0 | 32.0 | 34.0 | 34.9
_| 60° 22.6 | 233 | 242 | 249 | 263 | 27.0 | 28.8 | 29.8 | 31.0 | 32.0 | 34.0 | 34.9
g 90° 22.6 | 233 | 242 | 249 | 263 | 27.0 | 28.8 | 29.8 | 31.0 | 32.0 | 34.0 | 34.9
§ 120° 22.6 | 233 | 242 | 249 | 263 | 27.0 | 28.8 | 29.8 | 31.0 | 32.0 | 34.0 | 34.9
:?, 150° 22.6 | 233 | 242 | 249 | 263 | 27.0 | 28.8 | 29.8 | 31.0 | 32.0 | 34.0 | 34.9
< | 180° 24.3 | 26.1 | 28.0 | 29.2 [ 319 | 329 |31.1 | 337 |36.4 | 382 | 419 | 435
é 210° 243 | 26.1 | 28.0 | 29.2 | 319 | 329 |31.1 | 337 |364 | 382 |419 | 435
.é 240° 243 | 26.1 | 28.0 | 29.2 | 319 | 329 |31.1 | 337 |364 | 382 |419 | 435
. 270° 24.3 | 26.1 | 28.0 | 29.2 [ 319 | 329 |31.1 | 337 |36.4 | 382 | 419 | 435
300° 235 | 249 | 26,6 | 27.7 | 30.2 | 31.2 | 30.0 | 321 | 344 | 36.0 | 39.5 | 40.9
330° 235 | 249 | 26,6 | 27.7 | 30.2 | 31.2 | 30.0 | 321 | 344 | 36.0 | 39.5 | 40.9

Monthly extreme wind speed values

The same procedure mentioned above in Section 10.1.2 was repeated in order to establish the
monthly extreme wind speeds at HKN and HKZ. The data was divided into three seasonal
sectors defined as:

1. Sectorl for winds occurring from May 15t to August 315t herein referred to as “Summer”
2. Sector2 for winds occurring from September 15t to October 318t herein referred to as

“Intermediate-Season”

3. Sector3 for winds occurring from November 15t to April 30" herein referred to as “Winter”

As described above (Section 10.1.2), in order to provide consistent design criteria and keep the
overall failure probability of the structure, the return periods for different seasonal sectors were
scaled up according to the numbers provided in Table 10.4. These return periods were selected
in such a way to have an increasing extreme value from “Summer” to “Winter” season.

Table 10.4  Return periods [years] for consistent design criteria — Monthly/Seasonal wind speed EVA
Seasonal omni Sector 1 Sector 2 Sector 3
Sectors (“Summer”) (“Intermediate-Season”) (“Winter”)
1 6 2 3
12 4 6
Return periods 5 30 10 15
[years] 10 60 20 30
50 300 100 150
100 600 200 300
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The monthly extreme Ui and Uioo for a 1-hour averaging period recommended for design at
HKZ and HKN are presented in Table 10.5 and Table 10.6. Values for other averaging periods

Table 10.5  Monthly extreme estimates of Uio and U100 (m/s) at HKZ (Gumbel, LS, AMP). Averaging
period 1h
U1o,1n [M/S] U100,1h [M/S]
Tr [years]
1 2 5 10 50 100 |1 2 5 10 50 100
Annual/Omni | 24.3 | 25.0 | 27.0 | 28.3 | 30.8 | 31.8 | 31.2 | 32.2 | 35.0 | 36.7 | 40.4 | 41.9
Jan 242 | 26.0 | 27.7 | 288 | 31.3 | 32.2 | 310 | 336 | 359 | 37.6 | 41.0 | 425
Feb 242 | 26.0 | 27.7 | 288 | 31.3 | 32.2 | 310 | 336 | 359 | 37.6 | 41.0 | 425
Mar 242 | 26.0 | 27.7 | 288 | 31.3 | 32.2 | 310 | 336 | 359 | 37.6 | 41.0 | 425
Apr 242 | 26.0 | 27.7 | 288 | 31.3 | 32.2 | 310 | 336 | 359 | 37.6 | 41.0 | 425
May 20.7 | 22.4 | 240 | 25.2 | 27.7 | 28.7 | 26.2 | 28,5 | 30.8 | 32.4 | 359 | 374
;T Jun 20.7 | 22.4 | 240 | 25.2 | 27.7 | 28.7 | 26.2 | 28,5 | 30.8 | 32.4 | 359 | 374
é Jul 20.7 | 22.4 | 240 | 252 | 27.7 | 28.7 | 26.2 | 28,5 | 30.8 | 324 | 359 | 374
Aug 20.7 | 22.4 | 240 | 25.2 | 27.7 | 28.7 | 26.2 | 285 | 30.8 | 324 | 359 | 374
Sep 23.0 | 249 | 26.7 | 28.0 | 30.7 | 31.8 | 29.3 | 32.0 | 346 | 36.4 | 40.2 | 41.8
Oct 23.0 | 249 | 26.7 | 28.0 | 30.7 | 31.8 | 29.3 | 32.0 | 346 | 36.4 | 40.2 | 41.8
Nov 242 | 26.0 | 27.7 | 288 | 31.3 | 32.2 | 31.0 | 336 | 359 | 37.6 | 41.0 | 425
Dec 242 | 26.0 | 27.7 | 288 | 31.3 | 32.2 | 31.0 | 336 | 359 | 37.6 | 41.0 | 425
Table 10.6  Monthly extreme estimates of Uio and Uioo (m/s) at HKN (Gumbel, LS, AMP). Averaging
period 1h
U1o,1n [M/S] U100,1h [M/S]
Tr [years]
1 2 5 10 50 100 |1 2 5 10 50 100
Annual/Omni | 24.7 | 25.4 | 275 | 28.7 | 314 | 325 | 31.7 | 327 | 356 | 37.4 | 41.2 | 428
Jan 245 | 265 | 283 | 295 | 321 | 331|314 | 343 | 36.8 | 385 | 423 | 43.8
Feb 245 | 265 | 283 | 295 | 321 | 331|314 | 343 | 36.8 | 385 | 423 | 43.8
Mar 245 | 26,5 | 283 | 295 | 321 | 331|314 | 343 | 36.8 | 385 | 423 | 43.8
Apr 245 | 265 | 283 | 295 | 321 | 331|314 | 343 | 36.8 | 385 | 423 | 43.8
May 211 | 22.8 | 244 | 255 | 28.0 | 29.0 | 26.8 | 29.1 | 31.3 | 32.9 | 36.4 | 37.8
E Jun 211 | 22.8 | 244 | 255 | 28.0 | 29.0 | 26.8 | 29.1 | 31.3 | 32.9 | 36.4 | 37.8
é Jul 211 | 228 | 244 | 255 | 28.0 | 29.0 | 26.8 | 29.1 | 31.3 | 329 | 36.4 | 37.8
Aug 211 | 228 | 244 | 255 | 28.0 | 29.0 | 26.8 | 29.1 | 31.3 | 329 | 36.4 | 37.8
Sep 234 | 252 | 269 | 281 | 30.7 | 31.8 | 299 | 325 | 349 | 36.6 | 40.2 | 41.8
Oct 234 | 252 | 269 | 28.1 | 30.7 | 31.8 | 299 | 325 | 349 | 36.6 | 40.2 | 41.8
Nov 245 | 26,5 | 283 | 295 | 321 | 331|314 |343 | 36.8 | 385 | 423 | 43.8
Dec 245 | 265 | 283 | 295 | 321 | 331|314 |343 | 36.8 | 385 | 423 | 43.8
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10.1.4

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 (European standard, 2005).

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

U1 (2) = Uy 1n(2) - [1 = 0411, - In (T/TO)] (10.1)
with:

Uwt(z) is the sustained wind speed (m/s) at an elevation of z mMSL, averaged over a time
interval T

Uy1n(z) is the 1 hour sustained wind speed at altitude z mMSL

To is the reference time averaging interval of 3600s
lu is a dimensionally dependent value for the turbulence intensity of wind speed, given
by: I, = 0.06 - (1 +0.043 - Upo) - (3/7,)

As the modelled wind speeds represent a 2-hour sustained wind speed (U2n), a means of
determining the 1-hour sustained wind speed (Uwo) is @ 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,y are provided in Figure 10.4 and Table 10.7 to Table 10.11 for the
following conditions:

* Averaging periods of: 3s, 600s, 1h, 2h (reference), and 3h?
*  Elevations above MSL: 10, 100, 125, 150 and 200 mMSL

Users can use the values in Table 10.7 to Table 10.11 or the 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.

9 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 (CEM, 2005)). 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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Storm wind speed correction factors relative to U
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Figure 10.4  Storm wind speed correction factors relative to Uiom,2n
Table 10.7  Storm wind speed correction factors relative to Uiom2n
Averaging time, T(s)
3 15 1] 600 3600 7200 10800
10 1.2828 1.2243 1.1740 1.0903 1.0252 1.0000 0.9853
ﬁ_ 15 1.3279 1.2601 1.2017 1.1047 1.0282 1.0000 0.9829
5 20 1.3736 1.2964 1.2208 1.1193 1.0333 1.0000 0.9805
-] 25 1.42M1 1.3333 1.2584 1.1341 1.0374 1.0000 0.9731
30 1.4674 1.3708 1.2875 1.1452 1.0416 1.0000 0.9756
35 1.5155 1.4089 1.3171 1.1648 1.0459 1.0000 0.9731
40 1.5643 1.4477 1.3471 1.1802 1.0503 1.0000 0.9706
Table 10.8  Storm wind speed correction factors relative to Uioom,2n
Averaging time, T(s)
3 15 1] 600 3600 7200 10800
10 1.1687 1.1338 1.1038 1.0539 1.0150 1.0000 0.9912
i
‘:. 15 1.1953 1.1549 1.1201 1.0624 1.0174 1.0000 0.9853
= |20 1.2222 1.1763 1.1367 1.0709 1.0198 1.0000 0.9324
:J‘_ 25 1.2485 1.1979 1.1534 1.0796 1.0222 1.0000 0.9870
30 1.2771 1.2198 1.1704 1.0885 1.0247 1.0000 0.98556
35 1.3050 1.2420 1.1876 1.0974 1.0272 1.0000 0.9841
40 1.3334 1.2545 1.2051 1.1064 1.0257 1.0000 0.9826
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Table 10.9  Storm wind speed correction factors relative to U12sm,2n

Averaging time, T(s)

3 15 60 600 2600 7200 10800

10 1.1805 11273 1.0887 1.0513 1.0143 1.0000 0.9916

ﬁ. 15 1.1858 1.1474 1.1143 1.0593 1.0165 1.0000 0.9903

& 20 1.2114 116877 1.1300 1.0675 1.0188 1.0000 0.9250

:J‘_ 25 1.2373 1.1882 1.1458 1.0757 1.0211 1.0000 0.9875

30 1.2635 1.2080 1.1821 1.0841 1.0235 1.0000 0.9863

35 1.2501 1.2301 1.1784 1.0926 1.0258 1.0000 0.9249

40 1.3170 1.2514 1.1850 11012 1.0282 1.0000 0.9835
Table 10.10 Storm wind speed correction factors relative to U1som,2n

Averaging time, T(s)

3 15 &0 600 2600 7200 10200

10 1.1541 11223 1.059428 1.0452 1.0137 1.0000 0.9520

ﬁ. 15 1.1784 1.1415 1.1097 1.0569 1.01589 1.0000 0.9907

f |20 1.2028 1.1609 1.1248 1.0648 1.01381 1.0000 0.9254

:J‘_ 25 1.2277 1.1806 1.1401 1.0727 1.0203 1.0000 0.9831

30 1.2528 1.2008 1.1556 1.0807 1.0225 1.0000 0.9858

35 12784 1.2208 11712 1.0889 1.0248 1.0000 0.9855

40 1.2042 1.2413 1.1871 1.0671 1.0271 1.0000 09242
Table 10.11 Storm wind speed correction factors relative to Uzo0om,2n

Averaging time, T(s)

3 15 60 600 2600 7200 10800

10 1.1445 1.1147 1.0839 1.04582 1.0128 1.0000 0.9925

ﬁ. 15 1.1673 1.1327 1.1028 1.0534 1.0149 1.0000 0.9913

% 20 1.1502 1.1509 1.1170 1.0807 1.0169 1.0000 0.9501

- 25 1.2135 1.1654 1.1313 1.0882 1.0150 1.0000 0.9289

30 1.2371 1.18&0 1.1458 1.0757 1.0211 1.0000 0.9877

35 1.2809 1.2069 1.1605 1.0833 1.0232 1.0000 0.59264

40 1.2850 1.2261 1.17533 1.0810 1.0254 1.0000 0.9852

10.1.5 Spatial variations of extreme wind speeds

The spatial variations of 10-min Uioo wind speeds for 50 year return period across the wind farm
zones are presented in Figure 10.5. The spatial variations were derived based on the optimised
extreme values analysis method described in Section 10.1.2 (where omni-directional extremes
are derived based on the directional values).

The variations in extreme wind speeds are about 1m/s across the wind farm zones at
100mMSL, increasing with altitude. Overall, the wind speeds are larger across HKNWFZ than
HKZWFZ.
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Figure 10.5 Spatial variations of extreme Uioo across HKNWFZ (top) and HKZWFZ (bottom). RP50, 10-
min estimates. Black lines show the contour of the investigation areas. Color scales are

different in order to adapt to each wind farm.
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10.2 Water levels

10.2.1 Choice of distribution

The distribution applied to estimate the extreme water levels on site was chosen based on a
sensitivity test comparing the 100-year extreme WL value (and the corresponding fit to the data)
obtained from various distributions, number of events and fitting methods. The results of this
sensitivity test are presented for HKZ and HKN in Figure 10.6 to Figure 10.9 in term of the
100-year (L)WL and (L)WLres values obtained.

The extreme distribution plots for the exponential distribution and the 2-parameter Weibull and
Gumbel distributions fitted with ML method were found not to be appropriate for the site.
Gumbel distribution fitted with LS method, which is the next most conservative distribution,
provides a good fit to the data for all water level parameters, as shown in Figure 10.10 to Figure
10.13. It is therefore recommended to apply this method to derive extreme water levels across
HKZWFZ and HKNWFZ.
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Figure 10.6 Omni-directional values of 100-year WL (left) and WLres (right) at HKZ estimated using different
distributions for a varying number of peak events (from 1 to 6 events per year). Each distribution is
estimated based on Least-square and Maximum likelihood methods
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Figure 10.7 Omni-directional values of 100-year LWL (left) and LWLres (right) at HKZ estimated using different
distributions for a varying number of peak events (from 1 to 6 events per year). Each distribution is
estimated based on Least-square and Maximum likelihood methods
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Figure 10.8 Omni-directional values of 100-year WL (left) and WLres (right) at HKN estimated using different
distributions for a varying number of peak events (from 1 to 6 events per year). Each distribution is
estimated based on Least-square and Maximum likelihood methods
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Figure 10.9

Omni-directional values of 100-year LWL (left) and LWLres (right) at HKN estimated using different
distributions for a varying number of peak events (from 1 to 6 events per year). Each distribution is
estimated based on Least-square and Maximum likelihood methods
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Figure 10.10 Extreme distribution of 100-year WL (left) and WLres (right) at HKZ based on Gumbel distribution
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Figure 10.11 Extreme distribution of 100-year LWL (left) and LWLres (right) at HKZ based on Gumbel distribution
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Figure 10.12 Extreme distribution of 100-year WL (left) and WLres (right) at HKN based on Gumbel distribution
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Figure 10.13 Extreme distribution of 100-year LWL (left) and LWLres (right) at HKN based on Gumbel distribution
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10.2.2 High water level

The annual extreme WL and WLres at HKZ and HKN are presented in Table 10.12. These
extreme values were estimated using the Gumbel distribution fitted to annual maximum peaks
with the Least-square method.

It is noted that the rounding of some of the return period values have been adjusted in order to
keep the consistency with extreme residual water levels.

The spatial variations across the wind farm zones are presented in Figure 10.14 and Figure
10.15 for WL and WLres respectively. Overall, the extreme WL are similar across the two farm
zones; however, the extreme WLres are slightly larger across HKZWFZ. WL extremes vary by
0.3-0.5m, while WLres extremes vary within 0.1-0.2m only, and the largest WLres extremes occur
in the south-eastern part of the wind farm zones.

Table 10.12 Extreme estimate of high water levels at HKZ and HKN (Gumbel, LS, AMP)

Position Tr [years] 1 2 5 10 50 100
HWL [mMSL] 2.1 2.2 25 2.6 3.1 3.2
HKZ HWL [mLAT] 2.9 3.1 3.3 35 4.0 4.1
HWLges [m] 1.5 1.7 2.0 2.1 2.6 2.7
HWL [mMSL] 2.0 2.2 24 2.6 3.0 3.2
HKN HWL [mLAT] 3.0 3.2 34 3.6 4.0 4.2
HW\LRes [m] 1.5 1.7 1.9 2.1 25 2.7
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Figure 10.14 Spatial variations of extreme HWL across HKNWFZ (top) and HKZWFZ (bottom). RP100.
Black lines show the contour of the investigation areas
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Figure 10.15 Spatial variations of extreme HWLres across HKNWFZ (top) and HKZWFZ (bottom). RP100.
Black lines show the contour of the investigation areas
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10.2.3

240

Low water level

The annual extreme LWL and LWLres at HKZ and HKN are presented in Table 10.13. These
extreme values were estimated using the Gumbel distribution fitted to annual maximum peaks
with the Least-square method.

It is noted that the rounding of some of the return period values have been adjusted in order to
keep the consistency with extreme residual water levels.

The spatial variations across the wind farm zones are presented in Figure 10.16 and Figure
10.17 for LWL and LWLres respectively. Overall, the extreme LWL and LWLres are larger
(more negative) across HKZWFZ than HKNWFZ, with almost no spatial variations in LWL in
HKZWFZ and around 0.1-0.2m in HKNWFZ. LWLres vary around 0.1m only within both wind
farm zones. The strongest extreme LWLres 0ccur in the south-eastern part of the wind farm
zones.

Table 10.13 Extreme estimate of low water levels at HKZ and HKN (Gumbel, LS, AMP)

Position Tr [years] 1 2 5 10 50 100
LWL [mMSL] -1.3 -1.4 -1.6 -1.7 2.0 2.1
HKZ LWL [mLAT] -0.5 -0.6 -0.7 -0.8 -1.1 -1.2
LWLRes [m] -0.9 -1.0 1.2 -1.3 -1.6 1.7
LWL [mMSL] -1.4 -1.5 -1.7 -1.8 -2.0 -2.1
HKN LWL [mLAT] -0.4 -0.5 -0.7 -0.8 -1.0 -1.1
LWLRes [m] -0.9 -1.0 1.2 -1.3 -1.5 -1.6
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Figure 10.16 Spatial variations of extreme LWL across HKNWFZ (top) and HKZWFZ (bottom). RP100.
Black lines show the contour of the investigation areas
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Figure 10.17 Spatial variations of extreme LWLres across HKNWFZ (top) and HKZWFZ (bottom). RP100.
Black lines show the contour of the investigation areas
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10.3 Currents

10.3.1 Choice of distribution

The distribution applied to estimate the extreme current speeds on site was chosen based on a
sensitivity test by comparing the 100-year extreme CS depth-integrated value (and the
corresponding fit to the data) obtained from various distributions, number of events and fitting
methods. The results of this sensitivity test are presented for HKZ and HKN in Figure 10.18 to
Figure 10.19 in term of the 100-year CS and CSres Value obtained. These figures show that
current extremes estimated from the different distributions vary within a small range only, and
the Gumbel distribution fitted with LS method provides a central estimate of the 100-year
extreme water levels at both positions.

Figure 10.20 to Figure 10.23 show that the extreme distributions based on Gumbel, LS fit,
provide a good fit to the data for CS and CSres parameters. It is thus recommended to apply this
method to derive extreme current speeds across HKZWFZ and HKNWFZ.
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Figure 10.18 Omni-directional values of 100-year depth-integrated CS (left) and CSkres (right) at HKZ estimated using
different distributions for a varying number of selected peak events (from 1 to 6 events per year). Each
distribution is estimated based on Least-square and Maximum likelihood methods
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Figure 10.19 Omni-directional values of 100-year depth-integrated CS (left) and CSres (right) at HKN estimated using
different distributions for a varying number of selected peak events (from 1 to 6 events per year). Each
distribution is estimated based on Least-square and Maximum likelihood methods
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Figure 10.20 Extreme distribution of depth-integrated CS (left) and CSres (right) at HKZ based on Gumbel distribution
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Figure 10.21 Extreme distribution of surface CS (left) and CSres (right) at HKZ based on Gumbel distribution
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Figure 10.22 Extreme distribution of seabed CS (left) and CSres (right) at HKZ based on Gumbel distribution
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Figure 10.23 Extreme distribution of depth-integrated CS (left) and CSres (right) at HKN based on Gumbel distribution
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Figure 10.24 Extreme distribution of surface CS (left) and CSres (right) at HKN based on Gumbel distribution
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Figure 10.25 Extreme distribution of seabed CS (left) and CSres (right) at HKN based on Gumbel distribution

10.3.2 Directional extreme currents

Directional extreme currents were derived applying the method described for wind speeds in
Section 10.1.2. Return periods applied to scale the directional values are presented in Table
10.14, while directional sectors were defined as follows:

1) North North East (MWD<75°N or MWD>=345°N)
2) South South West (165°N<=MWD<225°N)

3) East South East and West North West (75°N<=MWD<165°N and
225°N<=MWD<345°N)

These have been modified in order to get appropriate results at all locations of the database
(see Section 8). It is also noted that the directional sector definition was modified for some of
the positions of the database, to better reflect the directional alignment of currents at these
positions.
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Table 10.14 Return periods [years] for consistent design criteria — Directional current speed EVA

Directional Sectors Oomni ESE & WNW SSwW NNE
1 2.5 3.8 3
2 5 7.6 6
. 5 12.5 19 15
Return periods [years]
10 25 38 30
50 125 190 150
100 250 380 300

The directional depth-integrated extreme CS and CSres at HKZ and HKN are presented in Table
10.15 and Table 10.16. These extreme values were estimated using the Gumbel distribution

fitted to annual maximum peaks with the Least-square method. Extreme currents for other
depths are presented in Appendix G.

Table 10.15 Directional extreme estimates of depth-integrated CS and CSres (m/s) at HKZ (Gumbel, LS,

AMP)
CSadepth-int. [M/S] CSRes,depth-int. [M/S]
Tr [years]

1 2 5 10 50 100 | 1 2 5 10 50 100
Annual/Omni | 0.9 0.9 0.9 1.0 1.0 1.0 0.4 0.4 0.5 0.6 0.7 0.7
o° 0.9 1.0 1.0 1.0 1.0 1.1 0.5 0.5 0.6 0.6 0.8 0.8
30° 0.9 1.0 1.0 1.0 1.0 1.1 0.5 0.5 0.6 0.6 0.8 0.8
_| 60° 0.9 1.0 1.0 1.0 1.0 1.1 0.5 0.5 0.6 0.6 0.8 0.8
S 90° 0.3 0.3 0.3 0.4 0.4 0.5 0.3 0.3 0.3 0.3 0.4 0.4
é 120° 0.3 0.3 0.3 0.4 0.4 0.5 0.3 0.3 0.3 0.3 0.4 0.4
:?) 150° 0.3 0.3 0.3 0.4 0.4 0.5 0.3 0.3 0.3 0.3 0.4 0.4
< | 180° 0.8 0.8 0.8 0.8 0.8 0.8 0.3 0.3 0.4 0.4 0.4 0.5
-é 210° 0.8 0.8 0.8 0.8 0.8 0.8 0.3 0.3 0.4 0.4 0.4 0.5
L 2400 0.3 0.3 0.3 04 0.4 0.5 0.3 0.3 0.3 0.3 0.4 0.4
= 270° 0.3 0.3 0.3 04 0.4 0.5 0.3 0.3 0.3 0.3 0.4 0.4
300° 0.3 0.3 0.3 04 0.4 0.5 0.3 0.3 0.3 0.3 0.4 0.4
330° 0.3 0.3 0.3 04 0.4 0.5 0.3 0.3 0.3 0.3 0.4 0.4
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Table 10.16 Directional extreme estimates of depth-integrated CS and CSres (m/s) at HKN (Gumbel, LS,

AMP)
CSdepth-int. [M/S] CSRes depth-int. [M/S]
Tr [years]
1 2 5 10 50 100 | 1 2 5 10 50 100
Annual/Omni | 0.9 1.0 1.0 1.0 1.1 1.1 0.5 0.5 0.6 0.7 0.8 0.9
o° 1.0 1.0 1.1 1.1 1.2 1.2 0.6 0.6 0.7 0.8 0.9 1.0
30° 1.0 1.0 1.1 1.1 1.2 1.2 0.6 0.6 0.7 0.8 0.9 1.0
_| 60° 1.0 1.0 1.1 1.1 1.2 1.2 0.6 0.6 0.7 0.8 0.9 1.0
g 90° 0.3 0.3 0.3 0.3 0.3 0.3 0.2 0.2 0.2 0.2 0.2 0.3
é 120° 0.3 0.3 0.3 0.3 0.3 0.3 0.2 0.2 0.2 0.2 0.2 0.3
:?) 150° 0.3 0.3 0.3 0.3 0.3 0.3 0.2 0.2 0.2 0.2 0.2 0.3
< | 180° 0.7 0.7 0.8 0.8 0.8 0.8 0.3 0.4 0.4 0.4 0.5 0.5
é 210° 0.7 0.7 0.8 0.8 0.8 0.8 0.3 0.4 0.4 0.4 0.5 0.5
.é 240° 0.3 0.3 0.3 0.3 0.3 0.3 0.2 0.2 0.2 0.2 0.2 0.3
e 270° 0.3 0.3 0.3 0.3 0.3 0.3 0.2 0.2 0.2 0.2 0.2 0.3
300° 0.3 0.3 0.3 0.3 0.3 0.3 0.2 0.2 0.2 0.2 0.2 0.3
330° 0.3 0.3 0.3 0.3 0.3 0.3 0.2 0.2 0.2 0.2 0.2 0.3

10.3.3 Monthly extreme currents

Monthly extreme currents were derived applying the method described for wind speeds in
Section 10.1.3. Return periods applied to scale the monthly values are presented in Table
10.17.

Table 10.17 Return periods [years] for consistent design criteria — Monthly current speed EVA

Seasonal omni Sector 1 Sector 2 Sector 3
Sectors (“Summer”) (“Intermediate-Season”) (“Winter”)

5 2 3.34

10 4 6.68

Return periods 25 10 16.7

[years] 10 50 20 33.4

50 250 100 167

100 500 200 334

The directional depth-integrated extreme CS and CSres at HKZ and HKN are presented in Table
10.15 and Table 10.16. These extreme values were estimated using the Gumbel distribution
fitted to annual maximum peaks with the Least-square method. Extreme currents for other
depths are presented in Appendix G.

248 11820013 HollandseKust_zuid_noord_MetoceanStudy_Final / mgo/fld/pdg/rbol/ybr — Sept2017





DA

Table 10.18 Monthly extreme estimates of depth-integrated CS and CSres (m/s) at HKZ (Gumbel, LS,

AMP)
CSadepth-int. [M/S] CSRes,depth-int. [M/S]
Tr [years]
1 2 5 10 50 100 | 1 2 5 10 50 100
Annual/Omni | 0.9 0.9 0.9 1.0 1.0 1.0 0.4 0.4 0.5 0.6 0.7 0.7
Jan 0.9 0.9 1.0 1.0 1.0 1.1 0.4 0.5 0.6 0.6 0.7 0.7
Feb 0.9 0.9 1.0 1.0 1.0 1.1 0.4 0.5 0.6 0.6 0.7 0.7
Mar 0.9 0.9 1.0 1.0 1.0 1.1 0.4 0.5 0.6 0.6 0.7 0.7
Apr 0.9 0.9 1.0 1.0 1.0 1.1 0.4 0.5 0.6 0.6 0.7 0.7
May 0.9 0.9 0.9 0.9 0.9 1.0 0.3 0.4 0.4 0.4 0.5 0.6
?T Jun 0.9 0.9 0.9 0.9 0.9 1.0 0.3 0.4 0.4 0.4 0.5 0.6
g Jul 0.9 0.9 0.9 0.9 0.9 1.0 0.3 0.4 0.4 0.4 0.5 0.6
Aug 0.9 0.9 0.9 0.9 0.9 1.0 0.3 0.4 0.4 0.4 0.5 0.6
Sep 0.9 0.9 0.9 1.0 1.0 1.0 0.4 0.4 0.5 0.6 0.7 0.8
Oct 0.9 0.9 0.9 1.0 1.0 1.0 0.4 0.4 0.5 0.6 0.7 0.8
Nov 0.9 0.9 1.0 1.0 1.0 1.1 0.4 0.5 0.6 0.6 0.7 0.7
Dec 0.9 0.9 1.0 1.0 1.0 1.1 0.4 0.5 0.6 0.6 0.7 0.7

Table 10.19 Monthly extreme estimates of depth-integrated CS and CSres (m/s) at HKN (Gumbel, LS,

AMP)
CSdepth-int. [M/s] CSRes,depth-int. [M/S]
Tr [years]
1 2 5 10 50 100 |1 2 5 10 50 100
Annual/Omni | 0.9 1.0 1.0 1.0 1.1 1.1 0.5 0.5 0.6 0.7 0.8 0.9
Jan 1.0 1.0 1.0 1.1 1.1 1.2 0.5 0.6 0.7 0.7 0.9 0.9
Feb 1.0 1.0 1.0 1.1 1.1 1.2 0.5 0.6 0.7 0.7 0.9 0.9
Mar 1.0 1.0 1.0 1.1 1.1 1.2 0.5 0.6 0.7 0.7 0.9 0.9
Apr 1.0 1.0 1.0 1.1 1.1 1.2 0.5 0.6 0.7 0.7 0.9 0.9
May 0.9 0.9 0.9 1.0 1.0 1.0 0.4 0.4 0.5 0.5 0.6 0.7
f Jun 0.9 0.9 0.9 1.0 1.0 1.0 0.4 0.4 0.5 0.5 0.6 0.7
é Jul 0.9 0.9 0.9 1.0 1.0 1.0 0.4 0.4 0.5 0.5 0.6 0.7
Aug 0.9 0.9 0.9 1.0 1.0 1.0 0.4 0.4 0.5 0.5 0.6 0.7
Sep 0.9 0.9 1.0 1.0 11 1.1 0.4 0.5 0.6 0.7 0.8 0.9
Oct 0.9 0.9 1.0 1.0 11 1.1 0.4 0.5 0.6 0.7 0.8 0.9
Nov 1.0 1.0 1.0 1.1 11 1.2 0.5 0.6 0.7 0.7 0.9 0.9
Dec 1.0 1.0 1.0 1.1 11 1.2 0.5 0.6 0.7 0.7 0.9 0.9
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Spatial variations of extreme currents

The spatial variations across the wind farm zones are presented in Figure 10.26 to Figure 10.28
for depth-integrated, surface and bottom total currents. The spatial variations were derived
based on the extreme values analysis method described in Appendix B.4 only, and do not
include the optimised method described above (where omni-directional extremes are derived
based on the directional values

The variations in extreme currents are about 0.1-0.3m/s across the wind farm zones, and the
surface currents vary more than the depth-integrated currents and the bottom currents. Overall,
the depth-integrated and surface currents are stronger across HKNWFZ than HKZWFZ, while
bottom currents are slightly stronger in HKZWFZ.

Within each wind farm zone, the strongest depth-integrated and surface currents are obtained in
the northern part of HKNWFZ (depth-integrated CS up to 1.2m/s and up to 1.8m/s at the
surface) and the north-western part of HKZWFZ. The strongest bottom currents occur in the
southwestern part of HKZWFZ (up to 0.8m/s), while they are more homogeneous within
HKNWFZ.
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Figure 10.26 Spatial variations of extreme depth-integrated CS across HKNWFZ (top) and HKZWFZ
(bottom). RP100. Black lines show the contour of the investigation areas
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Figure 10.27 Spatial variations of extreme surface CS across HKNWFZ (top) and HKZWFZ (bottom).

RP100. Black lines show the contour of the investigation areas
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Figure 10.28 Spatial variations of extreme bottom CS across HKNWFZ (top) and HKZWFZ (bottom).

RP100. Black lines show the contour of the investigation areas
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Extreme significant wave height

Estimates of the extreme significant wave height Hmo were established based on the local wave
model SWhkzn data at locations HKZ and HKN. The provided estimates are representative of
3-hour sea states. The analysis was performed on the total (sea + swell) part of the spectrum.

As discussed in Section 5.5.3, the modelling results were seen to have a very high quality
compared with the available measurements. However, the following factors were not included in
the long-term simulations which introduce some uncertainty in the values extrapolated to high
return periods (such as 1,000 and 10,000-year events).

* Sea Level Rise: The effect of Sea Level Rise on the extreme conditions was considered to
be very small as presented in Section 10.4.2. However, the slight increase was considered
during the extreme value analysis while defining some correction factors explained later in
Section 10.4.5.

« Long-term inter annual variability: Although the modelling period is rather long (+37 years),
there could be some inter annual variability during the lifetime of the wind farm (future). This
factor was considered in choosing the correction factors described in Section 10.4.5.

« Influence of short term and local atmospheric effects: As described earlier (Section 5.4.5),
the results are representative of 3-hour sea states (as required in the scope of this study).
Therefore, the smaller scale variations which could result in slightly higher sea states are not
reproduced. In order to derive value representative of shorter averaging periods, it is
suggested to use the measurements and derive scaling factors for other averaging periods.

+ Sand dunes: As discussed in Section 5.5.1, the effect of sand dunes at HKZWFZ are not
fully resolved due to practicality of running fully spectral wave model for a long duration. It is
believed that the sand dunes could increase the most extreme wave heights and swells
locally, while at a larger scale, the sea states are most probably decreased due to increased
breaking. Nevertheless, the correction factors (Section 10.4.5) were defined to increase the
wave heights and thus add some conservatism.

Due to the points mentioned above, a conservative approach was taken in the extreme value
analysis process. The conservatism was accounted by defining some correction factors
presented in Section 10.4.5 and using an advance statistical method (see Section 10.4.4).

Sea/swell contribution

Figure 10.29 shows the Hmo-Sea part against the Hmo-Swell part at HKZ. For the larger sea
states (1-year return value of around 5.5m), the contribution of swell is not significant compared
to the wind-sea contribution. It has to be noted that wind-sea and swell part in Figure 10.29
have been separated using the definition provided in Section 5.5.3. Therefore, the contribution
of swells might be different if another approach is used.
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Figure 10.29 Hmo-Sea part against the Hmo-Swell part at HKZ

Figure 10.30 shows the directional-frequency spectrum of the modelled results at the peak of
the storm on 1990-12-12 (the largest modelled storm at HKZN area — Hmo = 7.6m at HKN) and
on 2013-12-06 (a more recent storm with Hmo = 6.2m at HKN). Both storms show a dominant
north-westerly direction. The highest energy is distributed between 9-16 seconds. This
indicates that if the separation of sea and swell was only made based on for example, wave
periods above 8 seconds (to be defined as swell), then the swell part would be very dominant.
However, considering the duration of these storms and their direction, such definition would not
be correct.
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Figure 10.30 Modelled directional-frequency spectrum at HKN during the storm on December 1990 (left)
and December 2013 (right)
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10.4.2 Effect of Sea Level Rise

Based on Figure 9.34, two scenarios were considered to assess the effect of sea level rise
(SLR) on the most extreme conditions:

* Adding 0.2m (see Section 9.2.3) to the water depth assuming the lifetime of the offshore
wind farm to be 25 years

* Adding 0.4m (see Figure 9.34- using RCP8.5) to the water depth assuming the lifetime of
the offshore wind farm would be 50 years

The above scenarios were modelled for the top 4 storms (based on Figure 5.10), and the results
were compared in the entire HKZN area. Figure 10.31 shows the spatial map of the maximum
difference in significant wave height between the case including sea level rise and the original
results (case8 presented in Section 5.5.2) for the most extreme storm (December 1990 — Storm
#1 according to Figure 5.10) covered in the modelling period. As expected, the differences are
higher at lower water depths, where the water level variations are also higher. As shown in
Figure 5.36, the significant wave height at HKZ and HKN is above 6.5m.
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Figure 10.31 Effect of sea level rise — Maximum difference in significant wave height for Storm #1 for the
case with SLR=0.4m (top) and SLR=0.2 (bottom) in the HKZN area
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According to the results, for the case SLR=0.2m, the maximum difference was seen to be
around 3.5cm in the HKZWFZ and HKNWFZ. For SLR=0.4, the maximum difference was
around 7cm. Assuming the higher (pessimistic/conservative scenario) SLR of 0.4m, the
increase in significant wave heights would be around 1% (7cm for a 7m significant wave height).
Although the long-term modelling did not include the effect of SLR, the slight increase was
considered while performing the extreme value analysis and defining the correction factors.

Choice of distribution

An extreme value sensitivity analysis was carried out on the +37 years of modelled data.

A summary of the sensitivity results for HKZ and HKN locations is presented in Figure 10.32 and
Figure 10.33 below using the Least-square and Maximum Likelihood estimations respectively.
These figures show the estimated 10,000-year Hmo for various extreme distributions and fitting
functions together with the mean excess (average of the values exceeding the threshold) as a
function of the selected thresholds. Some methods, especially for the Maximum Likelihood
estimation, are sensitive to the threshold (2-parameter Weibull and Exponential distributions).

With respect to results from model validation and assessment of distribution fits, it is
recommended to derive extreme waves estimated by fitting the truncated Weibull distribution
using a threshold corresponding to an average of 5 annual (AAP=5.0). This selection was
based with the estimates of 1,000 and 10,000-year events in mind. Although other distributions
(such as 2-parameter Weibull or Gumbel distribution using the Least-square method) would give
similar or slightly more conservative values for the 100-year extremes (see Figure 10.32), they
were not the best fit when concerning rare extremes of up to 1,000 and 10,000 years. The
truncated Weibull distribution suggests an upper limit, which is closer to reality meaning that
there will be an upper limit for the waves (they will break at a certain limit). The 2-parameter
Weibull or the Gumbel distribution do not suggest any upper limit, which is considered to be
unrealistic.
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Figure 10.32 Results of sensitivity analysis on extreme values of Hmo at HKZ (left) and HKN (right) (LS method)
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Figure 10.33 Results of sensitivity analysis on extreme values of Hmo at HKZ (left) and HKN (right) (ML method)
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Figure 10.34 shows the time series of modelled Hmo values at HKZ together with the peak
events selected for performing the extreme value analysis.

The extreme estimates were established based on the full data set, and for low water level
situation, defined as water level below MSL. Performing a similar analysis for high water
returned the same values as for the full data set, and they are therefore not presented here (see
Figure 9.59 and Figure 9.60 for the joint occurrence of waves and water levels). It was shown
that the extreme sea states are highly correlated with high water levels. Furthermore, the
extreme estimates were established for 12 directional and monthly sectors and omni-directional.
The directional and monthly extremes are discussed in detail in Sections 10.4.5 and 10.4.6.

A polar plot of the events with peak Hmo selected for omni-directional extreme values analysis is
shown in Figure 10.35. Figure 10.36 shows the polar plot of the events selected for directional
extreme value analysis.

The distributions and data points are shown in Figure 10.37 and Figure 10.38 for omni-
directional scenarios at HKZ and HKN respectively.
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Figure 10.34 Time series of modelled Hmo values at HKZ together with the peak values selected for extreme values
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Figure 10.35 Polar plot of the selected peak Hmo events for the omni-directional extreme value analysis
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Figure 10.36 Polar plot of the selected peak Hmo events for the directional extreme value analysis
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Figure 10.37 Truncated Weibull distribution fitted to peak Hmo data at location HKZ along with extreme
values at different return periods [years]. 2.5% and 97.5% confidence bounds are shown
with dashed blue line. The period is 1979-01-01 to 2016-09-01.
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Figure 10.38 Truncated Weibull distribution fitted to peak Hmo data at location HKN along with extreme
values at different return periods [years]. 2.5% and 97.5% confidence bounds are shown
with dashed blue line. The period is 1979-01-01 to 2016-09-01.

HKZ is located at a depth of 28mMSL. As was shown in Figure 9.59, the extreme wave events
are associated with high water levels mainly due to surge. Taking a value of 3.2m for the water
level during an extreme event (corresponds to WL with 100-year return period) based on

+37 years of modelling), the water depth at HKZ will be around 31mMSL. According to
(Kamphuis, 1991), the maximum ratio between the significant wave height and the water depth
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is Hmo/d ~0.58 (the slope around HKZ is around 1%). Based on this assumption, the maximum
significant wave height at HKZ would be of approximately 18m. This is considered as an
absolute upper limit to the significant wave height that can exist at the site. At HKN with a water
depth of approximately 24mMSL, the maximum significant wave height would be around 15.5m.

As shown in Figure 10.37 and Figure 10.38, at HKZ, H,, 1900y-=8.2m and at HKN,
H 0,10000y-=9-3M which is lower than the maximum significant wave height.

10.4.3.1 Update: extension of the wave model to cover until 2017-04-01
For the version 2.3 of this report, according to SoW, the models were extended to cover the
measurement period. Therefore, the wave model was extended to cover the period from
1979-01-01 until 2017-04-01. In order to assess the changes in the extreme sea states after
extending the models for an extra 10 months, an additional extreme value analysis was
performed at HKZ. Results are presented in Figure 10.39. The extreme values have only
reduced around 2-3cm compared to the values presented in Figure 10.37. This fact
demonstrates that the difference with previously provided extreme value analysis results in
version 2.2 of this report are negligible and thus, no changes have been made to extreme value
results in this report.
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Figure 10.39 Truncated Weibull distribution fitted to peak Hmo data at location HKZ along with extreme values at different
return periods [years]. 2.5% and 97.5% confidence bounds are shown with dashed blue line. The period
is 1979-01-01 to 2017-04-01.
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Markov Chain Monte Carlo analysis

An independent analysis of the 10,000-year extreme significant wave height was also performed
using a Markov Chain Monte Carlo analysis as described below.

The tail of the significant wave height distribution was modelled using a Bayesian extreme value
model incorporating threshold uncertainty. The model is built on a multiple threshold approach
(Northrop & Coleman, 2014), where the threshold, above which the tail is modelled by a
generalised Pareto distribution, is allowed to vary between some pre-set limits. The model
parameters are estimated through a Metropolis-Hastings sampling scheme in a Markov Chain.
In this setting, prior beliefs about the model parameters have to be defined. The prior belief
about the Generalised Pareto distribution parameters is set such that the distribution support
range is limited to 0.6 times the water depth. In other words, distribution tails that eventually can
attain values above 0.6 times the water depth are rejected in the iteration procedure. This is
based on an assumption about the maximum significant wave height that can exist at any given
water depth. It is probably a conservative upper limit, as the 0.6 x d limit is mostly based on
shoaling waves on relatively steep foreshores.

Distribution plot is presented in Figure 10.40 for HKZ. The graphs show the maximum likelihood
estimate, the posterior median (the median of all distributions in the Markov Chain) and the
posterior prediction (obtained from the exceedance probability of a given level incorporating all
uncertainties). Based on the MCMC analysis, H,, 10000yr=8.7M.
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Figure 10.40 Extreme distribution H,,, at HKZ derived from MCMC method. Maximum likelihood estimate
(blue), posterior median (dashed black), posterior prediction (solid black). The x-axis
corresponds to H,y.

NORSOK

For comparison, the recommendations from the NORSOK guidance were also provided.
NORSOK states that the 10,000-year value for Hmo can be approximated as 1.25 times the
100-year value. That will result in Hp,g 10000,»=8.8M. However, this recommendation is mainly
applicable for the Norwegian Continental Shelf, were ratios of 100 to 10,000-year extremes are
likely larger, due to the long fetches and larger water depths.

11820013 HollandseKust_zuid_noord_MetoceanStudy_Final / mgo/fld/pdg/rbol/ybr — Sept2017





10.4.5

<

Apart from the above approaches, DHI has done extensive investigations on rare extreme
events by up-scaling the wind fields to return periods up to 10,000 years and then forcing the
wave model with the up-scaled winds. In general, the results from these analyses showed that
the increasingly larger dissipation at more and more extreme storm events effectively limits the
growth of the significant wave heights.

Since the results from both the traditional statistical method and the MCMC analysis were quite
similar, it was decided to choose the MCMC method for conservatism. A correction factor was
calculated simply by dividing the resulting values from the MCMC method to the values from the
traditional EVA. More details are given in next section.

Directional extreme values analysis

Figure 10.42 shows the directional extreme value analysis at HKZ and HKN using the method
described in Appendix B.4. The unconstrained fits (fit made to the data in each individual
directional bin without considering the omni values) are shown in grey. The constrained fits

(fit made to the data in each individual directional bin but constrained to the omni values, i.e. the
product of the directional non-exceedance probabilities is forced to match the omnidirectional
values) are shown in blue. If the directional values were taken from the constrained fits, the
directional extreme values would always be lower than the omni estimated because they are
rescaled (constrained) to match the omni estimates.

The accumulated unconstrained fits are shown in . As it can be seen, the accumulated
unconstrained fit suggests larger values than the omni fit. The two dominant wave directional
sectors around Hollandse Kust area are NW-N and SW-W (see Figure 10.36). These two
sectors have a completely different fetch size. The north and north westerly sector have a much
larger fetch towards the North Sea and thus could potentially contain larger storms. Therefore, if
the extreme value analysis was performed on the directional sectors separately (and not
constrained to match the omni estimates), the overall omni estimates (calculated based on the
directional distributions) could slightly increase (depending on the location and the directional
sectors).

The above facts resulted in performing the extreme value analysis on a directional basis
(instead of the traditional way shown in Figure 10.42) and deriving the omni estimates based on
the product of non-exceedance probability of the directional distributions.

Furthermore, for design application, it is often required that the summed (overall) return period
(probability) is Tr years. This has been discussed in detail in (Forristal, 2004) and
recommended by (DNV, 2014) as shown below in Figure 10.41. In brief, it means that scaling
the directional values such that the worst direction would become equal to the omni values
would not keep the overall failure probability.
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Recommended Practice DNV-RP-C205, April 2014
Sec.3 Wave conditions — Page 58

the chart north. in terms of probability of occurrence p, of waves within direction bins. The 360° range is
typically divided into eight 45°, twelve 30° or sixteen 22.%“ directional sectors. The values p, and the required
wave statistics for each sector, are determined from data. !

3.6.5.3 If directional information is used in a reliability analysis of a marine structure, it is important to ensure
that the overall reliability 1s acceptable. There should be consistency between ommidirectional and directional
distributions so that the omnidirectional probability of exceedance is equal to the integrated exceedance
probabilities from all directional sectors.

3.0.5.4 The concept of directional criteria should be used with caution. If the objective is to define a set of wave
heights that accumulated are exceeded with a return period of 100-year, the wave heights for some or all sectors
have to be increased. Note that if directional criteria are scaled such that the wave height in the worst direction
is equal to the ommnidirectional value, the set of wave are still exceeded with a return period shorter than 100-
year.

3.0.5.5 A set of directional wave heights that are exceeded with a period 7 can be established by requiring
that the product of non-exceedance probabilities from the directional sectors is equal to the appropriate
probability level.

3.6.5.6 An alternative approach for analysis of directional variability is to model the absolute wave direction
using a continuous probability distribution, say the uniform distribution (Mathisen (2004), Sterndorff and
Serensen (2001), Forristall (2004)).

Figure 10.41 DNV recommendations on provision of directional extremes
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Figure 10.42 Truncated Weibull distribution fitted to peak Hmo data at locations HKZ (left) and HKN (right) for 12 directional bins along with extreme values at
different return periods [years]
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In order to establish the directional extreme estimates, the following steps were executed:

1)

2)

3)

4)

5)

6)

Dividing the dataset to three directional sectors based on Figure 10.36:
a. North North East —South South West (15°<=MWD<195°)
b. South South West to West North West (195°<=MWD<285°)
c. West North West — North North East (285°<=MWD<15°)

Performing the traditional extreme values analysis (truncated Weibull distribution) on
each directional sector and derive the omni estimates

Performing the MCMC method on each directional sector and derive the omni
estimates. The distribution support range is not limited to 0.6 times the water depth
while performing the MCMC method. This was done in agreement with RVO.nl and
aimed for some additional conservatism

Define a correction factor based on the ratio between the MCMC and traditional
method

Optimise the extreme directional values to keep the overall failure probability and to
follow the omni values (by scaling up the return periods associated to the directional
sectors)

Apply the correction factor

Since there is some spatial variability in the database area, the above steps were performed at
five (5) extra points other than HKZ and HKN in order to assess the variability and define a
conservative scaling factor to be applied to all elements (to provide extreme values at +17,000
elements within the database area). Figure 10.43 shows the location of all 7 points selected
within the database area at various water depths.
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Figure 10.43 Location of 7 test points for performing the extreme value analysis
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Figure 10.44 shows the directional unconstrained fits (step 2 mentioned above) based on the
truncated Weibull distribution and the resulting omni fit (product of non-exceedance probability
of directional fits) at the 7 test locations shown in Figure 10.43. As expected, the omni fit follows
the sector with most extreme events (WNW-NNE).

Figure 10.45 shows an example of the results from applying the MCMC tool on the three
directional sectors described above at HKN location.

After performing step 3 at all 7 locations and dividing the estimate values to the values derived
from step 2, the correction factors at each location for each directional sector were calculated.
Table 10.20 summarises the results and contains the mean, standard deviation and mean + one
standard deviation of the correction factors. The latter was chosen to be applied to all elements
within the database area in order to follow the MCMC method.

The above approach was taken by considering all the uncertainties involved in extrapolating the
wave heights to very large return periods such as 10,000 years. The uncertainties (mentioned
in the beginning of Section 10.4) from sea level rise, inter annual variability and the existence of
sand dunes are considered to have been compensated for by applying the correction factors
(taking the mean + one standard deviation). As was discussed earlier in Section 5.5, the quality
of the modelled results compared to the measurements was considered very good and thus no
correction was necessary.

Same ratios were applied on the Hmax and Cmax values in order to keep consistency.

Table 10.20 Summary of the correction factors based on the MCMC and the traditional EVA methods

Directional Ul fyreeie]
S 1 2 5 10 50 100 | 1000 10000
NNE-SSW 101 | 101 | 1.01 | 1.01 | 1.00 | 1.00 | 1.01 1.03
Ve SSW-WNW 1.00 | 1.01 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 1.03
WNW-NNE 101 | 101 | 1.02 | 1.01 | 1.01 | 1.00 | 1.01 1.05
Omni 101 | 101 | 1.01 | 1.01 | 1.00 | 1.00 | 1.01 1.05
NNE-SSW 0.00 | 000 | 001 | 001 | 002 | 002 | 0.04 0.06
Standard Deviation | SSW-WNwW 0.00 | 000 | 000 | 000 | 001 | 001 | 0.2 0.04
(SD) WNW-NNE 0.00 | 000 | 001 | 001 | 002 | 002 | 0.3 0.04
Omni 0.00 | 000 | 001 | 001 | 002 | 002 | 0.03 0.04
NNE-SSW 101 | 101 | 1.02 | 1.02 | 1.02 | 1.02 | 1.04 1.08
Vean + 1STD SSW-WNW 101 | 101 | 1.01 | 2.01 | 1.01 | 101 | 1.03 1.07
WNW-NNE 101 | 1.02 | 1.02 | 1.02 | 1.02 | 1.02 | 1.04 1.09
Omni 101 | 1.02 | 1.02 | 1.02 | 1.02 | 1.02 | 1.04 1.09
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Figure 10.44 Directional unconstrained Truncated Weibul fit and the resulting Omni fit at 7 points within the HKZN area
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Figure 10.45 The extreme estimates for sector NNE-SSW (top left), SSW-WNW (top right) and WNW-NNE (bottom) based on the MCMC method

11820013 HollandseKust_zuid_noord_MetoceanStudy_Final / mgo/fld/pdg/rbol/ybr — Sept2017





DHI

The directional extreme values were scaled according to the methodology outlined in

Appendix B.5, such that the directional extreme values from the dominant sectors were scaled
while maintaining the targeted overall probability of occurrence of an extreme wave. During the
analysis, it was observed that the extreme values from the WNW-NNE sector are slightly larger
than the SSW-WNW sector. The NNE-SSW sector contained the smallest extreme values as
well. Therefore, in order to keep such consistency between different sectors and satisfy the
DNV recommendations to maintain the overall failure probability, the directional return periods
corresponding to the omni return periods were defined as described in Table 10.21.

Based on (DNV, 2014) and (Forristal, 2004), an example is provided here:

If the overall failure probability of the structure should be set to 1% (100 years), then the
following formula should apply:

1 _ 1 4 1 4 1
TR omni TR secl TR sec2 TR sec3

Sectors 1, 2 & 3 correspond to the directional sectors defined before. For a 100-year events,
the above formula was set to:

1 1 + 1 4 1
100 5000 204.1 204.1

Table 10.21 Return periods [years] for consistent design criteria — Directional EVA

Directional Sectors
omni NNE-SSW | SSW-WNW | WNW-NNE
1 50 2.041 2.041
100 4.082 4.082
5 250 10.205 10.205
Return periods 10 500 20.41 20.41
[years] 50 2500 102.05 102.05
100 5000 204.1 204.1
1000 50000 2041 2041
10000 500000 20410 20410

The above approach results in the worst direction having slightly higher values than the omni-
directional values in order to keep the overall failure probability (but with higher return period as
well). The optimized values can be directly used in design.

The exact same procedure was done for the significant wave heights associated with LWL
conditions.

Table 10.22 summarises the directional extreme significant wave height at HKZ for both total
water level and low water level conditions. In order to provide the directional extremes with 30°
bins, the estimates from the main directional sectors (3 sectors) were used to fill in the
directional bins within each sector.
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Table 10.22 Extreme directional Hmo [m] at HKZ based on the modelled results (1979-2016) — Recommended for

Design
Direction (MWD USIVERS)
[deg N]) 1 2 5 10 50 100 1,000 10,000
Oomni 5.4 5.7 6.2 6.4 7.0 7.2 8.0 8.9
0 5.6 5.9 6.3 6.6 7.1 7.3 8.0 9.0
30 35 37 4.0 4.2 4.6 4.8 5.6 6.4
60 35 37 4.0 4.2 4.6 4.8 5.6 6.4
90 35 3.7 4.0 4.2 4.6 4.8 5.6 6.4
_ 120 35 3.7 4.0 4.2 4.6 4.8 5.6 6.4
Z [ 150 3.5 3.7 4.0 4.2 4.6 4.8 5.6 6.4
180 35 37 4.0 4.2 4.6 4.8 5.6 6.4
210 5.1 5.4 5.8 6.1 6.6 6.9 7.8 8.7
240 5.1 5.4 5.8 6.1 6.6 6.9 7.8 8.7
270 5.1 5.4 5.8 6.1 6.6 6.9 7.8 8.7
300 5.6 5.9 6.3 6.6 7.1 7.3 8.0 9.0
330 5.6 5.9 6.3 6.6 7.1 7.3 8.0 9.0
Oomni 4.2 4.4 4.7 4.9 5.3 5.5 6.2 6.9
0 3.6 3.8 4.1 4.3 4.6 4.8 5.3 5.9
~ [ 30 2.2 2.4 2.7 2.9 3.5 3.7 4.4 5.2
2 |60 2.2 2.4 2.7 2.9 3.5 3.7 4.4 5.2
E [ 90 2.2 2.4 2.7 2.9 3.5 3.7 4.4 5.2
v [ 120 2.2 2.4 2.7 2.9 3.5 3.7 4.4 5.2
2 [ 150 2.2 2.4 2.7 2.9 3.5 3.7 4.4 52
& [.180 2.2 2.4 2.7 2.9 3.5 3.7 4.4 5.2
g [ 210 4.2 4.4 4.7 4.9 5.3 5.5 6.2 6.9
z [ 240 4.2 4.4 4.7 4.9 5.3 5.5 6.2 6.9
= [ 270 4.2 4.4 4.7 4.9 5.3 55 6.2 6.9
300 3.6 3.8 4.1 4.3 4.6 4.8 5.3 5.9
330 3.6 3.8 4.1 4.3 4.6 4.8 5.3 5.9

Table 10.23 Extreme directional Hmo [m] at HKN based on the modelled results (1979-2016) — Recommended for

Design
Direction (MWD Uiz [t
[deg NJ) 1 2 5 10 50 100 1,000 | 10,000
omni 5.7 6.1 6.6 7.0 7.7 8.0 9.0 10.2
0 6.0 6.4 6.9 7.2 7.9 8.1 9.1 10.3
30 4.0 4.3 4.7 5.0 5.7 6.0 7.1 8.5
60 4.0 4.3 4.7 5.0 5.7 6.0 7.1 8.5
90 4.0 4.3 4.7 5.0 5.7 6.0 71 8.5
_ [120 4.0 4.3 4.7 5.0 5.7 6.0 71 8.5
X [ 150 4.0 4.3 4.7 5.0 5.7 6.0 7.1 8.5
180 4.0 4.3 4.7 5.0 5.7 6.0 7.1 8.5
210 5.4 5.7 6.2 6.5 7.2 7.6 8.7 9.9
240 5.4 5.7 6.2 6.5 7.2 7.6 8.7 9.9
270 5.4 5.7 6.2 6.5 7.2 7.6 8.7 9.9
300 6.0 6.4 6.9 7.2 7.9 8.1 9.1 10.3
330 6.0 6.4 6.9 7.2 7.9 8.1 9.1 10.3
omni 45 4.7 5.0 5.2 5.7 5.8 6.5 7.3
0 4.2 4.4 4.7 4.8 5.2 5.4 5.9 6.6
~ [30 3.9 4.1 4.4 4.6 5.0 5.3 6.0 6.9
2 |60 3.9 4.1 4.4 4.6 5.0 5.3 6.0 6.9
E [90 3.9 4.1 4.4 4.6 5.0 5.3 6.0 6.9
Y [120 3.9 4.1 4.4 4.6 5.0 5.3 6.0 6.9
2 150 3.9 4.1 4.4 4.6 5.0 5.3 6.0 6.9
s [ 180 3.9 4.1 4.4 4.6 5.0 5.3 6.0 6.9
g [210 4.7 4.9 5.2 5.4 5.8 6.0 6.6 7.4
z [ 240 4.7 4.9 5.2 5.4 5.8 6.0 6.6 7.4
= 270 4.7 4.9 5.2 5.4 5.8 6.0 6.6 7.4
300 4.2 4.4 4.7 4.8 5.2 5.4 5.9 6.6
330 4.2 4.4 4.7 4.8 5.2 5.4 5.9 6.6
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D)

Monthly extreme value analysis

The exact same procedure mentioned above in Section 10.4.5 was performed in order to
establish the monthly extreme significant wave heights at HKN and HKZ. The data was divided
into three seasonal sectors defined as:

+  Sectorl for sea states occurring from May 15t to August 315t herein referred to as “Summer”

+  Sector2 for sea states occurring from September 15t to October 315 herein referred to as
“Intermediate-Season”

- Sector3 for sea states occurring from November 15t to April 30t herein referred to as
“Winter”

The above division was based on the monthly statistics presented in Section 9.4. Opposed to
the directional sea states, the monthly sea states do not necessarily follow a smooth transition
between months. For example (see Figure 9.47), July amongst other “Summer” months has
experienced an event larger than March (roughly equal to April and October). Such high
numbers would result in higher variance in the higher return periods as shown in Figure 10.46.
The outcome would be that the unconstrained fit to the “Summer” data might suggest higher
estimates for really high return periods compared to the “Intermediate-Season” data (orange
curve compare to the green curve in Figure 10.46.

As described above (Section 10.4.5), in order to provide consistent design criteria and keep the
overall failure probability of the structure (following (DNV, 2014) and (Forristal, 2004)), the return
periods for different seasonal sectors were scaled up following the numbers provided in

Table 10.24. These return periods were selected in such a way to have an increasing extreme
value from “Summer” to “Winter” season. Although as described above and shown in Figure
10.46, this could not be kept for some of the very large return periods and resulted in slightly
higher number in “Summer” compared with “Intermediate-Season”. However, this follows the
variability existing in the data.

Table 10.24 Return periods [years] for consistent design criteria — Monthly/Seasonal EVA

Seasonal Sectors
: Sectorl « Sector2. Sector3
Oomni « | (“Intermediate- nr .
(“Summer”) ” (“Winter”)
Season”)
1 25 10
5 20 4
5 12.5 50 10
Return periods 10 25 100 20
years] 50 125 500 100
100 250 1000 200
1000 2500 10000 2000
10000 25000 100000 20000
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Monthly Extreme Value Analysis at HKZ
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Figure 10.46 Seasonal Unconstrained Truncated Weibul fit and the resulting Omni fit at HKZ (top) and
HKN (bottom) locations

The monthly extreme significant wave heights at HKZ and HKN recommended for design are
presented in Table 10.25 and Table 10.26, respectively.
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Table 10.25 Monthly extreme significant wave height Hmo [m] at HKZ- based on the modelled data covering the period
1979-2016 — Recommended for design

Tr [years]
Month
1 2 5 10 50 100 1,000 10,000
Annual 5.4 5.7 6.2 6.4 7.0 7.2 8.0 8.9
Jan 5.7 6.0 6.4 6.6 7.2 7.4 8.1 9.0
Feb 5.7 6.0 6.4 6.6 7.2 7.4 8.1 9.0
Mar 5.7 6.0 6.4 6.6 7.2 7.4 8.1 9.0
Apr 5.7 6.0 6.4 6.6 7.2 7.4 8.1 9.0
_ | .Mav 3.9 4.3 4.7 5.1 5.9 6.2 7.3 8.7
< | Jun 3.9 4.3 4.7 5.1 5.9 6.2 7.3 8.7
Jul 3.9 4.3 4.7 5.1 5.9 6.2 7.3 8.7
Aug 3.9 4.3 4.7 5.1 5.9 6.2 7.3 8.7
Sep 5.6 5.9 6.3 6.5 7.0 7.2 7.9 8.8
Oct 5.6 5.9 6.3 6.5 7.0 7.2 7.9 8.8
Nov 5.6 5.9 6.3 6.5 7.0 7.2 7.9 8.8
Dec 5.7 6.0 6.4 6.6 7.2 7.4 8.1 9.0

Table 10.26 Monthly extreme significant wave height Hmo [m] at HKN — based on the modelled data covering the period
1979-2016 — Recommended for design

Tr [years]
Month
1 2 5 10 50 100 1,000 10,000
Omni 5.7 6.1 6.6 7.0 7.7 8.0 9.0 10.2
Jan 6.0 6.4 6.9 7.2 7.9 8.2 9.2 10.3
Feb 6.0 6.4 6.9 7.2 7.9 8.2 9.2 10.3
Mar 6.0 6.4 6.9 7.2 7.9 8.2 9.2 10.3
Apr 6.0 6.4 6.9 7.2 7.9 8.2 9.2 10.3
_ |.May 4.1 4.4 5.0 5.4 6.3 6.7 8.1 9.9
< | Jun 4.1 4.4 5.0 5.4 6.3 6.7 8.1 9.9
Jul 4.1 4.4 5.0 54 6.3 6.7 8.1 9.9
Aud 4.1 4.4 5.0 54 6.3 6.7 8.1 9.9
Sep 6.0 6.3 6.7 7.0 7.6 7.8 8.7 9.8
Oct 6.0 6.3 6.7 7.0 7.6 7.8 8.7 9.8
Nov 6.0 6.3 6.7 7.0 7.6 7.8 8.7 9.8
Dec 6.0 6.4 6.9 7.2 7.9 8.2 9.2 10.3

The 100-year return period values for the omni-directional Hmo at each site are shown in Figure
7.1 and Figure 7.2. Figure 10.47 shows the same but for all the elements within the database
area. The 1,000-year return period values for the omni-directional Hmo across the database area
are shown in Figure 10.48 as well.
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Figure 10.47 100-year Hmo across the HKZN area (the database area)
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Figure 10.48 1,000-year Hmo across the HKZN area (the database area)
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10.5 Extreme individual wave height Hmax

The maximum individual wave height Hmax was estimated using the convolution method by
(Tromans, P.S. and Vanderschuren, L., 1995). The method is described in Appendix B.

Given the ratios of significant wave height to water depth that were estimated in Section 10.4,

it is very unlikely that wave breaking will influence the distribution of significant wave heights in
the most severe sea states. Apart from Forristall short-term wave height distribution, an
alternative wave height distribution that accounts for the effects of finite depth and wave
breaking, namely the Glukhovskiy (Battjes & Groenendijk, 2000) method was also assessed and
applied in this study. The initial tests are presented at the [jmuiden station, where the sea states
are considered to be larger than HKZ but lower than HKN. The reason behind choosing
limuiden was just to control the consistency of the analysis all along the modelling area. These
tests were performed on the SWns data.

Figure 10.49 and Figure 10.50 show the estimated distribution and data points based on the
Forristall and Glukhovskiy methods at I|jmuiden using the modelled data from the SWns model.
As can be seen, the Glukhovskiy distribution suggests slightly lower values. Since the water
depths are not critical for limiting the wave heights at HKZ and HKN, it was decided to use the
Forristall distribution for the final analysis.

IUmuiden munitiestortplaats (4.0667E;52.5500N;-25.6mMSL)
Extreme H (1979-01-15 - 2(}'16709431;Ta =3h;dt= 1h)SWNs

N All
10000
o T lyears) 1 2 5 10 50 /100 1000 10000
L S T
H (m) 10.2 10.8 1.4 19
e
% F H . (m) 10.7 1.4 12.2 128 / 140 14.5 16.1 176
2 /
= 7
" /
AL of
103 ﬁ*""
F y/
- &
1
Data Point (N = 188)
Unconstrained Fit
Convolution w. short-term dist. (H,_ )
1 1 L2 1 I 1 1 1 ]
[ 2 4 [ 8 10 12 14 186 18 20
H {m)
Bias Correction: 0% Square factor = 1 Distribution Parameters: Constraint Periods: 1 50 100 200 500 1C
Ewent Extraction Method: AAP (5.0) Dist. Type: Trunc. Weibull Location = 8.38m
Inter-Event Time: 36.0h Estimation Method: ML Scale =7.20m
Inter-Event Level: 0.7 Short-Term Dist: Forristall, Shape =342

Figure 10.49 Truncated Weibull fit to H based on Forristall distribution at ljmuiden based on SWns data
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lJmuiden munitiestortplaats (4.0667E:52.5500N;-25.6mMSL)
Extreme H (1979-01-15 - 201(:‘1-09-131;TE =3h;dt= 1h)SWNs

_ All
10000~ /

Ty lyears) 1 2 5 10 1000 10000
L S oo T

E H (m) 10.3 10.9 11.5 1.9 139 14.6

100~

E of
£ F Hm 10.8 1.5 122 127/ 138 143 15.7 17.0
E [ 2

3 /
10 7
E £
F
1t
@ DalaPoint (N = 188)
Unconstrained Fit
Convolution w. short-term dist cha)
| 1 L2 I | 1 | 1 1
] 2 4 & 8 10 12 14 16 18 20
H {m)

Bias Correction: 0% Square factor = 1 Distribution Parameters: Constraint Periods: 1 50 100 200 500 1C
Event Extraction Method: AAP (5.0} Dist. Type: Trunc. Weibull Location = 8.59m
Inter-Event Time: 36.0h Estimation Method: ML . Scale =7.70m
Inter-Event Level: 0.7 Short-Term Dist: Glukhovskiy,,  shape =392

Figure 10.50 Truncated Weibull fit to H based on Glukhovskiy distribution at ljmuiden based on SWns data

The estimated omni-directional extremes at HKZ and HKN (and all other points within the
database area, i.e. +17,000 points) were established based on the full data set. The estimated
distribution and data points together with confidence limits are shown in Figure 10.51 for the
HKZ and in Figure 10.52 for the HKN location based on the SWukzn modelled results covering
the period from 1979-01-01 to 2016-09-01.
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Figure 10.51 Truncated Weibull fit to H based on Forristall distribution at HKZ based on SWrkzn data.
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The 2.5% and 97.5% confidence limits are shown in grey dashed lines.

Hollandse Kust (noord) (4.226E;52.742N;-23.9mMSL)

Extreme H (1979-01-01 - 2016-09-01; T_ = 3h; dt = 1h)SW, ..

Figure 10.52 Truncated Weibull fit to H based on Forristall distribution at HKN based on SWrkzn data.

The 2.5% and 97.5% confidence limits are shown in grey dashed lines.

Providing the directional and monthly extremes for Hmax (and also for the LWL conditions) at all
elements within the database area by using the convolution method would be an extremely
timely task. In order to establish a simple relationship between Hmax and Hmo, the convolution
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method was used to calculate the omni-directional Hmax values at all elements (similar to Figure
10.51 or Figure 10.52) within the database area. Then, the extreme values were devided by the
omni-directional Hmo values (before performing any corrections — similar to the numbers
provided in Figure 10.37 and Figure 10.38). Therefore, a consistent relationship was made at
each element. Figure 10.53 shows the Hmax/Hmo ratio against the water depth at all elements
within the database area for return periods of 1, 50, 100, 1000 and 10000 years. The deviation
of the ratios tends to decrease with increasing water depth as expected. However, at
intermediate water depths, there is a larger variability in the ratio. One of the reasons is the
water level variation, which is somewhat larger in lower water depths. The other reason (and
most importantly) is the change in the shape parameter of the Truncated Weibull distribution at
some elements, resulting in slightly lower extreme significant wave heights and thus higher
ratios. DHI investigated the fit at some of these elements and concluded that the fit follows the
data quite well. But because of the existence of some high wave heights in the data (outliers
from very large storms — for example the largest storm in December 1990), the variance
increases for the very high return periods. Therefore, the deviation in ratios for high return
periods would be higher as seen in Figure 10.53. Instead of taking an average value for each
return period among all elements, the ratio at each element was directly used to derive the
directional and monthly extreme individual wave heights at all the elements. It was considered
to be important to take into account the variability in the ratio due to the water depth, water level
variations and variance in the extreme distributions.

Based on 17307 elements in HKZN area

2.4
+ 1 year return period
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g
i
2.1 T
£
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2 .
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Figure 10.53 Hmax/Hmo ratio at all elements within the HKZN area for various return periods
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Table 10.27 summarises the Hmax/Hmo ratio at HKZ and HKN.

Table 10.27 Hmax/Hmoratio at HKZ and HKN locations for various return periods
Hmax/Hmo ratio for different Tr [years]
Location
1 2 5 10 50 100 1,000 10,000 | Average
HKZ 1.88 1.89 1.90 1.91 1.94 1.95 2.00 2.05 1.94
HKN 1.88 1.88 1.89 1.89 1.90 1.90 1.92 1.95 1.9
The Hmax/Hmo ratios were applied to the optimised extreme significant wave height values at
each element to keep the consistency with regards to the corrections described in Section
10.4.5. Information on breaking waves are given in Section 10.7. According to the analysis and
the probability of breaking, Hmax values above 17m will be experiencing breaking and would not
exist. Therefore, it is recommended to use 17m for the Hmax values if the values given in tables
below are above. This would influence most of the 10,000-year values and some 1,000-year
values.
The recommended values for maximum individual wave height (Hmax) at HKZ and HKN (by
multiplying the values in Table 10.27 to the values in Table 10.22, Table 10.23, Table 10.25 and
Table 10.26) are presented in Table 10.28 to Table 10.31 for directional and monthly scenarios.
Table 10.28 Extreme Hmax [m] at HKZ based on the modelled SWrkzn for the period 1979-2016
Direction Tr [years]
(MWD
[deg N]) 1 2 5 10 50 100 1,000 10,000
Omni 10.1 10.8 11.7 12.3 135 14.0 15.9 18.3
0 10.5 11.2 12.1 12.6 13.8 14.3 16.0 18.3
30 6.5 7.0 7.6 8.0 9.0 9.5 11.1 13.1
60 6.5 7.0 7.6 8.0 9.0 9.5 11.1 13.1
90 6.5 7.0 7.6 8.0 9.0 9.5 11.1 13.1
_ 1120 6.5 7.0 7.6 8.0 9.0 9.5 11.1 13.1
< [ 150 6.5 7.0 7.6 8.0 9.0 9.5 11.1 13.1
180 6.5 7.0 7.6 8.0 9.0 9.5 11.1 13.1
210 9.6 10.2 11.0 11.6 12.9 134 15.5 17.9
240 9.6 10.2 11.0 11.6 12.9 134 15.5 17.9
270 9.6 10.2 11.0 11.6 12.9 134 15.5 17.9
300 10.5 11.2 12.1 12.6 13.8 14.3 16.0 18.3
330 10.5 11.2 12.1 12.6 13.8 14.3 16.0 18.3
Omni 7.9 8.4 8.9 9.4 104 10.8 12.4 14.2
-~ LO 7.2 7.6 8.1 8.5 9.2 9.6 10.7 12.2
» |30 4.1 6.8 7.3 7.7 8.7 9.1 10.7 12.6
% 60 4.1 6.8 7.3 7.7 8.7 9.1 10.7 12.6
S L9 4.1 6.8 7.3 7.7 8.7 9.1 10.7 12.6
= [ 120 4.1 6.8 7.3 7.7 8.7 9.1 10.7 12.6
E 150 4.1 6.8 7.3 7.7 8.7 9.1 10.7 12.6
= 1180 4.1 6.8 7.3 7.7 8.7 9.1 10.7 12.6
T 210 8.4 8.8 9.3 9.7 10.7 11.1 12.6 14.3
= | 240 8.4 8.8 9.3 9.7 10.7 11.1 12.6 14.3
% 270 8.4 8.8 9.3 9.7 10.7 11.1 12.6 14.3
— 1300 7.2 7.6 8.1 85 9.2 9.6 10.7 12.2
330 7.2 7.6 8.1 8.5 9.2 9.6 10.7 12.2
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Table 10.29 Extreme Hmax [Mm] at HKN based on the modelled SWhkzn for the period 1979-2016

Direction Tr [years]
(MWD
[deg N]) 1 2 5 10 50 100 1,000 10,000
Omni 10.7 11.5 12.5 13.2 14.6 15.2 17.3 19.9
0 11.2 12.0 13.0 13.6 15.0 15.5 17.5 20.1
30 7.6 8.2 9.0 9.6 10.9 115 13.8 16.5
60 7.6 8.2 9.0 9.6 10.9 115 13.8 16.5
90 7.6 8.2 9.0 9.6 10.9 115 13.8 16.5
_ 120 7.6 8.2 9.0 9.6 10.9 11.5 13.8 16.5
< [ 150 7.6 8.2 9.0 9.6 10.9 11.5 13.8 16.5
180 7.6 8.2 9.0 9.6 10.9 115 13.8 16.5
210 10.1 10.8 11.7 12.3 13.8 14.4 16.7 19.4
240 10.1 10.8 11.7 12.3 13.8 14.4 16.7 19.4
270 10.1 10.8 11.7 12.3 13.8 14.4 16.7 19.4
300 11.2 12.0 13.0 13.6 15.0 15.5 17.5 20.1
330 11.2 12.0 13.0 13.6 15.0 15.5 17.5 20.1
Omni 8.4 8.9 9.4 9.8 10.7 11.1 12.6 14.3
-~ L0 7.3 7.8 8.4 8.8 9.6 10.0 11.2 12.6
“ | 30 4.6 5.1 5.8 6.3 7.4 7.9 9.6 11.4
é 60 4.6 5.1 5.8 6.3 7.4 7.9 9.6 11.4
9 90 4.6 5.1 5.8 6.3 7.4 7.9 9.6 11.4
— |1.120 4.6 5.1 5.8 6.3 7.4 7.9 9.6 11.4
E 150 4.6 5.1 5.8 6.3 7.4 7.9 9.6 11.4
5 180 4.6 5.1 5.8 6.3 7.4 7.9 9.6 11.4
T | 210 8.2 8.7 9.3 9.7 10.7 11.1 12.5 14.1
= [ 240 8.2 8.7 9.3 9.7 10.7 11.1 12.5 14.1
% 270 8.2 8.7 9.3 9.7 10.7 11.1 12.5 14.1
- | 300 7.3 7.8 8.4 8.8 9.6 10.0 11.2 12.6
330 7.3 7.8 8.4 8.8 9.6 10.0 11.2 12.6

Table 10.30 Monthly extreme Hmax at HKZ- based on the modelled data covering the period 1979-2016-
Recommended for design

Direction Tr [years]

(MWD

[deg N]) 1 2 5 10 50 100 1,000 10,000
Omni 10.1 10.8 11.7 12.3 13.5 14.0 15.9 18.3
Jan 10.6 11.3 12.1 12.7 13.9 14.4 16.2 18.4
Feb 10.6 11.3 12.1 12.7 13.9 14.4 16.2 18.4
Mar 10.6 11.3 12.1 12.7 13.9 14.4 16.2 18.4
Apr 10.6 11.3 12.1 12.7 13.9 14.4 16.2 18.4

_ | .May 7.4 8.1 9.0 9.7 11.4 12.0 14.6 17.8

< [ Jun 7.4 8.1 9.0 9.7 114 12.0 14.6 17.8
Jul 7.4 8.1 9.0 9.7 114 12.0 14.6 17.8
Aug 7.4 8.1 9.0 9.7 11.4 12.0 14.6 17.8
Sep 10.6 11.2 12.0 12.5 13.6 14.1 15.8 18.0
Oct 10.6 11.2 12.0 12.5 13.6 14.1 15.8 18.0
Nov 10.6 11.2 12.0 12.5 13.6 14.1 15.8 18.0
Dec 10.6 11.3 12.1 12.7 13.9 14.4 16.2 18.4

284 11820013 HollandseKust_zuid_noord_MetoceanStudy_Final / mgo/fld/pdg/rbol/ybr — Sept2017





DA

Table 10.31 Monthly extreme Hmax at HKN- based on the modelled data covering the period 1979-2016-
Recommended for design

Direction (MWD Ui
[deg NI]) 1 2 5 10 50 100 1,000 10,000
omni 10.7 11.5 125 13.2 14.6 15.2 17.3 19.9
Jan 11.3 12.1 13.0 13.7 15.0 15.6 17.6 20.1
Feb 11.3 12.1 13.0 13.7 15.0 15.6 17.6 20.1
Mar 11.3 12.1 13.0 13.7 15.0 15.6 17.6 20.1
Apr 11.3 12.1 13.0 13.7 15.0 15.6 17.6 20.1

_ [ May 7.6 8.4 9.4 10.2 11.9 12.7 15.6 19.3

I [Jun 7.6 8.4 9.4 10.2 11.9 12.7 15.6 19.3
Jul 7.6 8.4 9.4 10.2 11.9 12.7 15.6 19.3
Aug 7.6 8.4 9.4 10.2 11.9 12.7 15.6 19.3
Sep 11.2 11.9 12.7 13.2 14.5 15.0 16.8 19.1
Oct 11.2 11.9 12.7 13.2 14.5 15.0 16.8 19.1
Nov 11.2 11.9 12.7 13.2 14.5 15.0 16.8 19.1
Dec 11.3 12.1 13.0 13.7 15.0 15.6 17.6 20.1

The spatial variability of 100-year maximum individual wave heights across the database area is
shown in Figure 10.54.
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Figure 10.54 100-year Hmax across the HKZN area (database area)

10.5.1 Period of extreme individual maximum wave height, Trmax

The wave period associated with the maximum wave height is an important parameter. As no
direct wave measurements or deterministic simulations are available, this will have to be inferred
from the available frequency domain quantities.

Frequency wave spectra were stored at a location near HKZ and HKN. The following stepwise
calculation has been carried out in order to estimate the relationship between maximum wave
height in a sea state and its associated period:
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1. For all the sea states within the period from 2005-01-01 to 2016-01-01, a surface elevation
time series of 1-hour duration has been simulated from the modelled frequency spectrum,
assuming a Gaussian process with random phases

2. A zero-crossing analysis was made on the time series, and the maximum wave and its
period were extracted

After performing the above steps on all the sea states, an expression of the type:
THmax = aHmaxb +c

is fitted to the data (the fit was only made to Hmax higher than 2.5m).

A scatter plot of the data is given in Figure 10.55 and Figure 10.56 for HKZ and HKN
respectively. Based on data, a relation was established between Hmax and Tumax for each of the
guantiles (5%, 25%, 50%, 75%, and 95%).
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Figure 10.55 Scatter plot of wave height and wave period for observed waves at HKZ
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Figure 10.56 Scatter plot of wave height and wave period for observed waves at HKN

Comparing the relationships given in Figure 10.55 (50% estimate) between Hmax and THmax and
the relationship between Hmo and Tp given in Section 9.4.4.1 and taking Hmax~2.0xHmo (based on
the extreme values provided in this report), the most probable wave period associated with the
extreme Hmax would be estimated as 0.88-Tp. This relationship can be applied on values
presented in Table 11.1 (next Chapter) and provided in Section 09.4.10. However, readers
must note that the method explained in Section 11, might result in slightly higher periods as it's
focused on the most extreme events. Nevertheless, the differences are considered to be small
(~0.5-1 second for the 10,000 year event).

The ranges of associated periods are given for omni-directional conditions in Table 10.32 and
Table 10.33 for HKZ and HKN locations. In (DNV, 2014) Section 3.7.4, it is recommended that
the period Thmax Uused in conjunction with Hioo should be varied in the range:

These are given as DNV lower and upper bounds in Table 10.32 and Table 10.33 for HKZ and
HKN locations respectively.
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Table 10.32 Recommended interval of extreme Thmax [S] at HKZ

Tr [years]
Oomni
1 2 5 10 50 100 1,000 1,0000
Lower (DNV) 8.1 8.4 8.7 8.9 9.4 9.6 10.2 10.9
Lower (25%) 8.6 8.9 9.2 9.4 9.8 10.0 10.6 11.4
Z | Central (50%) 9.3 9.6 10.0 10.2 10.7 11.0 11.7 12.6
Upper (75%) | 10.0 | 10.4 | 10.8 | 11.1 | 11.7 12.0 12.9 14.1
Upper (DNV) 10.6 10.9 11.4 11.6 12.2 12.5 13.3 14.2
_ | Lower(DNV) | 7.2 7.4 76 | 7.8 8.2 8.4 9.0 9.7
% Lower (25%) 7.7 7.9 8.1 8.3 8.7 8.9 9.4 10.1
2 [ Central (50%) | 83 | 85 88 | 9.0 9.4 9.6 10.3 11.0
E Upper (75%) 9.0 9.2 9.5 9.7 10.2 10.4 11.2 12.1
Upper DNV) | 93 | 9.6 9.9 | 102 | 107 10.9 11.7 12.6

Table 10.33 Recommended interval of extreme Thmax [S] at HKN

Tr [years]

omni
1 2 5 10 50 100 1,000 | 1,0000
Lower (DNV) | 8.4 8.7 9.0 | 9.3 9.7 9.9 10.6 11.4
Lower (25%) | 9.1 9.5 99 |[101 | 107 10.9 11.7 12.6
Z | Central (50%) | 9.8 | 10.1 | 10.6 | 109 | 11.5 11.8 12.7 13.8
Upper (75%) | 10.5 | 11.0 | 11.4 | 118 | 125 12.8 13.9 15.3
Upper (DNV) | 10.9 | 11.3 | 11.7 | 121 | 127 12.9 13.8 14.8
_ | Lower (DNV) | 7.4 7.6 78 | 80 8.4 8.5 9.0 9.6
£ | Lower (25%) | 8.1 8.3 86 | 87 9.1 9.3 9.9 10.5
2 | Central (50%) | 8.7 8.9 9.2 9.3 9.8 10.0 10.6 11.4
§ Upper (75%) | 9.4 9.6 99 |101| 105 10.7 11.5 12.3
Upper (DNV) | 9.6 9.9 10.2 | 104 | 10.9 11.1 11.8 12.5

10.5.2 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 wave height distribution was calculated for each sea state above the threshold in each
individual storm. The short-term distribution of H conditional on H,,,o, P(h|H,,), was assumed to
follow the empirical distributions by Forristall, (Forristall G. Z., 1978)
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h 2.126
P(thmO) =1- exp\ — <m> (102)
. m

The wave height probability distribution was then given by the following product over the n sea
states making up the storm:

Nsea states

Nwaves,j
P(H,,,. <h) = 1_[ P(R|Hyno, )" (10.3)

j=1

with the number of waves in each sea state, N, 4,5, b€iNg estimated by calculating the mean
zero-crossing period over the sea state. The most probable storm maximum wave, H,,,, is

found by solving:

1
P(Hmax < h) = ; (10.4)

for h. Itis shown in the original work by (Tromans, P.S. and Vanderschuren, L., 1995) that
ed. (10.3) converges to a generalised Gumbel distribution:

no\®
P(Hpax <h)~exp| —exp| —InN ((H_) - 1) (10.5)

mp

where « is the shape factor of the wave height distribution (2.126 in the Forristall 1978
distribution, (European standard, 2005)) and N is an equivalent number of waves in the storm.

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 more narrow 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. only within a very few one-hour sea states).

This property is used in the 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 storm peak, H,,, hereafter termed H,, p, oq, @nd storm
duration given by the Gauss-bell standard deviation, o.4y, as:

N(t)2>

202

Hpg ® = HmO,p,eq X exp <_
eqN

(10.6)

N (t) is the number of waves away from the peak at time, t, and can be converted to time
before/after by use of the mean wave period. The value is negative before the peak and
positive after.

Best-fit values of the peak and standard deviation of the Gauss-bell shaped storm were 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 minimisation is carried
out as follows:

Sea states with H,,o < 0.75 X Hpg . are found to have insignificant impact on the distribution of

storm maximum wave height and can be neglected. From eq. (10.6), we have that the Gauss-
bell shaped storm will cross under 75% of H,,,, ., at a distance from the peak of 0.7590,,y

waves. Hence, we create an evenly-spaced vector, N’n,smrm, of n points ranging from
—0.7590,,4y t0 0.7590,,y and evaluate H,,, along this vector:
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(10.7)

]V 2
= n,storm
Hpo (Nn,storm) = HmO,p,eq Xexp|— 252
UeqN

Each point along this vector represents a sea state of 1.52a,,y/n waves. The distribution of the
maximum wave in the storm is now given by eq. (10.3), i.e.:

n

P(Hmax < h) = l_[P (thmO(ﬁn,storm,j)
j=1

1.520¢gN /N
) (10.8)

The probability density is obtained by numerical differentiation of eq. (10.8) and the squared
difference of this density and that of the actual storm is computed. Minimisation of the squared
difference is carried out by changing the values of H,, ,, . and o4y, Whereby best fit values of
these parameters are obtained.

DHI’'s experience indicates that the Gauss-bell shape is preferred over the box-shaped storm
profile, as its shape is more realistic, and the intensity parameter, H, , ., has some similarity
with the storm peak, H,,,, of the true storm.

Figure 10.57 shows the In(o,,y) (denoted as N in the figure) against the H,, , ., at HKZ. Then,
a linear fit has been made together with 95% confidence limits. Using the extreme values
provided in Table 10.22 and Table 10.23 together with their associated period, the duration of
the storms for different return periods was calculated using the linear fits shown in Figure 10.57
and the definitions given above. An average was taken between the results at HKZ and HKN as
they were very similar, and it is believed that the storm structure is quite similar between the two
points. Table 10.34 summarises the results and presents the storm duration (in hours) for
different return periods at HKZN area. The durations given here are specified as from
upcrossing of 75% H,, , .qt0 downcrossing of the same.
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Figure 10.57 Number of wave (in logarithmic scale) agains the significant wave height at HKZ
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Table 10.34 Storm duration [hour] at HKZN area for different return periods [years]

Tr [years]
Item
1 2 5 10 50 100 1,000 10,000
Omni Hmoat HKZ [m] 5.4 5.7 6.2 6.4 7.0 7.2 8.0 8.9
To2 associated to omni
Hmoat HKZ [m] 7.5 7.8 8.2 8.5 8.9 9.1 9.7 10.3
Omni Hmo at HKN [m] 5.7 6.1 6.6 7.0 7.7 8.0 9.0 10.2
To2 associated to omni
Hmo at HKN [m] 7.9 8.2 8.6 8.9 9.5 9.7 10.5 11.4
Storm duration [hours] - |, , 10.9 10.4 10.2 95 93 8.4 7.4
5% confidence limit
Storm duration [hours] —
50% confidence limit 13.3 13.0 12.6 12.4 11.7 11.5 10.6 9.5
Storm duration [hours] - |, . o 15.6 152 15.1 145 14.2 13.4 123
95% confidence limit

10.6

Extreme crest height

The maximum individual crest height was estimated using the convolution method by (Tromans,
P.S. and Vanderschuren, L., 1995). The method is described in Appendix B.

The individual crest heights were assumed to follow the distribution proposed by (Forristall G. Z.,
2000).

The analysis was carried out for the crest height above SWL and MSL. The link between water
level and crest height was derived by adding the water level to the crest height distribution for
each sea state during the integration of short-term distribution over storms.

The truncated Weibull distribution fitted with the threshold selected with an annual average of
5 events/year provided a good fit to data, and is in accordance with the extreme value analysis
of Hmo. The estimated distribution and data points are shown in Figure 10.58 (MSL) and Figure
10.59 (SWL) for location HKZ. The results at HKN are presented in Figure 10.60 (MSL) and
Figure 10.61 (SWL).
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Figure 10.58 Truncated Weibull distribution fitted to Cmp data at HKZ (mMSL)
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Figure 10.59 Truncated Weibull distribution fitted to Cmp data at HKZ (mSWL)
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Figure 10.60 Truncated Weibull distribution fitted to Cmp data at HKN (mMSL)
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Figure 10.61 Truncated Weibull distribution fitted to Cmp data at HKN (mSWL)
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Providing the directional and monthly extremes for Cmax (and also for the LWL conditions) at all
elements within the database area by using the convolution method would be an extremely
timely task. In order to establish a simple relationship between Cmax and Hmo, the convolution
method was used to calculate the omni-directional Cmax values at all elements (similar to Figure
10.58 to Figure 10.61) within the database area. Then, the extreme values were devided by the
omni-directional Hmo values (before performing any corrections — similar to the numbers
provided in Figure 10.37 and Figure 10.38). Therefore, a consistent relationship was made at
each element. Figure 10.62 and Figure 10.63 show the Cmax/Hmo (MMSL) and Cmax/Hmo (MSWL)
ratio against the water depth at all elements within the database area for return periods of 1, 50,
100, 1000 and 10000 years. The deviation of the ratios tends to decrease with increasing water
depth as expected. Instead of taking an average value for each return period among all
elements, the ratio at each element was directly used to derive the directional and monthly
extreme individual crest heights at all the elements. Similar to Hmax, it was considered to be
important to take into account the variability in the ratio due to the water depth, water level
variations and variance in the extreme distributions.

Based on 17307 elements in HKZN area
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Figure 10.62 Cmax/Hmo (MMSL) ratio at all elements within the HKZN area for various return periods
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Based on 17307 elements in HKZN area
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Figure 10.63 Cmax/Hmo (MSWL) ratio at all elements within the HKZN area for various return periods

Table 10.36 summarises the Cmax/Hmo ratio at HKZ and HKN.

Table 10.35 Cmax/Hmo ratio at HKZ and HKN locations for various return periods
Location Hmax/Hmo ratio for different Tr [years]
1 2 5 10 50 100 1,000 10,000 Average
HKZ mMSL 1.48 1.50 1.53 1.56 1.61 1.63 1.71 1.78 1.60
mSWL 1.18 1.20 1.22 1.23 1.26 1.28 1.33 1.38 1.26
HKN mMSL 1.46 1.49 1.51 1.53 1.57 1.59 1.65 1.71 1.57
mSWL 1.20 1.21 1.22 1.23 1.25 1.26 1.29 1.32 1.25

Recommended directional and monthly extreme values are presented in Table 10.36 to Table
10.43 for locations HKZ and HKN and relative to MSL and SWL respectively. In order to convert
the Cmax values to correspond to LAT, all the values presented in Table 10.36 and Table 10.37
have to be increased by 0.9m (MSL-LAT at HKZ). Values in Table 10.40 and Table 10.41 have
to be increased by 1.1m (MSL-LAT) to correspond to LAT at HKN.

It has to be mentioned that the correction introduced in Section 10.4 has been applied to all the
numbers presented here.
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Table 10.36 Extreme directional Cmax [MMSL] at HKZ for total and low water level conditions

Direction (MWD Tr [years]
[deg N]) 1 P 5 10 50 100 1,000 10,000
Omni 7.9 8.6 9.4 10.0 11.2 11.8 13.6 15.9
0 8.3 8.9 9.7 10.3 11.5 12.0 13.7 16.0
30 5.1 5.5 6.1 6.5 75 7.9 9.5 11.5
60 5.1 5.5 6.1 6.5 75 7.9 9.5 11.5
90 5.1 5.5 6.1 6.5 75 7.9 9.5 11.5
_ [120 5.1 5.5 6.1 6.5 75 7.9 9.5 11.5
% [150 5.1 5.5 6.1 6.5 75 7.9 9.5 11.5
180 5.1 5.5 6.1 6.5 75 7.9 9.5 11.5
210 7.5 8.1 8.9 9.4 10.7 11.3 13.3 15.6
240 7.5 8.1 8.9 9.4 10.7 11.3 13.3 15.6
270 7.5 8.1 8.9 9.4 10.7 11.3 13.3 15.6
300 8.3 8.9 9.7 10.3 11.5 12.0 13.7 16.0
330 8.3 8.9 9.7 10.3 11.5 12.0 13.7 16.0
omni 6.2 6.6 7.2 7.6 8.6 9.1 10.6 12.4
. 0 5.7 6.0 6.5 6.9 7.7 8.0 9.2 10.6
7 |30 5.0 5.4 5.9 6.3 7.2 7.6 9.1 11.0
S [ 60 5.0 5.4 5.9 6.3 7.2 7.6 9.1 11.0
5§ [90 5.0 5.4 5.9 6.3 7.2 7.6 9.1 11.0
Y | 120 5.0 5.4 5.9 6.3 7.2 7.6 9.1 11.0
2 [150 5.0 5.4 5.9 6.3 7.2 7.6 9.1 11.0
T | 180 5.0 5.4 5.9 6.3 7.2 7.6 9.1 11.0
g 210 6.6 7.0 7.5 7.9 8.9 9.3 10.8 12.5
= [ 240 6.6 7.0 75 7.9 8.9 9.3 10.8 12.5
8 [270 6.6 7.0 75 7.9 8.9 9.3 10.8 12.5
300 5.7 6.0 6.5 6.9 7.7 8.0 9.2 10.6
330 5.7 6.0 6.5 6.9 7.7 8.0 9.2 10.6
Table 10.37 Extreme directional Cmax [MMSL] at HKN for total and low water level conditions
Direction (MWD Tr [years]
[deg N]) 1 2 5 10 50 100 1,000 10,000
Oomni 8.4 9.1 10.0 10.7 12.1 12.7 14.8 17.4
0 8.7 9.5 10.4 11.0 12.4 13.0 15.0 17.6
30 5.9 6.5 7.2 7.7 9.0 9.6 11.8 14.5
60 5.9 6.5 7.2 7.7 9.0 9.6 11.8 14.5
90 5.9 6.5 7.2 7.7 9.0 9.6 11.8 14.5
_ [120 5.9 6.5 7.2 7.7 9.0 9.6 11.8 14.5
Z [150 5.9 6.5 7.2 7.7 9.0 9.6 11.8 14.5
180 5.9 6.5 7.2 7.7 9.0 9.6 11.8 14.5
210 7.9 8.5 9.3 10.0 11.4 12.0 14.3 17.0
240 7.9 8.5 9.3 10.0 11.4 12.0 14.3 17.0
270 7.9 8.5 9.3 10.0 11.4 12.0 14.3 17.0
300 8.7 9.5 10.4 11.0 12.4 13.0 15.0 17.6
330 8.7 9.5 10.4 11.0 12.4 13.0 15.0 17.6
omni 6.5 7.0 75 7.9 8.9 9.3 10.8 12.5
_|o 6.1 6.5 7.0 7.4 8.2 8.6 9.8 11.3
7 |30 5.7 6.1 6.6 7.0 7.9 8.4 9.9 11.7
= [ 60 5.7 6.1 6.6 7.0 7.9 8.4 9.9 11.7
5§ [90 5.7 6.1 6.6 7.0 7.9 8.4 9.9 11.7
v 120 5.7 6.1 6.6 7.0 7.9 8.4 9.9 11.7
5 150 5.7 6.1 6.6 7.0 7.9 8.4 9.9 11.7
5 | 180 5.7 6.1 6.6 7.0 7.9 8.4 9.9 11.7
g [210 6.9 7.3 7.8 8.2 9.2 9.6 11.0 12.6
=z [ 240 6.9 7.3 7.8 8.2 9.2 9.6 11.0 12.6
S 270 6.9 7.3 7.8 8.2 9.2 9.6 11.0 12.6
300 6.1 6.5 7.0 7.4 8.2 8.6 9.8 11.3
330 6.1 6.5 7.0 7.4 8.2 8.6 9.8 11.3
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Table 10.38 Extreme directional Cmax [MSWL] at HKZ for total and low water level conditions

Direction (MWD Tr [years]
[deg NJ) 1 2 5 10 50 100 1,000 10,000
omni 6.4 6.9 75 7.9 8.8 9.2 10.6 12.3
0 6.6 7.1 7.7 8.1 9.0 9.4 10.7 12.3
30 4.1 4.4 4.8 5.1 5.9 6.2 7.4 8.9
60 4.1 4.4 4.8 5.1 5.9 6.2 7.4 8.9
90 4.1 4.4 4.8 5.1 5.9 6.2 7.4 8.9
120 4.1 4.4 4.8 5.1 5.9 6.2 7.4 8.9
Z | 150 4.1 4.4 4.8 5.1 5.9 6.2 7.4 8.9
180 4.1 4.4 4.8 5.1 5.9 6.2 7.4 8.9
210 6.0 6.5 7.0 7.4 8.4 8.8 10.3 12.1
240 6.0 6.5 7.0 7.4 8.4 8.8 10.3 12.1
270 6.0 6.5 7.0 7.4 8.4 8.8 10.3 12.1
300 6.6 7.1 7.7 8.1 9.0 9.4 10.7 12.3
330 6.6 7.1 7.7 8.1 9.0 9.4 10.7 12.3
Omni 5.0 5.3 5.7 6.0 6.8 71 8.2 9.6
_|o 4.5 4.8 5.2 5.5 6.0 6.3 7.1 8.2
7 [30 4.0 4.3 47 5.0 5.6 6.0 7.1 8.5
= |60 4.0 4.3 4.7 5.0 5.6 6.0 7.1 8.5
E [90 4.0 4.3 4.7 5.0 5.6 6.0 7.1 8.5
v [120 4.0 4.3 4.7 5.0 5.6 6.0 7.1 8.5
2 [150 4.0 4.3 47 5.0 5.6 6.0 7.1 8.5
5 | 180 4.0 4.3 4.7 5.0 5.6 6.0 7.1 8.5
g | 210 5.3 5.6 6.0 6.3 7.0 7.3 8.4 9.6
> | 240 5.3 5.6 6.0 6.3 7.0 7.3 8.4 9.6
3 [270 5.3 5.6 6.0 6.3 7.0 7.3 8.4 9.6
300 4.5 4.8 5.2 5.5 6.0 6.3 7.1 8.2
330 4.5 4.8 5.2 5.5 6.0 6.3 7.1 8.2

Table 10.39 Extreme directional Cmax [MSWL] at HKN for total and low water level conditions

Direction (MWD Tr [years]
[deg NJ) 1 2 5 10 50 100 1,000 10,000
omni 6.8 7.4 8.1 8.6 9.6 10.0 11.5 13.5
0 7.1 7.7 8.4 8.9 9.8 10.2 11.7 13.6
30 4.8 5.3 5.8 6.2 7.2 7.6 9.2 11.1
60 4.8 5.3 5.8 6.2 7.2 7.6 9.2 11.1
90 4.8 5.3 5.8 6.2 7.2 7.6 9.2 11.1
_ [120 4.8 5.3 5.8 6.2 7.2 7.6 9.2 11.1
Z | 150 4.8 5.3 5.8 6.2 7.2 7.6 9.2 11.1
180 4.8 5.3 5.8 6.2 7.2 7.6 9.2 11.1
210 6.4 6.9 75 8.0 9.0 9.5 11.1 13.1
240 6.4 6.9 75 8.0 9.0 9.5 11.1 13.1
270 6.4 6.9 75 8.0 9.0 9.5 11.1 13.1
300 7.1 7.7 8.4 8.9 9.8 10.2 11.7 13.6
330 7.1 7.7 8.4 8.9 9.8 10.2 11.7 13.6
omni 5.3 5.7 6.1 6.4 7.1 7.4 8.4 9.6
_|o 5.0 5.3 5.7 6.0 6.5 6.8 7.6 8.7
7 [30 4.6 4.9 5.3 5.6 6.3 6.6 7.7 9.1
s [60 4.6 4.9 5.3 5.6 6.3 6.6 7.7 9.1
E [90 4.6 4.9 5.3 5.6 6.3 6.6 7.7 9.1
Y [120 4.6 4.9 5.3 5.6 6.3 6.6 7.7 9.1
S | 150 4.6 4.9 5.3 5.6 6.3 6.6 7.7 9.1
5 | 180 4.6 4.9 5.3 5.6 6.3 6.6 7.7 9.1
g [ 210 5.7 6.0 6.3 6.6 7.3 75 8.5 9.7
2 | 240 5.7 6.0 6.3 6.6 7.3 75 8.5 9.7
5 [ 270 5.7 6.0 6.3 6.6 7.3 75 8.5 9.7
300 5.0 5.3 5.7 6.0 6.5 6.8 7.6 8.7
330 5.0 5.3 5.7 6.0 6.5 6.8 7.6 8.7
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Table 10.40 Monthly extreme Cmax (MMSL) at HKZ- based on the modelled data covering the period
1979-2016- Recommended for design

Direction (MWD JRllyears]
[deg N]) 1 2 5 10 50 100 1,000 10,000
Oomni 7.9 8.6 9.4 10.0 11.2 11.8 13.6 15.9
Jan 8.3 9.0 9.8 10.3 11.5 12.0 13.8 16.1
Feb 8.3 9.0 9.8 10.3 115 12.0 13.8 16.1
Mar 8.3 9.0 9.8 10.3 11.5 12.0 13.8 16.1
Apr 8.3 9.0 9.8 10.3 11.5 12.0 13.8 16.1

_ [ May 5.8 6.4 7.3 7.9 9.4 10.1 12.5 15.5

Z [Jun 5.8 6.4 7.3 7.9 9.4 10.1 125 15.5
Jul 5.8 6.4 7.3 7.9 9.4 10.1 125 15.5
Aug 5.8 6.4 7.3 7.9 9.4 10.1 12.5 15.5
Sep 8.3 8.9 9.7 10.2 11.3 11.8 13.5 15.7
Oct 8.3 8.9 9.7 10.2 11.3 11.8 13.5 15.7
Nov 8.3 8.9 9.7 10.2 11.3 11.8 135 15.7
Dec 8.3 9.0 9.8 10.3 115 12.0 13.8 16.1

Table 10.41 Monthly extreme Cmax (MMSL) at HKN- based on the modelled data covering the period
1979-2016- Recommended for design

Direction (MWD Ui 7zl
[deg NI) 1 2 5 10 50 100 1,000 | 10,000
Oomni 8.4 9.1 10.0 10.7 12.1 12.7 14.8 17.4
Jan 8.8 9.5 10.4 11.1 12.5 13.0 15.1 17.7
Feb 8.8 9.5 10.4 11.1 125 13.0 15.1 17.7
Mar 8.8 9.5 10.4 11.1 125 13.0 15.1 17.7
Apr 8.8 9.5 10.4 11.1 125 13.0 15.1 17.7
[ Mav 5.9 6.6 75 8.2 9.9 10.6 13.4 16.9
< [Jun 5.9 6.6 7.5 8.2 9.9 10.6 13.4 16.9
Jul 5.9 6.6 7.5 8.2 9.9 10.6 13.4 16.9
Aug 5.9 6.6 7.5 8.2 9.9 10.6 13.4 16.9
Sep 8.7 9.4 10.2 10.7 12.0 12.5 14.4 16.8
Oct 8.7 9.4 10.2 10.7 12.0 125 14.4 16.8
Nov 8.7 9.4 10.2 10.7 12.0 12.5 14.4 16.8
Dec 8.8 9.5 10.4 111 125 13.0 15.1 17.7

Table 10.42 Monthly extreme Cmax (MSWL) at HKZ- based on the modelled data covering the period
1979-2016- Recommended for design

Direction (MWD UR(YEE]
[deg NJ) 1 2 5 10 50 100 1,000 | 10,000
Oomni 6.4 6.9 75 7.9 8.8 9.2 10.6 12.3
Jan 6.7 7.2 7.8 8.2 9.0 9.4 10.7 12.4
Feb 6.7 7.2 7.8 8.2 9.0 9.4 10.7 12.4
Mar 6.7 7.2 7.8 8.2 9.0 9.4 10.7 12.4
Apr 6.7 7.2 7.8 8.2 9.0 9.4 10.7 12.4
_ [ Mav 4.6 5.1 5.8 6.3 7.4 7.9 9.7 12.0
< [Jun 4.6 5.1 5.8 6.3 7.4 7.9 9.7 12.0
Jul 4.6 5.1 5.8 6.3 7.4 7.9 9.7 12.0
Aug 4.6 5.1 5.8 6.3 7.4 7.9 9.7 12.0
Sep 6.7 7.1 7.7 8.0 8.9 9.2 10.5 12.1
Oct 6.7 7.1 7.7 8.0 8.9 9.2 10.5 12.1
Nov 6.7 7.1 7.7 8.0 8.9 9.2 10.5 12.1
Dec 6.7 7.2 7.8 8.2 9.0 9.4 10.7 12.4
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Table 10.43 Monthly extreme Cmax (MSWL) at HKN- based on the modelled data covering the period
1979-2016- Recommended for design

Direction (MWD Ui
[deg NI]) 1 2 5 10 50 100 1,000 10,000
Oomni 6.8 7.4 8.1 8.6 9.6 10.0 11.5 13.5
Jan 7.2 7.7 8.4 8.9 9.9 10.3 11.8 13.6
Feb 7.2 7.7 8.4 8.9 9.9 10.3 11.8 13.6
Mar 7.2 7.7 8.4 8.9 9.9 10.3 11.8 13.6
Apr 7.2 7.7 8.4 8.9 9.9 10.3 11.8 13.6
_ [ May 4.9 5.4 6.1 6.6 7.9 8.4 10.5 13.0
I [Jun 4.9 5.4 6.1 6.6 7.9 8.4 10.5 13.0
Jul 4.9 5.4 6.1 6.6 7.9 8.4 10.5 13.0
Aug 4.9 5.4 6.1 6.6 7.9 8.4 10.5 13.0
Sep 7.1 7.6 8.2 8.6 9.5 9.9 11.2 12.9
Oct 7.1 7.6 8.2 8.6 9.5 9.9 11.2 12.9
Nov 7.1 7.6 8.2 8.6 9.5 9.9 11.2 12.9
Dec 7.2 7.7 8.4 8.9 9.9 10.3 11.8 13.6

The spatial variability of 100-year maximum crest heights across the database area is shown in
Figure 10.54.
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Figure 10.64 100-year Cmax across the HKZN area (database area)

10.7 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 (Goda, 2010) 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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by {1 —exp (—1.572— (1+11tan ‘”39)>} (10.9)
0

where L, is the deepwater wavelength, h the water depth and 6 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 breaker height formulation by Goda has been combined with the distribution of extreme sea
states here to predict the probability that the maximum waves in storms are breaking. The
formula requires the wave height and wave period of individual waves. These have been
estimated from linear wave theory simulations of surface elevation time series in extreme sea
states, followed by zero-crossing analysis. Even though linear wave theory will definitely not
give the right crest heights or wave shapes, it is considered reasonably accurate in predicting
the zero-crossing wave height and wave periods in a sea state. The fact that the linear
simulation will yield wave heights closely following the Boccotti distribution (Boccotti, 1983) has
been used to scale the simulated wave heights to match the Forristall distribution. The
approach is as follows:

1. Sample a number of threshold exceeding storm events from the Poisson distribution with

arrival rate of 5 events/year (see Section 10.4)

2. For each storm:

a. Sample a storm peak H,,, from its (truncated Weibull) extreme value distribution

b.  Sample T, from conditional distribution of H,,,

c. Assuming a JONSWAP spectral shape, conduct linear simulation to provide H and T
and use the Boccotti distribution to scale the wave heights to match the Forristall
distribution

d. Deduct Goda’s A parameter for the largest wave in the storm and sample breaking/
non-breaking with probability varying linearly from O at A = 0.12to 1 at A = 0.18. The
linearly increasing breaking probability, as function of 4 is based on (Goda, 2010).

3. Count number of breaking waves relative to all waves (= breaking probability)

Figure 10.65 shows the result of a simulation corresponding to 10,000 years. It is clearly seen
how the breaking probability increases as the storm wave height increases, partly because of an
increase in sea state steepness, but primarily because the wave height to water depth ratio
increases.
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Figure 10.65 Maximum storm waves, Hy,qx VS Thmax (top), and probability that maximum wave is breaking
as function of its height (bottom). 2Hz resolution has been used in the linear simulation,
hence the banded appearance of Tyax-

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 at 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. Based on the analysis above, Hmax values above 17m would be experiencing
breaking and could not exist.

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. (Tychsen, Risvig, & Hansen, 2016) 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 1ISO
standards.
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The approach of (Tychsen, Risvig, & Hansen, 2016) 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 (Wienke & Oumeraci, 2005)
developed a model for plunging breaking wave impact. Their paper also includes a summary of
earlier breaking wave load models. Another approach for steep near-breaking and breaking
waves is outlined in (Hansen & Kofoed-Hansen, 2017), following the method by (Nestegard, et
al., 2004).

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.
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11 Joint Metocean Conditions

Joint probability analyses of significant wave heights and wind speed, depth-integrated currents,
total water levels and peak wave periods were conducted for both positions HKZ and HKN,
according to the method presented in Appendix B.7. The results are shown in Figure 11.1 to
Figure 11.4, and summarised in Table 11.1. Tumax Values are based on the relationship
discussed in Section 10.5.1.

The extreme wave heights are strongly correlated with the wind speed, and are also correlated
with high water levels. On the contrary, no clear relation was observed between extreme wave
heights and currents. These results are presented for the purpose of extracting combinations of
the given parameters (for example Hmo-WL or Hmo-Tp) to be used for design. However, the Hmo
values along the contours are according to the model results, i.e. they have not been scaled.

Table 11.1  Extreme values of Hmo and conditioned parameters at HKZ and HKN

Conditioned . HKZ : HKN
parameter Humo [m] Conditioned parameter value Himo [m] Conditioned parameter value
5% 50% 95% 5% 50% 95%
Uao, 2h, 1yr [M/S] 5.4 16.1 21.2 25.1 5.7 16.5 21.6 254
U1o, 2h, 2yr [M/S] 57 16.7 22.1 26.3 6.1 17.1 22.6 26.7
U1o, 2h, syr [M/s] 6.2 17.6 23.3 27.9 6.6 18.0 23.8 28.3
U1, 2h, 10yr [M/S] 6.4 18.1 24.1 29.0 7.0 18.4 24.6 29.4
U1o, 2h, s0yr [M/S] 7.0 19.4 26.0 31.6 7.7 19.7 26.4 32.0
U10, 2h, 100yr [M/S] 7.2 19.9 26.7 32.6 8.0 20.2 27.2 33.0
WLy [MLAT] 5.4 0.9 2.1 3.0 5.7 11 2.3 3.2
WL 2yr [MLAT] 5.7 11 2.3 3.2 6.1 13 25 34
WL syr [MLAT] 6.2 14 2.5 3.4 6.6 1.6 2.7 3.7
WL 10yr [MLAT] 6.4 1.6 2.7 3.6 7.0 1.7 29 4.0
WL soyr [MLAT] 7.0 1.9 3.0 4.0 7.7 2.0 3.2 4.4
WL 100yr [MLAT] 7.2 2.1 3.2 4.2 8.0 2.1 3.4 4.7
CStot, 1yr [M/S] 5.4 0.1 0.4 0.7 5.7 0.1 0.5 0.8
CS tot, 2yr [M/S] 5.7 0.1 0.5 0.7 6.1 0.1 0.5 0.8
CS tot, 5yr [M/S] 6.2 0.1 0.5 0.7 6.6 0.1 0.5 0.8
CS tot, 10yr [M/S] 6.4 0.1 0.5 0.7 7.0 0.1 0.5 0.8
CS tot, 50yr [M/S] 7.0 0.2 0.5 0.7 7.7 0.1 0.5 0.8
CS tot, 100yr [M/S] 7.2 0.2 0.5 0.7 8.0 0.1 0.5 0.8
Tp, 1yr [S] 5.4 8.9 9.9 11.2 5.7 9.1 10.2 11.5
Tp, 2yr [S] 57 9.1 10.2 11.6 6.1 9.5 10.6 12.0
Tp, syr [S] 6.2 9.6 10.7 12.2 6.6 9.8 11.2 12.7
Tp, 10yr [S] 6.4 9.8 11.1 12.7 7.0 10.2 11.6 13.2
Tp, 50yr [S] 7.0 10.7 12.1 13.7 7.7 11.0 12.7 14.4
Tp, 100yr [S] 7.2 11.1 12.6 14.2 8.0 11.4 13.1 14.9
THmax, 1yr [S] 5.4 7.8 8.7 9.8 57 8.0 9.0 10.1
THmax, 2yr [S] 5.7 8.0 9.0 10.2 6.1 8.4 9.4 10.6
THmax, 5yr [S] 6.2 8.4 9.4 10.7 6.6 8.7 9.9 11.2
THmax, 10yr [S] 6.4 8.7 9.8 111 7.0 9.0 10.2 11.6
THmax, soyr [S] 7.0 9.4 10.7 12.1 7.7 9.7 11.1 12.7
ThHmax, 100yr [S] 7.2 9.7 111 125 8.0 10.0 115 131
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Figure 11.1  Joint probability results at HKZ. Extreme wind speeds (top) and water levels (bottom) associated to
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Figure 11.2  Joint probability results at HKZ. Extreme current speeds (top) and peak wave periods (bottom) associated

to extreme significant wave heights
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Figure 11.3  Joint probability results at HKN. Extreme wind speeds (top) and water levels (bottom) associated to
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Figure 11.4  Joint probability results at HKN. Extreme current speeds (top) and peak wave periods (bottom) associated
to extreme significant wave heights
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12 Other Metocean Variables

Ocean temperature, salinity and density were obtained from DHI’s three-dimensional (3D)
hindcast of the North Sea from 8 full years covering 2006 to 2013. Two locations (HKN and
HKZ) were used to assess seasonal features.

Air temperature and density were obtained from CFSR winds at HKN and HKZ points.

12.1 Sea temperature, salinity and density

Figure 12.1 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,
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 CFS shows the same patters, 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.
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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 12.2 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 12.3.
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12.2 Air temperature and density
Figure 12.4 presents the air temperature and air density, which shows a clear seasonality
peaking in July and August with temperatures of up to 26°C and producing a reduction of air
density.
HKZ
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Figure 12.4  Monthly statistics of air temperature (top panel) and air density (bottom panel)
12.3 Extreme temperature

In order to estimate the extreme air temperature at HKZ, more than 37 years of CFSR data were
used, and a Truncated Weibull distribution was fitted to the average annual peak of 5 events.
Figure 12.5 shows the fitted distribution along with extreme high temperature values at 1, 2, 5,
10, 50 and 100-year return periods. Same approach was applied for low temperatures.

Figure 12.6 shows the IPCC AR5 (2013) future scenarios regarding global warming!©. Taking
the RCP6.0 scenario which is a rather conservative approach (comparing to other scenarios),
the extreme air temperatures at HKZ were estimated and included in Table 12.1.

Note that there are inevitable uncertainties in future external forcings, and the climate system’s
response to them, which are further complicated by internally generated variability.

10 https://www.ipcc.ch/publications_and_data/ar4/wgl/en/spmsspm-projections-of.html
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1950

2000

2050 2100 2081-2100 mean

Global sea temperature warming scenarios using the IPCC AR5 (2013) guideline.
Thin lines denote one ensemble member per model, thick lines the CMIP5 multi-model

mean. On the right-hand side, the 51, 25", 50" (median), 75" and 95" percentiles of the
distribution of 20-year mean changes are given for 2081-2100 in the four RCP scenarios
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Table 12.1  Recommended extreme air temperature values for different return periods at HKZ

12.4 Ice accretion

Icing of wind turbines can affect the performance as well as causing fatigue of the structure
through modification of the hydrodynamic and aerodynamic properties. The two main
processes, which result in icing, or ice accretion, on wind turbines are meteorological conditions
such as freezing rain, snow and freezing fog, and marine conditions such as freezing sea spray

from breaking waves.

Figure 12.7 Example of ice accretion on wind turbine blades (Source: https://www.novascientia.net)
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The wind turbine blades are most likely to be affected by meteorological conditions due to their
height above sea level. Low wind speeds (<10ms-1) and cool air temperatures (-20 - 0°C) allow
for an environment conducive to icing (1ISO19906, 2010). Super cooled water droplets landing
on sub-zero surfaces result in icing, which could reach diameters of 1-2cm. Dry snow is unlikely
to stick to surfaces, unless it is damped on contact by other forms of precipitation or sea spray.

Whilst unlike to directly impact the turbine blades, freezing marine sea spray can have an effect
on the turbine base as well as vessels accessing the turbine base. Water droplets can become
airborne, as a result of winds (>10 ms™), off the peak of waves caused by wind or vessel wake.
Marine spray can reach altitudes of up to around 20m above sea level. The threshold for marine
icing to occur, as outlined in (1ISO19906, 2010) are an air temperature of sub-zero temperatures
(<-2°C) and the seawater temperature being less than 8°C. When the water droplets make
contact with a sub-zero surface, whether it be the base of the wind turbine or vessels in the
area, icing is likely to occur.

As a way to quantify the effects of marine icing, Table 12.2 compares the CFSR air temperature
and CFSR SST at HKZ when the CFSR wind speeds were greater than 10ms-1. Wind speeds
were only above 10ms? for 21.4% of the CFSR air and sea temperature time series.

Table 12.2  Joint assessment of CFSR air temperature against CFSR SST for wind speeds greater than 10ms
Frequency of Occurrence [% of all] (1979-01-01 - 2016-03-01; Ta = 3h; dt=1h)All
Ta' [*C.] - CFSR Air Temperature
[10-8f [-8-6[ [-6--4[ [-4-2[ [-2-00 [0-2[ [2-4[ [4-6[ [6-8 [8-10[ Mo12[ M2-14[ [14-16[ [M6-18 [18-20[ [20-22 [22-24] [24-26] [26-28[ Total Accum
[22-24] - - - - - - - 21484
oz - - - - - - - - - o Y - - - - bon | A4t
ez - - - - - - - - [oms | am | mem | e | om - - oan  2id
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o | DerE - - - - - - [eme oo | e | ean e osw  ame [eew | ot - - - a2t wen
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L | teax - N I R I N N o o ([ose) oo RN - - - - 24 4
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= | e [mooaT oot ook [ s osi | o om  ome  omo oz [mes|ment] - - - - - - - 201 2as
4 S e eais oeE s oms e oo o - - : : : : : - - oz | oa
o1 I I T e R Y - - - - - - - - - - niea | ams
200 - - - - - - - - - - - - - - - - - - - -
Total 0.004 0.025 0.081 0.144 0273 0.438 0.727 1.5%0 4248 4583 253 2138 2233 1313 0.243 0.013 0.001 - - 21484
Accum 0.004 0.025 0.110 0.253 0.532 0.568 1834 3884 7832 12515 15.507 17638 15374 21207 21.450 21483 1454 21 484 21484
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Taking the discussed guidelines from (1ISO19906, 2010) and applying them to the relevant
available CFSR wind speed, air temperature and SST data, it was calculated that:

*  Marine icing was predicted to have occurred 0.22% during the 37-year period, equating to
less than 1 day per year

*  Atmospheric icing was calculated to have occurred 1.38% during this time, approximately
5 days per year.

To further visualise the distribution of sea and air temperature for HKZ, a scatter plot can be
seen in Figure 12.8. The majority of the data points can be seen around the 4-10°C air
temperature and 5-9°C SST, which could equate to the winter conditions, and another maxima
can be seen around 14-18°C air temperature and 16-18°C SST, equating to the summer
months. Taking the guidelines given by (1ISO19906, 2010), ice accretion from marine icing is
most likely to occur when the SST is <8°C and the air temperature is <-2°C, which as indicated
by the scatter plot is a small portion of the CFSR data available.
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Figure 12.8 CFSR sea surface temperature against CFSR air temperature at HKZ

Seaice

Saltwater has a freezing temperature of -2°C. Since sea temperature rarely drops below the
required temperature for saltwater to freeze, sea ice is uncommon along the Dutch coastline.
There was no record of any sea ice in the CFSR sea ice dataset from 1979 to 2016 for HKZWFZ
or HKNWFZ. Additionally, Figure 12.8 shows that there was no record of the sea surface
temperature reaching sub-zero temperature throughout the available CFSR period. Though
outside of the available data period, (Deltares, 2015) highlighted a sea ice event, which occurred
in the winter of 1963 for which the sea ice extended approximately 10-15km offshore. Since
both sites are further offshore than this approximate extent, sea ice occurring at these locations
would be very extreme.

Marine growth (Biofouling)

Biofouling is the growth and biomass accumulation of microorganisms, macroalgae (seaweed)
and sessile fauna on submerged structures. Biofouling is highly undesirable because it adds to
drag on vessels and fixed structures such as piers, pylons, wind turbine substructures,
underwater pipes, and water intakes, especially in the marine environment. Main biofouling
groups that add to drag are: seaweed, barnacles, filter-feeders such as bivalves (e.g. mussels
and oysters), sponges, sea anemones, tunicates and cerpulid polychaetes. Biofouling and
marine growth are two terms describing the same phenomenon, biofouling being used by
biologists and marine growth used by engineers.

Early fouling studies in the North Sea were focused on corrosion and drag on oil rigs (Forteath,
Picken, Ralph, & and Willimas, 1982), (Page & Hubbard, 1987), but the intensive studies began
in connection with the offshore wind farm at Horns Rev established in 2002 (Leonhard &
Pedersen, 2006). Since then, studies have been carried out in Denmark, UK, Germany, Holland
and Belgium (Bouma & Lengkeek, Development of underwater flora and fauna communities on
hard substrates of the offshore wind farm Egmond aan Zee (OWEZ)., 2009), (Bouma &
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Lengkeek, Development of underwater flora and fauna communities on hard substrates of the
offshore wind farm Egmond aan Zee (OWEZ), 2008), (Bouma & Lengkeek, Benthic communities
on hard substrates of the offshore wind farm Egmond aan Zee (OWEZ) - including results of
samples collected in scour holes, 2012), , (Jarvis, et al., 2004), (Kerckhof F. , Rumes, Norro,
Jacques, & Degraer, 2010), (Kerckhof, Degraer, Norro, & Rumes), (Degraer, Brabant, & Rumes,
2011), (Vanagt, Van de Moortel, & Faasse, 2013), (KEMA, 2010), (Kerckhof F. , Rumes, Norro,
Jacques, & Degraer, 2010), (Richmond & Seed, 1991).

The height of growth and the biomass of fouling organisms per surface area of structure depend
on local conditions (current speed, and the availability of nutrients and light) and may in
extreme cases extend up to 50-80cm from the structure surface. In the nutrient rich
southern North Sea, the wet weight of mussels and seaweed on oil & gas rigs, turbine
substructures or bridge piers can exceed 100kg m.

The dominant species found on North Sea platforms and wind farms include Mytilus edulis (blue
mussel), hydroids, Metridium senile (sea anemone), Alcyonium digitatum (soft coral), Balanus
sp. (barnacle), tunicates and bryozoans. Other non-sessile colonizers (crustaceans,
polychaetes) will also be present, feeding on particulate waste from filter-feeders. Overall, blue
mussels will dominate the upper 20-25m provided that the coast is within 30-50km from the
structure. Below the mussel “belt”, hydroids will be early colonizers that subsequently will be
replaced by sea anemones after 2-3 years. Maximum thickness of mussel growth is 15-20cm at
the upper 20m of structure. Thickness of (soft) marine growth below the mussel belt is 5-10cm.
At shallow waters (<12m), various seaweed species will populate the scour protection. Over the
past decades, the thickness of the mussel belt seemingly has decreased probably due to
reduction in eutrophication implying lower availability of food. Hence, an average thickness of
10cm (Industry, 2007) probably is more realistic than the former design suggestion of 20cm
(Oldfield, 1980).

The mussel belt constitutes so called “hard” growth in contrast to “soft” growth of the non-shelled
organisms at larger depths.

With a wet density of 1.2ton/m?, marine growth potentially will increase the dead load on marine
structures. But the additional weight typically will be insignificant to the total weight of structure.
However, the additional weight may change the natural frequencies of a structure.

Marine growth will change both the roughness and diameter of the structure thereby increasing
the drag load on the structure.
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12.7  Visibility

Visibility data were obtained from KNMI!! at three nearby stations, K14, Europlatform and LEG.
Monthly statistics of visibility at these three stations are presented in Table 12.3 and Figure 12.9.
The mean visibility calculated from the data at these three stations is considered to be
representative for HKZWFZ and HKNWFZ. The monthly mean visibility varies between 15 and
22km.

Table 12.3  Monthly statistics of visibility [km] presentative of HKZWFZ and HKNWFZ

Station Annual | Jan Feb | Mar | Apr May | Jun | Jul Aug | Sep | Oct Nov | Dec
K14 20.4 195 | 188 | 16.7 | 16.6 | 199 | 196 | 20.7 | 23.2 | 23,5 | 234 | 213 | 225
Europlatform 17.2 148 | 150 | 138 | 146 |16.3 | 174 | 184 | 203 | 208 |19.0 | 186 | 17.1
LEG 18.9 16.3 | 155 |15.2 |17.7 | 18.8 | 198 | 21.1 | 228 | 229 | 20.6 | 183 | 17.2
Mean 18.9 169 | 164 |15.2 |16.3 | 183 | 189 | 20.1 | 221 | 224 |21.0 |194 | 189
Mean - STD - 7.0 6.0 5.7 6.7 9.0 10.1 | 114 | 128 | 119 | 9.9 8.9 8.9

Mean + STD - 26.8 | 268 | 248 | 259 |27.7 |27.8 | 287 |31.4 |329 |321 |299 | 29.0

Mean Visibility (km)
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Figure 12.9 Monthly statistics of visibility at three stations around the project site and recommended
averaged presentative of HKZWFZ and HKNWFZ

I http://www.knmi.nl/nederland-nu/klimatologie/uurgegevens_Noordzee
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12.8 Lightning

Based on the data described in Section 3.2.6, the averaged flash rate density at Hollandse Kust
area (both (zuid) and (noord)) is 1.1fllkm2/year. This number is based on the satellite readings
from the HRFC dataset and contains no smoothing. Figure 12.10 and Figure 12.11 show the
monthly and yearly variation of flash rate based on the HRMC and LRMTC datasets
respectively. It should be noted that both HRMC and LRMTS contain extensive smoothing (see
(Cecll, Buechler, & Blakeslee, 2014)). Therefore, the values are different from the HRFC
dataset. The results from HRMC and LRMTC 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 12.10 Monthly variation of flash rate at Hollandse Kust area based on HRMC data
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Figure 12.11 Yearly variation of flash rate at Hollandse Kust area based on LRMTS data

12.9 Seismicity

(Deltares, 2015) has provided detailed information on seismicity in their report for the Borssele
wind farms. Readers are advised to refer to (Deltares, 2015) for more information on this.
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Model 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 (QI's) are calculated.

Prior to the comparisons, the model data are synchronized 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

+  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

+  Histogram of bias vs. direction

*  Dual rose plot (overlapping roses)

+  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 data set, 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 S
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 data sets, 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).

A-1





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 data set 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 (‘xX’) 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
Nont =17
Mean =25.12m/s
28+ 1 | BIAS =-0.52m/s
X STD =1.80m/s
X . PR =0.98
26+ AR AN 1
0
é 24 + X X 4
> % '
X
22+ 1
20l | 1:1 line (45°)
X peaks (24)
Y peaks (24)
x  Joint +/-36h
18 : : : : :
S L S O . .
X (m/s)

Figure A1 Example of peak event plot (wind speed)

12 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.

A-2
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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 dat 1% 1%
ean o ata -
' — =Y = i =X
MEAN Mean of X data N Z N; !
N N
Standard deviation of Y data 1
- — 2 - _ 2
STD Standard deviation of X data N 1Z(Y N N — 1Z(X X)
1= i=
BIAS Mean difference
AME Absolute mean difference
RMSE Root mean square difference
1
J YN (Y — X — BIAS);?
Sl Scatter index (unbiased)
N2i=1IXiI
TG =X - ZL[0G-X) — (Y = D))?
EV Explained variance =
P {\l=1(Xi - X)2
Z%\]:1(Xi - X)(Yi - 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 = Z‘,N"T“X
i i

i=1
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Extreme Value Analysis Methodologies

General

Extreme values with associated long return periods are estimated by fitting a probability
distribution to historical data. A number of distributions, data selection and fitting techniques are
available for estimation of extremes, and the estimated extremes are often rather sensitive to
the choice of method. However, it is not possible to choose a preferred method only on its
superior theoretical support or widespread acceptance within the industry. Hence, it is common
practice to test a number of approaches and make the final decision based on goodness of fit.

The typical extreme value analyses involved the following steps:

1. Extraction of independent identically-distributed events by requiring that events are
separated by at least 36 hours, and that the value between events had dropped to below
70% of the minor of two consecutive events.

2. Fitting of extreme value distribution to the extracted events, both omni/all-year and
directional/seasonal subsets. Distribution parameters are estimated either by maximum
likelihood or least-square methods. The following analysis approaches are used (see
Section B.2 for details):

a) Fitting the Gumbel distribution to annual maxima.

b) Fitting a distribution to all events above a certain threshold (the Peak-Over-Threshold
method). The distribution type can be exponential, truncated Weibull or 2-parameter
Weibull to excess.

3. Constraining of subseries to ensure consistency with the omni/all-year distribution; see
Section B.6.2 for detalils.

4. Bootstrapping to estimate the uncertainty due to sampling error; see Section B.6 for details.

Long-term distributions

The following probability distributions are often used in connection with extreme value
estimation:

«  2-parameter Weibull distribution
*  Truncated Weibull distribution

*  Exponential distribution

*  Gumbel distribution

The 2-parameter Weibull distribution is given by:
X a
P(X <x)=1—exp (— (E) ) (B.1)

with distribution parameters a (shape) and 8 (scale). The 2-parameter Weibull distribution used
in connection with Peak-Over-Threshold (POT) analysis is fitted to the excess of data above the
threshold, ie the threshold value is subtracted from data prior to fitting.
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B.3

B.3.1

B-2

The 2-parameter truncated Weibull distribution is given by:

P <x)=1—— ( (x)a) (B.2)
X)=1——eX —\= .
P, P\ \p
with distribution parameters a (shape) and 3 (scale) and the exceedance probability, Po, at the

threshold level, y, given by:

P, = exp (— <%>a> (B.3)

The 2-parameter truncated Weibull distribution is used in connection with Peak-Over-Threshold
analysis, and, as opposed to the non-truncated 2-p Weibull, it is fitted directly to data, ie the
threshold value is not subtracted from data prior to fitting.

The exponential distribution is given by:

PX<x)=1-—exp (— (%)), x> u (B.4)

with distribution parameters 8 (scale) and u (location). Finally, the Gumbel distribution is given
by:

P(X < x) = exp (—exp (“ ; x)) (B.5)

with distribution parameters B (scale) and p (location).

Individual wave and crest height

Short-term distributions

The short-term distributions of individual wave heights and crests conditional on Hmo are
assumed to follow the distributions proposed by Forristall, (Forristall G. Z., 1978) and (Forristall
G. Z., 2000). The Forristall wave height distribution is based on Gulf of Mexico measurements,
but experience from the North Sea has shown that these distributions may have a more general
applicability. The Forristall wave and crest height distributions are given by:

B
X
P\X>x|H,,)=exp|l —
(X > x| H,)=exp (aHmoJ (B.6)

where the distribution parameters, a and 3, are as follows:

Forristall wave height: a =0.681 B=2.126
Forristall crest height (3D): a =0.3536 + 0.2568-S1 + 0.0800-Ur
B=2-1.7912-S; — 0.5302-Ur + 0.2824-Ur?
g T021 and @
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For this type of distribution, the distribution of the extremes of a given number of events, N,
(waves or crests) converges towards the Gumbel distribution conditional on the most probable
value of the extreme event, Hmp (0r Cmp for crests):

B
P<hmaxIHmp)=6Xp —exp —InN (Z‘“—a"] -1 (B.7)
mp

B.3.2 Individual waves (modes)
The extreme individual wave and crest heights are derived using the storm mode approach,
(Tromans, P.S. and Vanderschuren, L., 1995). The storm modes, or most probable values of
the maximum wave or crest in the storm (Hmp or Cmp), are obtained by integrating the short-term
distribution of wave heights conditional on Hmo over the entire number of sea states making up
the storm. In practice, this is done by following these steps:

1. Storms are identified by peak extraction from the time series of significant wave height.
Individual storms are taken as portions of the time series with Hmo above 0.7 times the storm
peak, Hmo.

2. The wave (or crest) height distribution is calculated for each sea state above the threshold in
each individual storm. The short-term distribution of H (or C) conditional on Hmo, P(h|Hmo), is
assumed to follow the empirical distributions by Forristall (see Section B.3). The wave
height probability distribution is then given by the following product over the n sea states
making up the storm:

seastates

P(Hppa <h)= | [P(0] Hpo y Vo= (8.8)
j=1

with the number of waves in each sea state, Nwaves, being estimated by deriving the mean
zero-crossing period of the sea state. The most probable maximum wave height (or mode),
Hmp, Of the storm is given by:

P(H o < h)=% A9

This produces a database of historical storms each characterised by its most probable
maximum individual wave height which is used for further extreme value analysis.

B.3.3 Convolution of short-term variability with long-term storm density
The long-term distribution of individual waves and crests is found by convolution of the long-term
distribution of the modes (subscript mp for most probable value) with the distribution of the
maximum conditional on the mode given by:

P(H,, )= '[?’(hmax | Hop ) p(H o H 1,

B
0 h
=L exp| —exp —InN {H—J -1 'P(Hmp)dep

mp

(B.10)
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The value of N, which goes into this equation, is determined by defining equivalent storm
properties for each individual storm. The equivalent storms have constant Hmo and duration
such that their probability density function of Hmax or Cmax matches that of the actual storm. The
density functions of the maximum wave in the equivalent storms are given by:

N

B
d H
H H N, J=—]1-exp —| — 2% B.11
p( maxl m0,eq eq) dH p [a'Hmo_qu ( )

The 3 parameter in eq. (B.10) comes from the short-term distribution of individual crests,

eg. (B.6), and is a function of wave height and wave period. The B parameter (shape factor)
was taken as the mean value of 3 estimated from the individual storms. The number of waves
in a storm, N, was conservatively calculated from a linear fit to the modes minus one standard
deviation.

Subset extremes

Estimates of subset (eg directional and monthly) extremes are required for a number of
parameters. In order to establish these extremes, it is common practice to fit extreme value
distributions to data sampled from the population (ie the model database) that fulfils the specific
requirement eg to direction, ie the extremes from each direction are extracted and distributions
fitted to each set of directional data in turn. By sampling an often relatively small number of
values from the data set, each of these directional distributions is subject to uncertainty due to
sampling error. This will often lead to the directional distributions being inconsistent with the
omnidirectional distribution fitted to the maxima of the entire (omnidirectional) data set.
Consistency between directional and omnidirectional distributions is ensured by requiring that
the product of the n directional annual non-exceedance probabilities equals the omnidirectional,
ie:

nF (,0)"" = Fomns (%, Bommi) "™ (B.12)

where N; is the number of sea states or events for the i'th direction and 8;, the estimated
distribution parameter. This is ensured by estimating the distribution parameters for the
individual distributions and then minimizing the deviation:

6= ZI ln ommlrl omm(x Qomm))

+1n (-Z NInF(x; m)lz

Here x; are extreme values of the parameter for which the optimization is carried out, ie the
product of the directional non-exceedance probabilities is forced to match the omnidirectional for
these values of the parameter in question.

(B.13)

The directional extremes presented in this report are given without scaling, that is, a Ty, event
from direction i will be exceeded once every T years on the average. The same applies for
monthly extremes. A Tyr monthly event corresponds to the event that is exceeded once (in that
month) every T years, which is the same as saying that it is exceeded once every T/12 years
(on average) of the climate for that particular month.
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B.5 Optimized directional extremes

The directional extremes were derived from fits to each subseries data set meaning that a Tr
year event from each direction will be exceeded once every Tr years on average. Having eg
8 directions this means that one of the directions will be exceeded once every Tr/8 years on
average. A 100-year event would thus be exceeded once every 100/8 = 12.5 years (on
average) from one of the directions.

For design application, it is often required that the summed (overall) return period (probability) is
Tr years. A simple way of fulfilling this would be to take the return value corresponding to the
return period Tr times the number of directions, ie in this case the 8x100 = 800-year event for
each direction. However, this is often not optimal since it may lead to very high estimates for the
strong sectors, while the weak sectors may still be insignificant.

Therefore, an optimized set of directional extreme values was produced for design purpose in
addition to the individual values of directional extremes described above. The optimized values
were derived by increasing (scaling) the individual Tr values of the directions to obtain a
summed (overall) probability of Tr years, while ensuring that the extreme values of the strong
sector(s) become as close to the overall extreme value as possible. In practice, this is done by
increasing the Tr of the weak directions more than that of the strong sectors, but ensuring that
the sum of the inverse directional Tr’s equals the inverse of the targeted return period, ie:

n
ZL - (B.14)
=1 T, TR omni

where n is the number of directional sectors and Tr,omni is the targeted overall return period.

B.6 Uncertainty assessment

B.6.1 Sources of uncertainty
The extreme values presented in this report are estimated quantities and therefore all
associated with uncertainty. The uncertainty arises from a number of sources:

Measurement/model uncertainty: The contents of the database for the extreme value analysis
are associated with uncertainty. This type of uncertainty is preferably mitigated at the source —
eg by correction of biased model data and removal of obvious outliers in data series. The model
uncertainty can be quantified if simultaneous good quality measurements are available for a
reasonably long overlapping period.

True extreme value distribution is unknown: The distribution of extremes is theoretically
unknown for levels above the levels contained in the extreme value database. There is no
justification for the assumption that a parametric extreme value distribution fitted to
observed/modelled data can be extrapolated beyond the observed levels. However, it is
common practice to do so, and this obviously is a source of uncertainty in the derived extreme
value estimates. This uncertainty, increasing with decreasing occurrence probability of the
event in question, is not quantifiable, but the metocean expert may minimize it by using
experience and knowledge when deciding on an appropriate extreme value analysis approach.
Proper inclusion of other information than direct measurements and model results may also help
to minimize this type of uncertainty.

Uncertainty due to sampling error: The number of observed/modelled extreme events is limited.
This gives rise to sampling error which can be quantified by statistical methods such as Monte
Carlo simulations or bootstrap resampling. The results of such an analysis are termed the
confidence limits. The confidence limits should not be mistaken for the total uncertainty in the
extreme value estimate.
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Confidence limits
The confidence limits of extreme estimates are established from a bootstrap analysis or a Monte
Carlo simulation.

The bootstrap analysis estimates the uncertainty due to sampling error. The bootstrap consists
of the following steps:

1. Construct a new set of extreme events by sampling randomly with replacement from the
original data set of extremes

2. Carry out an extreme value analysis on the new set to estimate T-year events

An empirical distribution of the T-year event is obtained by looping steps 1 and 2 many times.
The percentiles are read from the resulting distribution.

In the Monte Carlo simulation, the uncertainty is estimated by randomly generating a large
number of samples that have the same statistical distribution as the observed sample.

The Monte Carlo simulation can be summarized in the following steps:

1. Randomly generating a sample consisting of N data points, using the estimated parameters
of the original distribution. If the event selection is based on a fixed number of events, N is
set equal to the size of original data set of extremes. If the event selection is based on a
fixed threshold, the sample size N is assumed to be Poisson distributed.

2. From the generated sample, the parameters of the distribution are estimated and the
T-year return estimates are established.

Steps 1 and 2 are looped a large number of times, whereby an empirical distribution of the
T-year event is obtained. The quartiles are read from the resulting distribution.

Joint occurrence

Values of other parameters associated with extremes of one variable are estimated using the
methodology proposed in (Heffernan & Tawn). This method consists in modelling the marginal
distribution of each variable separately. The variables are transformed from physical space, X,
to standard Gumbel space by the relationship:

Y = LN (—LN (F(x, 9))) (B.15)

where F(X,8) denotes the distribution function of the variable, X, with estimated parameters, 8.
No restriction is given on the marginal model of the variables. A combination of the empirical
distribution for the bulk of events and a parametric extreme value distribution function fitted to
the extreme tail of data was adopted here. For parameters which may have both a positive and
a negative extreme such as the water level associated to wave height, both the positive and the
negative extreme tail are modelled parametrically.

The dependence structure of the two variables is modelled in standard Gumbel distribution
space, conditioning one variable by the other. The model takes the form:

XY =y) = ay; +ny (B.16)

with Y1 being the conditioning variable and Y2 the conditioned. The residual, Z, is assumed to
converge to a normal distribution, G, with increasing y:. The parameters, 4 and b, are found
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from regression and the parameters, {i and G, of the normal distribution, G, estimated from the
residuals, Z:

Ya—0a y1
=" (B.17)
841
Figure B.1 shows an example of the modelled dependence structure for Hno and water level in
standard Gumbel space. Figure B.2 shows the same in physical space. The model is clearly
capable of describing the positive association between wave heights and water level for this
condition and appears also to capture the relatively large spreading.
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Figure B.1  Dependence structure of Hmo and water level transformed into standard Gumbel space.

Circle markers show data points and coloured lines mark the contours of constant probability
density
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Figure B.2  Dependence structure of Hmo and water in physical space
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The applied joint probability model is event-based. This means that independent events of the
conditioning parameter are extracted from the model data of hourly values. The combined inter-
event time and inter-event level criterion described in Section B.1 is applied to isolate
independent events of the conditioning parameter. The conditioned parameter is extracted from
the model time series at the point in time of the peak of the conditioning parameter. Time
averaging of the conditioned parameter is often carried out prior to data extraction in order to
reduce the influence of phases in the analysis (the fact that the water level may not peak at
exactly the same time as the peak wave height for instance).

11820013 HollandseKust_zuid_noord_MetoceanStudy_Final / mgo/fld/pdg/rbol/ybr — Sept2017





DA

APPENDIX C
MIKE 21 FM HD — A Short Description

The expert in WATER ENVIRONMENTS





This page is intentionally blank

11820013 HollandseKust_zuid_noord_MetoceanStudy_Final / mgo/fld/pdg/rbol/ybr — Sept2017





MIK@

Powered by DHI

MIKE 21 & MIKE 3 Flow Model FM
Hydrodynamic Module

Short Description
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The Modules of the Flexible Mesh Series

MIKE 21 & MIKE 3 Flow Model FM

The Flow Model FM is a comprehensive modelling
system for two- and three-dimensional water
modelling developed by DHI. The 2D and 3D models
carry the same names as the classic DHI model
versions MIKE 21 & MIKE 3 with an ‘FM’ added
referring to the type of model grid - Flexible Mesh.

The modelling system has been developed for
complex applications within oceanographic, coastal
and estuarine environments. However, being a
general modelling system for 2D and 3D free-
surface flows it may also be applied for studies of
inland surface waters, e.g. overland flooding and
lakes or reservoirs.

MIKE 21 & MIKE 3 Flow Model FM is a general
hydrodynamic flow modelling system based on a finite
volume method on an unstructured mesh

The Modules of the Flexible Mesh Series
DHI’s Flexible Mesh (FM) series includes the
following modules:

Flow Model FM modules

e  Hydrodynamic Module, HD

e  Transport Module, TR

e  Ecology Module, ECO Lab

e  Oil Spill Module, ELOS

e  Sand Transport Module, ST
e  Mud Transport Module, MT
e  Particle Tracking Module, PT

Wave module
e  Spectral Wave Module, SW
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MIK@

Powered by DHI

The FM Series meets the increasing demand for
realistic representations of nature, both with regard
to ‘look alike’ and to its capability to model coupled
processes, e.g. coupling between currents, waves
and sediments. Coupling of modules is managed in
the Coupled Model FM.

All modules are supported by advanced user
interfaces including efficient and sophisticated tools
for mesh generation, data management, 2D/3D
visualization, etc. In combination with
comprehensive documentation and support, the FM
series forms a unique professional software tool for
consultancy services related to design, operation
and maintenance tasks within the marine
environment.

An unstructured grid provides an optimal degree of
flexibility in the representation of complex
geometries and enables smooth representations of
boundaries. Small elements may be used in areas
where more detail is desired, and larger elements
used where less detail is needed, optimising
information for a given amount of computational
time.

The spatial discretisation of the governing equations
is performed using a cell-centred finite volume
method. In the horizontal plane an unstructured grid
is used while a structured mesh is used in the
vertical domain (3D).

This document provides a short description of the
Hydrodynamic Module included in MIKE 21 & MIKE
3 Flow Model FM.

Example of computational mesh for Tamar Estuary, UK
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Latitude

MIKE 21 & MIKE 3 Flow Model FM

Longitude

MIKE 21 & MIKE 3 FLOW MODEL FM supports both Cartesian and spherical coordinates. Spherical coordinates are
usually applied for regional and global sea circulation applications. The chart shows the computational mesh and
bathymetry for the planet Earth generated by the MIKE Zero Mesh Generator

MIKE 21 & MIKE 3 Flow Model FM -
Hydrodynamic Module

The Hydrodynamic Module provides the basis for
computations performed in many other modules, but
can also be used alone. It simulates the water level
variations and flows in response to a variety of
forcing functions on flood plains, in lakes, estuaries
and coastal areas.

Application Areas

The Hydrodynamic Module included in MIKE 21 &
MIKE 3 Flow Model FM simulates unsteady flow
taking into account density variations, bathymetry
and external forcings.

The choice between 2D and 3D model depends on a
number of factors. For example, in shallow waters,
wind and tidal current are often sufficient to keep the
water column well-mixed, i.e. homogeneous in
salinity and temperature. In such cases a 2D model
can be used. In water bodies with stratification,
either by density or by species (ecology), a 3D
model should be used. This is also the case for
enclosed or semi-enclosed waters where wind-
driven circulation occurs.

Typical application areas are

e Assessment of hydrographic conditions for
design, construction and operation of structures
and plants in stratified and non-stratified waters

e  Environmental impact assessment studies

e Coastal and oceanographic circulation studies

e  Optimization of port and coastal protection
infrastructures

e Lake and reservoir hydrodynamics

e  Cooling water, recirculation and desalination

Coastal flooding and storm surge

Inland flooding and overland flow modelling

e  Forecast and warning systems

5]
=1

[=]

Latitude [degree)

-50

-150 -100 50 0 50 100 150
Longitude (degree)

Example of a global tide application of MIKE 21 Flow
Model FM. Results from such a model can be used as
boundary conditions for regional scale forecast or hindcast
models
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Application Areas

The MIKE 21 & MIKE 3 Flow Model FM also support
spherical coordinates, which makes both models
particularly applicable for global and regional sea
scale applications.

3100000 -| 28°|0'N

3095000
3090000 |

3085000

3080000

3075000 |
3070000 | »
3065000i : ! !/
3060000 |
3055000 f
3050000 |

3045000 | 27} 30'N L

3040000 |

3035000

83°0'W
82°30' W

«© v

3030000

— T e
300000 320000 340000
8:00:00 05-03-2001 Time Step 101 of 325.

—T T
360000

Example of a flow field in Tampa Bay, FL, simulated by
MIKE 21 Flow Model FM
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Study of thermal recirculation
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Typical applications with the MIKE 21 & MIKE 3 Flow
Model FM include cooling water recirculation and
ecological impact assessment (eutrophication)

The Hydrodynamic Module is together with the
Transport Module (TR) used to simulate the
spreading and fate of dissolved and suspended
substances. This module combination is applied in
tracer simulations, flushing and simple water quality
studies.

5050000
5045000
5040000
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5030000
5025000 -~
5020000
5015000
5010000 ==~
5005000 <=~

5000000 5 i B seow 0001
H ] Undefined value

280000 200000 300000 310000 320000 330000
3:00:00 04042002 Time Step 31 OF 112. Sigma Layer No. 12 Of 12.

Tracer simulation of single component from outlet in the
Adriatic, simulated by MIKE 21 Flow Model FM HD+TR

Prediction of ecosystem behaviour using the MIKE 21 &
MIKE 3 Flow Model FM together with ECO Lab
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The Hydrodynamic Module can be coupled to the
Ecological Module (ECO Lab) to form the basis for
environmental water quality studies comprising
multiple components.

Furthermore, the Hydrodynamic Module can be
coupled to sediment models for the calculation of
sediment transport. The Sand Transport Module and
Mud Transport Module can be applied to simulate
transport of non-cohesive and cohesive sediments,
respectively.

In the coastal zone the transport is mainly
determined by wave conditions and associated
wave-induced currents. The wave-induced currents
are generated by the gradients in radiation stresses
that occur in the surf zone. The Spectral Wave
Module can be used to calculate the wave conditions
and associated radiation stresses.

Bed level (m]
6247800 3.

6247750 88

Below.
Undefined Value

6247700
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Coastal application (morphology) with coupled MIKE 21
HD, SW and ST, Torsminde harbour Denmark

2m00 om0 2 9000
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Model bathymetry of Taravao Bay, Tahiti

W velocity
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Example of Cross reef currents in Taravao Bay, Tahiti simulated with MIKE 3 Flow Model FM. The circulation and renewal of
water inside the reef is dependent on the tides, the meteorological conditions and the cross reef currents, thus the circulation
model includes the effects of wave induced cross reef currents
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Computational Features

Computational Features

The main features and effects included in
simulations with the MIKE 21 & MIKE 3 Flow Model
FM — Hydrodynamic Module are the following:

e  Flooding and drying
Momentum dispersion
Bottom shear stress

e  Coriolis force

e Wind shear stress

e  Barometric pressure gradients
° Ice coverage

Tidal potential
Precipitation/evaporation
Wave radiation stresses
Sources and sinks

Model Equations

The modelling system is based on the numerical
solution of the two/three-dimensional incompressible
Reynolds averaged Navier-Stokes equations subject
to the assumptions of Boussinesq and of hydrostatic
pressure. Thus, the model consists of continuity,
momentum, temperature, salinity and density
equations and it is closed by a turbulent closure
scheme. The density does not depend on the
pressure, but only on the temperature and the
salinity.

For the 3D model, the free surface is taken into
account using a sigma-coordinate transformation
approach or using a combination of a sigma and z-
level coordinate system.

Unstructured mesh technique gives the maximum degree of
flexibility, for example: 1) Control of node distribution allows for
optimal usage of nodes 2) Adoption of mesh resolution to the
relevant physical scales 3) Depth-adaptive and boundary-fitted
mesh. Below is shown an example from Ho Bay Denmark with the

approach channel to the Port of Esbjerg
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Below the governing equations are presented using
Cartesian coordinates.

The local continuity equation is written as

ou ov ow
—+—+—=S
ox oy oz

and the two horizontal momentum equations for the
x- and y-component, respectively

2
ou au +5’vu+8wu=fv on

+ — —_
ot ox oy oz OX
1% 9 ﬂé—pdz+Fu+£(vta—uJ+uSS
Po OX Py 77 OX oz\ oz
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Temperature and salinity

In the Hydrodynamic Module, calculations of the

transports of temperature, T, and salinity, s follow

the general transport-diffusion equations as

OT [ OuT VT  OWT _ Fr +8(DV GTJ H+T.S
ot oX oy oz oz oz
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The horizontal diffusion terms are defined by

(Fr,F)= %(Dh §j+%(Dh %J (T,s)

The equations for two-dimensional flow are obtained
by integration of the equations over depth.

Heat exchange with the atmosphere is also included.

Symbol list

t time

X, Y, Z Cartesian coordinates

u, v, w flow velocity components

T,s temperature and salinity

Dy vertical turbulent (eddy) diffusion
coefficient

A source term due to heat exchange with
atmosphere

S magnitude of discharge due to point
sources

Ts, Ss temperature and salinity of source

Fr, Fs, Fc horizontal diffusion terms

Dn horizontal diffusion coefficient

h depth

Solution Technique

The spatial discretisation of the primitive equations is
performed using a cell-centred finite volume method.
The spatial domain is discretised by subdivision of
the continuum into non-overlapping elements/cells.

Principle of 3D mesh

MIKE 21 & MIKE 3 Flow Model FM

In the horizontal plane an unstructured mesh is used
while a structured mesh is used in the vertical
domain of the 3D model. In the 2D model the
elements can be triangles or quadrilateral elements.
In the 3D model the elements can be prisms or
bricks whose horizontal faces are triangles and
quadrilateral elements, respectively.

Model Input
Input data can be divided into the following groups:

e Domain and time parameters:

- computational mesh (the coordinate type is
defined in the computational mesh file) and
bathymetry

- simulation length and overall time step

Calibration factors

- bed resistance

- momentum dispersion coefficients
- wind friction factors

° Initial conditions
- water surface level
- velocity components

e  Boundary conditions
- closed
- water level
- discharge

e Other driving forces
- wind speed and direction
- tide
- source/sink discharge
- wave radiation stresses

View button on all the GUIs in MIKE 21 & MIKE 3 FM HD
for graphical view of input and output files
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Model Input
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The Mesh Generator is an efficient MIKE Zero tool for the
generation and handling of unstructured meshes, including
the definition and editing of boundaries

Providing MIKE 21 & MIKE 3 Flow Model FM with a
suitable mesh is essential for obtaining reliable
results from the models. Setting up the mesh
includes the appropriate selection of the area to be
modelled, adequate resolution of the bathymetry,
flow, wind and wave fields under consideration and
definition of codes for defining boundaries.

2D visualization of a computational mesh (Odense
Estuary)

Bathymetric values for the mesh generation can e.g.
be obtained from the MIKE by DHI product MIKE C-
Map. MIKE C-Map is an efficient tool for extracting
depth data and predicted tidal elevation from the
world-wide Electronic Chart Database CM-93 Edition
3.0 from Jeppesen Norway.

The expert in WATER ENVIRONMENTS

MIK@

Powered by DHI

Ny L

LT e
Y il

i

s AVAVAY}

3D visualization of a computational mesh

If wind data is not available from an atmospheric
meteorological model, the wind fields (e.g. cyclones)
can be determined by using the wind-generating
programs available in MIKE 21 Toolbox.

Global winds (pressure & wind data) can be
downloaded for immediate use in your simulation.
The sources of data are from GFS courtesy of
NCEP, NOAA. By specifying the location, orientation
and grid dimensions, the data is returned to you in
the correct format as a spatial varying grid series or
a time series. The link is:

http://waterdata.dhigroup.com/octopus/home
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The chart shows a hindcast wind field in the North Sea
and Baltic Sea as wind speed and wind direction
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Model Output
Computed output results at each mesh element and
for each time step consist of:

e  Basic variables
- water depth and surface elevation
- flux densities in main directions
- velocities in main directions
- densities, temperatures and salinities

e  Additional variables
- Current speed and direction
- Wind velocities
- Air pressure
- Drag coefficient
- Precipitation/evaporation
- Courant/CFL number
- Eddy viscosity
- Element area/volume

The output results can be saved in defined points,
lines and areas. In the case of 3D calculations the
results are saved in a selection of layers.

Output from MIKE 21 & MIKE 3 Flow Model FM is
typically post-processed using the Data Viewer
available in the common MIKE Zero shell. The Data
Viewer is a tool for analysis and visualization of
unstructured data, e.g. to view meshes, spectra,
bathymetries, results files of different format with
graphical extraction of time series and line series
from plan view and import of graphical overlays.
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The Data Viewer in MIKE Zero — an efficient tool for
analysis and visualization of unstructured data including
processing of animations. Above screen dump shows
surface elevations from a model setup covering Port of
Copenhagen

MIKE 21 & MIKE 3 Flow Model FM
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Vector and contour plot of current speed at a vertical
profile defined along a line in Data Viewer in MIKE Zero

Validation

Prior to the first release of MIKE 21 & MIKE 3 Flow
Model FM the model has successfully been applied
to a number of rather basic idealized situations for
which the results can be compared with analytical
solutions or information from the literature.

Comparison batween simulalion results and analyical solution

vron0a o000 20 000

The domain is a channel with a parabola-shaped bump in
the middle. The upstream (western) boundary is a
constant flux and the downstream (eastern) boundary is a
constant elevation. Below: the total depths for the
stationary hydraulic jump at convergence. Red line: 2D
setup, green line: 3D setup, black line: analytical solution
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A dam-break flow in an L-shaped channel (a, b, c):
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Esbjerg. Below: Comparison between measured and
b) Comparison between simulated and measured water simulated water levels
levels at the six gauge locations.
(Blue) coarse mesh (black) fine mesh and (red) Esory ey vl . smited () ——
measurements ]

The model has also been applied and tested in
numerous natural geophysical conditions; ocean
scale, inner shelves, estuaries, lakes and overland,
which are more realistic and complicated than
academic and laboratory tests.

2.0 i . i
oo:00 00:00 o000 00:00
2004-04-15 0417 Da-19 04-21
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MIKE 21 & MIKE 3 Flow Model FM

<% MIKE Zero - [oresund.m21fm]

- & Wind Forcing
- of lce Coverage
- of Tidal Potential
- of Precipitation - Evaporat..
- f Wave Radiation
« Sources
- o Structures
- o Initial Conditions

i - & B

Hide  EBack  Prnt  Options

=5 e
@ File Edit View Run Window Help [=[=]x]
Dedl s ser||aaar alm||r=vocrn. |
-~ MIKE 21 Flow Model FM
 Danan [Boundary Conditions
o Time
» Module Selection List view
~J- o Hydrodynamic Module
- f Solution Technique Boundary Name Format I Edit
o Depth North Specified level Goto..
- o Flood and Dry South Specified evel Goto...
- of Density Land boundary | Land (zero normal velocity) [Go to...)
- of Eddy Viscosity -
o Bed Resistance B2 MIKE 21 Flow Model FM [= @] =]
- o Coriolis Forcing

Corterts Iudexl gearchl Favorites

Boundary Conditions

= () MIKE 21 Flow Model FM
@ BASIC PARAMETERS
= () HYDRODYNAMIC MODULE

= & Boundary Conditions @ Solution Technigue
o North @ Depth Comection
o South 0 Flood and Dry
# Land boundary @ Densty
- f Decoupling @ Eddy Viscosity
@ o Cutputs @ Bed Resistance

7] Cariolis Forcing
@ Wind Forcing
Q lce Coverage
@ Tidal Potential
@ Precipitation-Evaporation
@ Wave Radiation
@ Sources
0 Structures

@ Initial Conditions

@ Boundary Conditions
@ Temperature/Salinty Module

»

Initially, the set-up editor scans the mesh file for boundary codes (sections),
and displays the recognized codes and suggest a default name for each. You
can re-name these names to more meningful names in the Domain dialog
(see Boundary names ).

m

Depending on the choice of property page you can see a geographic view or
a listview of the boundaries.

The specification of boundary information for each code (section)is made
subsequently. From the list view you can go to the dialog for specification by
clicking on the "Go to .." button.

Boundary specification

MIK:E;N

DHI
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Ready

The user interface of the MIKE 21 and MIKE 3 Flow Model FM (Hydrodynamic Module), including an example of the

extensive Online Help system

Graphical User Interface

The MIKE 21 & MIKE 3 Flow Model FM
Hydrodynamic Module is operated through a fully
Windows integrated graphical user interface (GUI).
Support is provided at each stage by an Online Help
system.

The common MIKE Zero shell provides entries for
common data file editors, plotting facilities and
utilities such as the Mesh Generator and Data
Viewer.

[ MIKEFLOOD
“|C3) MIKE SHE

% New File (sl
Product Types: Documents:
2B ml MIKE Zero ¥ Time Series (.dfs0)
{1 MIKE HYDRO W Frofile Series (.dfs1)
[T MIKE 11 ' Data Manager (.dfsu,.mesh,.dfs2,.dfs3)
[ MIKE 21 W Grid Series {.dfs3,.dfs2)
=1 MIKE3 A\ Plot Composer (.plc)
gl EEIE(P%KE Integrated A\ Result Viewer (rev)
o .| /A Bathymetries { batsf)

i ® Climate Change (. mzcc)

® Ecolab {.ecolab)

® auto Calibration (.auc)
@ Eva Editor (eva)

A Mesh Generator {.mdf)

10

A\ Data Extraction FM {.dxfm)
A\ MIKE Zero Toolbox (.mzt)

4 (L1 }

|T|me Series

[ Ok ] [ Cancel

Overview of the common MIKE Zero utilities
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Parallelisation

Parallelisation

The computational engines of the MIKE 21/3 FM
series are available in versions that have been
parallelised using both shared memory (OpenMP) as
well as distributed memory architecture (MPI). The
result is much faster simulations on systems with
many cores.

N /
_ /
- /
. /S
. Yy
N Y e
. v
N/
yZ

§ peed-up factor

1
o 200 400 600 800 1000

Number of processors

MIKE 21 FM speed-up using a HPC Cluster with
distributed memory architecture (purple)

Hardware and Operating System
Requirements

The MIKE 21 and MIKE 3 Flow Model FM
Hydrodynamic Module supports Microsoft Windows
7 Professional Service Pack 1 (32 and 64 bit),
Windows 8.1 Pro (64 bit), Windows 10 Pro (64 bit)
and Windows Server 2012 R2 Standard (64 bit).
Microsoft Internet Explorer 9.0 (or higher) is required
for network license management as well as for
accessing the Online Help.

The recommended minimum hardware requirements
for executing the MIKE 21 and MIKE 3 Flow Model
FM Hydrodynamic Module are:

Processor: 3 GHz PC (or higher)
Memory (RAM): 4 GB (or higher)
Hard disk: 160 GB (or higher)

Monitor: SVGA, resolution 1024x768
Graphic card: 64 MB RAM (256 MB RAM or
higher is recommended)

The expert in WATER ENVIRONMENTS
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Support
News about new features, applications, papers,
updates, patches, etc. are available here:

www.mikepoweredbydhi.com/Download/DocumentsAndTools.aspx

For further information on MIKE 21 and MIKE 3 Flow
Model FM software , please contact your local DHI
office or the support centre:

MIKE Powered by DHI Client Care
Agern Allé 5

DK-2970 Hgrsholm

Denmark

Tel: +45 4516 9333

Fax: +45 4516 9292
mike@dhigroup.com
www.mikepoweredbydhi.com

Documentation

The MIKE 21 & MIKE 3 Flow Model FM models are
provided with comprehensive user guides, online
help, scientific documentation, application examples
and step-by-step training examples.
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MIKE 21 Wave Modelling
MIKE 21 Spectral Waves FM

Short Description
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Computational Features

MIKE 21 SW - SPECTRAL WAVE
MODEL FM

MIKE 21 SW is a state-of-the-art third generation
spectral wind-wave model developed by DHI. The
model simulates the growth, decay and
transformation of wind-generated waves and swells
in offshore and coastal areas.

MIKE 21 SW includes two different formulations:

e  Fully spectral formulation
o Directional decoupled parametric formulation

The fully spectral formulation is based on the wave
action conservation equation, as described in e.g.
Komen et al (1994) and Young (1999). The
directional decoupled parametric formulation is
based on a parameterisation of the wave action
conservation equation. The parameterisation is
made in the frequency domain by introducing the
zeroth and first moment of the wave action
spectrum. The basic conservation equations are
formulated in either Cartesian co-ordinates for small-
scale applications and polar spherical co-ordinates
for large-scale applications.

The fully spectral model includes the following
physical phenomena:

Wave growth by action of wind

Non-linear wave-wave interaction
Dissipation due to white-capping
Dissipation due to bottom friction

MIK@
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e Dissipation due to depth-induced wave breaking
e Refraction and shoaling due to depth variations
e  Wave-current interaction

e Effect of time-varying water depth

e Effect of ice coverage on the wave field

The discretisation of the governing equation in
geographical and spectral space is performed using
cell-centred finite volume method. In the
geographical domain, an unstructured mesh
technique is used. The time integration is performed
using a fractional step approach where a multi-
sequence explicit method is applied for the
propagation of wave action.

MIKE 21 SW is a state-of-the-art numerical modelling tool
for prediction and analysis of wave climates in offshore
and coastal areas. © BIOFOTO/Klaus K. Bentzen
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A MIKE 21 SW forecast application in the North Sea and Baltic Sea. The chart shows a wave field (from the NSBS
model) illustrated by the significant wave height in top of the computational mesh. See also www.waterforecast.com
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Computational Features
The main computational features of MIKE 21 SW -
Spectral Wave Model FM are as follows:

e  Fully spectral and directionally decoupled
parametric formulations

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

e Instationary and quasi-stationary solutions

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

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

e  Flooding and drying in connection with time-
varying water depths

e  Cell-centred finite volume technique

e  Fractional step time-integration with an multi-
sequence explicit method for the propagation

o Extensive range of model output parameters
(wave, swell, air-sea interaction parameters,
radiation stress tensor, spectra, etc.)

Application Areas

MIKE 21 SW is used for the assessment of wave
climates in offshore and coastal areas - in hindcast
and forecast mode.

A major application area is the design of offshore,
coastal and port structures where accurate
assessment of wave loads is of utmost importance
to the safe and economic design of these structures.

= 2 g S 5

lllustrations of typical application areas of DHI's MIKE 21
SW — Spectral Wave Model FM

Measured data are often not available during periods
long enough to allow for the establishment of
sufficiently accurate estimates of extreme sea
states.

Latitude

MIKE 21 Wave Modelling

In this case, the measured data can then be supple-
mented with hindcast data through the simulation of
wave conditions during historical storms using MIKE
21 SW.

Latitude (degree)

o 50 100 150 200 250 300 350
Langitude
0572604 12:00:00

Example of a global application of MIKE 21 SW. The
upper panel shows the bathymetry. Results from such a
model (cf. lower panel) can be used as boundary
conditions for regional scale forecast or hindcast models.
See htip://lwww.waterforecast.com for more details on
regional and global modelling

MIKE 21 SW is particularly applicable for
simultaneous wave prediction and analysis on
regional scale and local scale. Coarse spatial and
temporal resolution is used for the regional part of
the mesh and a high-resolution boundary and depth-
adaptive mesh is describing the shallow water
environment at the coastline.

Example of a computational mesh used for transformation
of offshore wave statistics using the directionally
decoupled parametric formulation

MIKE 21 Spectral Waves FM - © DHI
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Application Areas

MIKE 21 SW is also used for the calculation of the
sediment transport, which for a large part is
determined by wave conditions and associated
wave-induced currents. The wave-induced current is
generated by the gradients in radiation stresses that
occur in the surf zone.

MIKE 21 SW can be used to calculate the wave
conditions and associated radiation stresses. The
long-shore currents and sediment transport are then
calculated using the flow and sediment transport
models available in the MIKE 21 package. For such
type of applications, the directional decoupled
parametric formulation of MIKE 21 SW is an
excellent compromise between the computational
effort and accuracy.

BOS0000

6049000

6048000

755000 760000

Bathymetry (upper) and computational mesh (lower) used
in a MIKE 21 SW application on wave induced currents in
Gellen Bay, Germany
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Map of significant wave height (upper), current field
(middle) and vector field (lower). The flow field is simulated
by DHI's MIKE 21 Flow Model FM, which is dynamically
coupled to MIKE 21 SW
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Model Equations

In MIKE 21 SW, the wind waves are represented by
the wave action density spectrum N(o,8). The
independent phase parameters have been chosen
as the relative (intrinsic) angular frequency, o= 2af
and the direction of wave propagation, 6. The
relation between the relative angular frequency and
the absolute angular frequency, , is given by the
linear dispersion relationship

o =.Jgktanhkd) =w—k -U

where g is the acceleration of gravity, d is the water
depth and U is the current velocity vector and k is
the wave number vector with magnitude k and
direction 6. The action density, N(o,8), is related

to the energy density E(o, 8) by

N =—
o

Fully Spectral Formulation

The governing equation in MIKE 21 SW is the wave

action balance equation formulated in either

Cartesian or spherical co-ordinates. In horizontal

Cartesian co-ordinates, the conservation equation

for wave action reads

N yoany-S
ot o

where N(X,o,6,1) is the action density, t is the
time, X =(X,y) is the Cartesian co-ordinates,

Vv =(c,,C,,C,,Cy) is the propagation velocity of a
wave group in the four-dimensional phase space X,
oand 6. S is the source term for energy balance
equation. V is the four-dimensional differential
operator in the X, o, é-space. The characteristic

propagation speeds are given by the linear kinematic
relationships

(CX,Cy)zd_X:(_;g o=t 1+A 9.0
dt 2" sinh(2kd) ) k
o 50Tl o 4] o
dt d | ot o)

d9 1loécad - oU
C49 = —= _t k —_

dt k| od om om
Here, s is the space co-ordinate in wave direction &

and m is a co-ordinate perpendicular to s. V is the
two-dimensional differential operator in the X -space.

MIKE 21 Wave Modelling

Source Functions

The source function term, S, on the right hand side
of the wave action conservation equation is given by
S = Sin + Snl + Sds + Sbot + Ssurf

Here S;, represents the momentum transfer of wind
energy to wave generation, S, the energy transfer
due non-linear wave-wave interaction, Sy the
dissipation of wave energy due to white-capping
(deep water wave breaking), Sy the dissipation due
to bottom friction and Sq¢ the dissipation of wave
energy due to depth-induced breaking.

The default source functions S;,, S, and Sys in MIKE
21 SW are similar to the source functions
implemented in the WAM Cycle 4 model, see Komen
et al (1994).

The wind input is based on Janssen's (1989, 1991)
quasi-linear theory of wind-wave generation, where
the momentum transfer from the wind to the sea not
only depends on the wind stress, but also the sea
state itself. The non-linear energy transfer (through
the resonant four-wave interaction) is approximated
by the DIA approach, Hasselmann et al (1985). The
source function describing the dissipation due to
white-capping is based on the theory of Hasselmann
(1974) and Janssen (1989). The bottom friction
dissipation is modelled using the approach by
Johnson and Kofoed-Hansen (2000), which depends
on the wave and sediment properties. The source
function describing the bottom-induced wave
breaking is based on the well-proven approach of
Battjes and Janssen (1978) and Eldeberky and
Battjes (1996).

A detailed description of the various source functions
is available in Komen et al (1994) and Sgrensen et
al (2003), which also includes the references listed
above.

MIKE 21 Spectral Waves FM - © DHI





Numerical Methods

Directional Decoupled Parametric Formulation

The directionally decoupled parametric formulation is
based on a parameterisation of the wave action
conservation equation. Following Holthuijsen et al
(1989), the parameterisation is made in the
frequency domain by introducing the zeroth and first
moment of the wave action spectrum as dependent
variables.

A similar formulation is used in the MIKE 21 NSW
Near-shore Spectral Wind-Wave Model, which is
one of the most popular models for wave
transformation in coastal and shallow water
environment. However, with MIKE 21 SW it is not
necessary to set up a number of different orientated
bathymetries to cover varying wind and wave
directions.

The parameterisation leads to the following coupled
equations

a(mo) + a(meo) + a(Cymo) + a(Cf)mo) —

TO

ot X oy 00
o(m,) , o(c,m,) +5(Cyml) Loe,m)
ot X oy 00 '

where mg (X, y, 6) and my (X, y, 0) are the zeroth and
first moment of the action spectrum N(X, y, o, ),
respectively. To (X, y, 6) and T (X, y, 6) are source
functions based on the action spectrum. The
moments m, (X, y, 6) are defined as

m, (X, y,0) = Ia)”N(X, Y,®,0)dw
0

The source functions Ty and T, take into account the
effect of local wind generation (stationary solution
mode only) and energy dissipation due to bottom
friction and wave breaking. The effects of wave-
current interaction are also included. The source
functions for the local wind generation are derived
from empirical growth relations, see Johnson (1998)
for detalils.

Numerical Methods

The frequency spectrum (fully spectral model only) is
split into a prognostic part for frequencies lower than
a cut-off frequency omax and an analytical diagnostic
tail for the high-frequency part of the spectrum

E(c,0)=E(o,, ,e{ijm

O-max

where m is a constant (= 5) as proposed by Komen
et al (1994).
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The directional decoupled parametric formulation in

MIKE 21 SW is used extensively for calculation of the
wave transformation from deep-water to the shoreline and
for wind-wave generation in local areas

Space Discretisation

The discretisation in geographical and spectral
space is performed using cell-centred finite volume
method. In the geographical domain an unstructured
mesh is used. The spatial domain is discretised by
subdivision of the continuum into non-overlapping
elements. Triangle and quadrilateral shaped polygons
are presently supported in MIKE 21 SW. The action
density, N(o,0) is represented as a piecewise
constant over the elements and stored at the
geometric centres.

In frequency space either an equidistant or a log-
arithmic discretisation is used. In the directional
space, an equidistant discretisation is used for both
types of models. The action density is represented
as piecewise constant over the discrete intervals, Ac
and A6, in the frequency and directional space.
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Integrating the wave action conservation over an
area A, the frequency interval 4o and the directional
interval 46, gives

d S
b, L [, Nadodo-[ ] [, ~dadodo
- Lem Lm LV~(\7N)deod6?

where Qis the integration variable defined on A;.
Using the divergence theorem and introducing the

convective flux F =VN , we obtain

ON; | 1]E
= =——1 D (R, 104l
at A| ;( n)p,|,m p
1
B A_O_I[(Fa)i,l+1/2,m _(Fa)i,l—llz,m]
—1 Si, ,m
B A6, [(Fa)i,l.mmz _(Fe)i,|,m—1/z]+o_—ll

where NE is the total number of edges in the cell,
(F,) olm = (Fen, + Fyny) o1m iS the normal flux

trough the edge p in geographical space with length
Ao (F5 )i tsa2,m and (Fg)iy miay2 s the flux

through the face in the frequency and directional
space, respectively.

The convective flux is derived using a first-order
upwinding scheme. In that

F, =¢, {%(Ni +Nj)_1£(Ni _Nj)]

2d

where c, is the propagation speed normal to the
element cell face.

Time Integration

The integration in time is based on a fractional step
approach. Firstly, a propagation step is performed
calculating an approximate solution N" at the new
time level (n+1) by solving the homogenous wave
action conservation equation, i.e. without the source
terms. Secondly, a source terms step is performed
calculating the new solution N™ from the estimated
solution taking into account only the effect of the
source terms.

MIKE 21 Wave Modelling

The propagation step is carried out by an explicit
Euler scheme

* aNI|TT1 "
Niim =N, +4t —
. ” ot

To overcome the severe stability restriction, a multi-
sequence integration scheme is employed. The
maximum allowed time step is increased by
employing a sequence of integration steps locally,
where the number of steps may vary from point to
point.

A source term step is performed using an implicit
method (see Komen et al, 1994)

(1_a)sl,l,m + O‘Sm,lm

o

N_n+1 — N*

i,l,m i,I,m

where a is a weighting coefficient that determines
the type of finite difference method. Using a Taylor
series to approximate S™* and assuming the off-
diagonal terms in J5/cE= y are negligible, this
equation can be simplified as

(Siym/ o)At
(1—ayAt)

N 'n+1 — N n

i,l,m i,l,m

For growing waves (y > 0) an explicit forward
difference is used (« = 0), while for decaying waves
(< 0) an implicit backward difference (e =1) is
applied.

MIKE 21 SW is also applied for wave forecasts in ship
route planning and improved service for conventional and
fast ferry operators

MIKE 21 Spectral Waves FM - © DHI





Model Input

Model Input
The necessary input data can be divided into
following groups:

e Domain and time parameters:
- computational mesh
- co-ordinate type (Cartesian or spherical)
- simulation length and overall time step

e  Equations, discretisation and solution technique
- formulation type
- frequency and directional discretisation
- number of time step groups
- number of source time steps

e  Forcing parameters
- water level data
- current data
- wind data
- ice data

e  Source function parameters
- non-linear energy transfer
- wave breaking (shallow water)
- bottom friction
- white capping

e Initial conditions
- zero-spectrum (cold-start)
- empirical data
- datafile

e  Boundary conditions
- closed boundaries
- open boundaries (data format and type)

Providing MIKE 21 SW with a suitable mesh is
essential for obtaining reliable results from the
model. Setting up the mesh includes the appropriate
selection of the area to be modelled, adequate
resolution of the bathymetry, flow, wind and wave
fields under consideration and definition of codes for
essential and land boundaries.

Furthermore, the resolution in the geographical
space must also be selected with respect to stability
considerations.

As the wind is the main driving force in MIKE 21 SW,
accurate hindcast or forecast wind fields are of
utmost importance for the wave prediction.

The expert in WATER ENVIRONMENTS
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The Mesh Generator is an efficient MIKE Zero tool for the
generation and handling of unstructured meshes, including
the definition and editing of boundaries

3D visualisation of a computational mesh

If wind data is not available from an atmospheric
meteorological model, the wind fields (e.g. cyclones)
can be determined by using the wind-generating
programs available in MIKE 21 Toolbox.

10m/s

U10 (mvs)
B Above 225
20-225
175- 20
1l 15-175

The chart shows an example of a wind field covering the
North Sea and Baltic Sea as wind speed and wind
direction. This is used as input to MIKE 21 SW in forecast
and hindcast mode
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Model Output
At each mesh point and for each time step four types
of output can be obtained from MIKE 21 SW:

e Integral wave parameters divided into wind sea
and swell such as
- significant wave height, H,o
- peak wave period, T,
- averaged wave period, To;
- zero-crossing wave period, To,
- wave energy period, T_1g
- peak wave direction, 6,
- mean wave direction, 6,
- directional standard deviation, o
- wave height with dir., Hyno c0S6y Hmo SiNGy,
- radiation stress tensor, Sy, Sy, and S,y

S
11/07/00 00:00:00, Time step: 16

Example of model output (directional-frequency wave
spectrum) processed using the Polar Plot control in the
MIKE Zero Plot Composer

The distinction between wind-sea and swell can be
calculated using either a constant threshold
frequency or a dynamic threshold frequency with an
upper frequency limit.

e  Input parameters
- water level, h
- current velocity, U
- wind speed, Uyg
. wind direction, 8,

e  Model parameters
- bottom friction coefficient, C;
- breaking parameter, y
- Courant number, Cr

time step factor,

MIKE 21 Wave Modelling

- characteristic edge length, 4l
- area of element, a

- wind friction speed, u-

- roughness length, z,

- drag coefficient, Cp

- Charnock parameter, z,

e Directional-frequency wave spectra at selected
grid points and or areas as well as direction
spectra and frequency spectra

Output from MIKE 21 SW is typically post-processed
using the Data Viewer available in the common
MIKE Zero shell. The Data Viewer is a tool for
analysis and visualisation of unstructured data, e.g.
to view meshes, spectra, bathymetries, results files
of different format with graphical extraction of time
series and line series from plan view and import of
graphical overlays.

Various other editors and plot controls in the MIKE
Zero Composer (e.g. Time Series Plot, Polar Plot,
etc.) can be used for analysis and visualisation.

5 MIKE Zero - [Data File: area.dfsu] =8 E=E =)

W File Edit View Data Video Colors Window Help - [|=] %
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The Data Viewer in MIKE Zero — an efficient tool for
analysis and visualisation of unstructured data including
processing of animations
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Validation

Validation

The model has successfully been applied to a
number of rather basic idealised situations for which
the results can be compared with analytical solutions
or information from the literature. The basic tests
covered fundamental processes such as wave
propagation, depth-induced and current-induced
shoaling and refraction, wind-wave generation and
dissipation.
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Comparison between measured and simulated significant
wave height, peak wave period and mean wave period at
the Ekofisk offshore platform (water depth 70 m) in the
North Sea). (=) calculations and (==—=) measurements
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A major application area of MIKE 21 SW is in connection
with design and maintenance of offshore structures

The model has also been tested in natural
geophysical conditions (e.g. in the North Sea, the
Danish West Coast and the Baltic Sea), which are
more realistic and complicated than the academic
test and laboratory tests mentioned above.
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Comparison between measured and simulated significant
wave height, peak wave period and mean wave period at
Fjaltring located at the Danish west coast (water depth
17.5 m).(==—=) calculations and (0) measurements
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The Fjaltring directional wave rider buoy is located
offshore relative to the depicted arrow

MIKE 21 SW is used for prediction of the wave
conditions at the complex Horns Rev (reef) in the
southeastern part of the North Sea. At this site, a
168 MW offshore wind farm with 80 turbines has
been established in water depths between 6.5 and
13.5m.
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Comparison of frequency spectra at Fjaltring.
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The upper panels show the Horns Rev offshore wind farm
and MIKE C-map chart. 'The middle panel shows a close-
up of the mesh near the Horns Rev S wave rider buoy (t3,
10 m water depth. The lower panel shows a comparison
between measured and simulated significant wave height
at Horns Rev S, (===) calculations including tide and surge
and (—) calculations excluding including tide and surge,
(0) measurements
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Validation

The predicted nearshore wave climate along the
island of Hiddensee and the coastline of Zingst
located in the micro-tidal Gellen Bay, Germany have
been compared to field measurements (Sgrensen et
al, 2004) provided by the MORWIN project. From the
illustrations it can be seen that the wave conditions
are well reproduced both offshore and in more
shallow water near the shore. The RMS values (on
significant wave height) are less than 0.25m at all
five stations.
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A MIKE 21 SW hindcast application in the Baltic Sea. The
upper chart shows the bathymetry and the middle and
lower charts show the computational mesh. The lower
chart indicates the location of the measurement stations
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Time series of significant wave height, Hmo, peak wave
period, T, , and mean wave direction, MWD, at Darss sill
(Offshore, depth 20.5 m). (===) Calculation and (o)
measurements. The RMS value on Hmo is approximately
0.2m
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Time series of significant wave height, Hmo, at Gellen
(upper, depth 8.3m) and Bock (lower, depth 5.5 m). ()
Calculation and (0) measurements. The RMS value on Hmo
is approximately 0.15 m
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o Basic Equations
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=) MIKE 21 Spectral Waves FM
-4 BASIC PARAMETERS
=-{[) SPECTRAL WAVE MODULE

@ Basic equations

Time Parameters

@ Spectral discretization
@ Solution technique
- - Water level condtions
l - Cument conditions

- @ Wind forcing

@ lce coverage

Q Diffraction

(-8 Energy transfer

@ Wave breaking

@ Bottom friction

@ White capping

@ Structurss

-8 Initial conditions

m

Spectral discretization

The dependent variable in the spectral mode is the directional-frequency
wave action spectrum in each node point. In this dialog you specify the

discrete frequencies and direction
spectrum in the computations.

Frequency discretisation (fully spectral formulation only)

Directional discretisation
Separation of Wind-sea and Swell
Remarks and hints

MlKﬁ
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5 used to resolve the wave action

Ready

Mo Tracking

Mode

Graphical user interface of MIKE 21 SW, including an example of the Online Help System

Graphical User Interface

MIKE 21 SW is operated through a fully Windows
integrated Graphical User Interface (GUI). Support is
provided at each stage by an Online Help System.

The common MIKE Zero shell provides entries for
common data file editors, plotting facilities and a
toolbox for/utilities as the Mesh Generator and Data

Viewer.

FEMA Approval of MIKE 21

The LS Federsl Emamency Managemen! Apency
(FEMA) has per May 2004 oficialy approved MIKE
21 far wse in coastal Food Insurance Stuales.

The fhree modulkes, which are the

moduie, near-shom speciral wind-wave moduie and
offshore-spaciral wind-wave modu's, have bean
accapted for coasial sfonm surgs, coastal wave
heights, and coastal wave effect veapge.

For mora infornalion please
@mmmww and

FEMA approval of the MIKE 21 package
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B-5 [ ﬁ'ﬁme Series (,dfs0)
~[£% MIKE HYDRO W Profile Series (.dfs1)
[ MIKE 11 W Data Manager {.dfsu,.mesh, .dfs2,.dfs3)
[ MIKE 21 W Grid Series (.dfs3,.dfs2)
-3 MIKE3 .\ Flot Composer {,plc)
£ MIKE 21/3 Integrated Models A Result Viewer (rev)
[ LITPACK & Bathymetries ( batsf)
I3 MIKE FLOOD
= MIKE SHE :| @ Climate Change (.mzcc)
@ Ecolab (ecolab)
® 2uto Calibration (.auc)
@ Eva Editor (eva)
.\ Mesh Generator (.mdf)
A\ Data Extraction FM {.dxfm)
A\ MIKE Zero Toolbox (.mzt)
Time Series.
o ]

Overview of the commo

Mi

n MIKE Zero utilities
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Parallelisation

Parallelisation

The computational engines of the MIKE 21/3 FM
series are available in versions that have been
parallelised using both shared memory (OpenMP) as
well as distributed memory architecture (MPI). The
result is much faster simulations on systems with
many cores.
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_ /
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§ peed-up factor

1
o 200 400 600 800 1000

Number of processors

MIKE 21 FM speed-up using a HPC Cluster with
distributed memory architecture (purple)

Hardware and Operating System
Requirements

The MIKE 21 Spectral Waves FM Module supports
Microsoft Windows 7 Professional Service Pack 1
(32 and 64 bit), Windows 8.1 Pro (64 bit), Windows
10 Pro (64 bit) and Windows Server 2012 R2
Standard (64 bit). Microsoft Internet Explorer 9.0 (or
higher) is required for network license management
as well as for accessing the Online Help.

The recommended minimum hardware requirements
for executing the MIKE 21 Spectral Waves FM
Module are:

Processor: 3 GHz PC (or higher)
Memory (RAM): 4 GB (or higher)
Hard disk: 160 GB (or higher)

Monitor: SVGA, resolution 1024x768
Graphic card: 64 MB RAM (256 MB RAM or
higher is recommended)

The expert in WATER ENVIRONMENTS
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Support
News about new features, applications, papers,
updates, patches, etc. are available here:

www.mikepoweredbydhi.com/Download/DocumentsAndTools.aspx

For further information on MIKE 21 SW, please
contact your local DHI office or the support centre:

MIKE Powered by DHI Client Care
Agern Allé 5

DK-2970 Hgrsholm

Denmark

Tel: +45 4516 9333

Fax: +45 4516 9292
mike@dhigroup.com
www.mikepoweredbydhi.com

Documentation

The MIKE 21 & MIKE 3 FM models are provided
with comprehensive user guides, online help,
scientific documentation, application examples and
step-by-step training examples.
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E Normal Conditions at HKZ

Are provided under separate cover.
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G Extreme Conditions at HKZ and HKN

G.1 Extreme wind speeds at HKZ

DA

Directional and Monthly Uio extremes - HKZ
U1o,1n [M/S] U1o,10min [M/S]

Tr [years]
1 2 5 10 50 100 |1 2 5 10 50 100
Annual/Omni | 24.3 | 25.0 | 27.0 | 28.3 | 30.8 | 31.8 | 26,5 | 27.3 | 29.6 | 31.0 | 34.0 | 35.2
o° 23.3 | 248 | 266 | 27.8 | 30.5 | 315 | 253 | 27.1 | 29.1 | 30.5 | 33.6 | 34.8
300 221 | 228 | 238 | 244 | 26.0 | 26.6 | 24.0 | 248 | 259 | 26.7 | 28.4 | 29.1
_| 600 221 | 228 | 238 | 244 | 26.0 | 26.6 | 24.0 | 248 | 259 | 26.7 | 28.4 | 29.1
S 90Q° 221 | 228 | 238 | 244 | 26.0 | 26.6 | 24.0 | 248 | 259 | 26.7 | 28.4 | 29.1
§ 120° 221 | 228 | 238 | 244 | 26.0 | 26.6 | 24.0 | 248 | 259 | 26.7 | 28.4 | 29.1
:C}) 150° 221 | 228 | 238 | 244 | 26.0 | 26.6 | 24.0 | 248 | 259 | 26.7 | 28.4 | 29.1
© | 180° 239 | 25.6 | 274 | 28,5 | 31.0 | 32.0 | 26.0 | 28.0 | 30.0 | 31.3 | 34.2 | 354
-§ 210° 239 | 25.6 | 274 | 28,5 | 31.0 | 32.0 | 26.0 | 28.0 | 30.0 | 31.3 | 34.2 | 354
.é 240° 239 | 25.6 | 274 | 28,5 | 31.0 | 32.0 | 26.0 | 28.0 | 30.0 | 31.3 | 34.2 | 354
e 270° 239 | 25.6 | 274 | 28,5 | 31.0 | 32.0 | 26.0 | 28.0 | 30.0 | 31.3 | 34.2 | 354
300° 233 | 248 | 26.6 | 278 | 305 | 315 | 253 | 27.1 | 29.1 | 305 | 33.6 | 34.8
330° 233 | 248 | 26.6 | 278 | 305 | 315 | 253 | 27.1 | 29.1 | 305 | 33.6 | 34.8
Jan 242 | 26.0 | 27.7 | 28.8 | 31.3 | 32.2 | 26.3 | 284 | 304 | 31.7 | 345 | 356
Feb 242 | 26.0 | 27.7 | 28.8 | 31.3 | 32.2 | 26.3 | 284 | 304 | 31.7 | 345 | 356
Mar 242 | 26.0 | 27.7 | 28.8 | 31.3 | 32.2 | 26.3 | 284 | 304 | 31.7 | 345 | 35.6
Apr 242 | 26.0 | 27.7 | 28.8 | 31.3 | 32.2 | 26.3 | 284 | 304 | 31.7 | 345 | 356
May 20.7 | 224 | 240 | 25.2 | 27.7 | 28.7 | 224 | 243 | 26.2 | 27.5 | 30.3 | 315
E Jun 20.7 | 224 | 240 | 25.2 | 27.7 | 28.7 | 224 | 243 | 26.2 | 27.5 | 30.3 | 315
g Jul 20.7 | 224 | 240 | 25.2 | 27.7 | 28.7 | 224 | 243 | 26.2 | 27.5 | 30.3 | 315
Aug 20.7 | 224 | 240 | 25.2 | 27.7 | 28.7 | 224 | 243 | 26.2 | 27.5 | 30.3 | 315
Sep 23.0 | 249 | 26.7 | 28.0 | 30.7 | 31.8 | 25.0 | 27.1 | 29.2 | 30.7 | 33.8 | 35.1
Oct 23.0 | 249 | 26.7 | 28.0 | 30.7 | 31.8 | 25.0 | 27.1 | 29.2 | 30.7 | 33.8 | 35.1
Nov 242 | 26.0 | 27.7 | 28.8 | 31.3 | 32.2 | 26.3 | 284 | 304 | 31.7 | 345 | 35.6
Dec 242 | 26.0 | 27.7 | 28.8 | 31.3 | 32.2 | 26.3 | 284 | 304 | 31.7 | 345 | 35.6
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Directional and Monthly Uio extremes - HKZ

U10,1min [M/S] Uio,3s [M/s]
Tr [years]
1 2 5 10 50 100 |1 2 5 10 50 100
Annual/Omni | 29.4 | 30.3 | 32.9 | 34.6 | 38.0 | 39.4 | 33.0 | 34.1 | 37.2 | 39.2 | 43.3 | 45.0
0° 28.0 | 30.0 | 324 | 340 | 376 | 39.0 | 31.4 | 338 | 36.6 | 385 | 42.7 | 445
30° 26.4 | 27.4 | 28.6 | 295 | 31.5 | 323 [ 29.6 | 30.7 | 32.1 | 33.2 | 35,6 | 36.5
| 80° 26.4 | 27.4 | 28.6 | 295 | 31.5 | 323 [ 29.6 | 30.7 | 32.1 | 33.2 | 35,6 | 36.5
g 90° 26.4 | 27.4 | 28.6 | 295 | 31.5 | 323 [ 29.6 | 30.7 | 32.1 | 33.2 | 35,6 | 36.5
§ 120° 26.4 | 27.4 | 28.6 | 295 | 31.5 | 323 [ 29.6 | 30.7 | 32.1 | 33.2 | 35,6 | 36.5
:c,g 150° 26.4 | 27.4 | 28.6 | 295 | 31.5 | 323 [ 29.6 | 30.7 | 32.1 | 33.2 | 35,6 | 36.5
© | 180° 28.8 | 31.0 | 334 | 349 | 383 | 39.7 | 323 | 350 | 37.8 | 39.6 | 43.7 | 45.3
-§ 210° 28.8 | 31.0 | 334 | 349 | 383 | 39.7 | 323 | 350 | 37.8 | 39.6 | 43.7 | 45.3
g 240° 28.8 | 31.0 | 334 | 349 | 383 | 39.7 | 323 | 350 | 37.8 | 39.6 | 43.7 | 45.3

2700 28.8 | 31.0 | 334 | 349 | 383 | 39.7 | 323 | 350 | 37.8 | 39.6 | 43.7 | 45.3

300° 28.0 | 30.0 | 324 | 34.0 | 376 | 39.0 | 314 | 33.8 | 36.6 | 385 | 42.7 | 445

330° 28.0 | 30.0 | 324 | 34.0 | 376 | 39.0 | 314 | 33.8 | 36.6 | 385 | 42.7 | 445

Jan 29.1 | 316 | 338 | 353 | 386 | 40.0 | 32.7 | 35.6 | 38.3 | 40.1 | 44.0 | 45.7
Feb 29.1 | 316 | 338 | 353 | 38.6 | 40.0 | 32.7 | 356 | 38.3 | 40.1 | 44.0 | 45.7
Mar 29.1 | 316 | 338 | 353 | 38.6 | 40.0 | 32.7 | 356 | 38.3 | 40.1 | 440 | 45.7
Apr 29.1 | 316 | 338 | 353 | 38.6 | 40.0 | 32.7 | 356 | 38.3 | 40.1 | 44.0 | 45.7
May 247 | 268 | 289 | 305 | 33.8 | 351 | 276 300 | 325 | 343 | 383 | 399
E Jun 24.7 | 26.8 | 289 | 305 | 338 | 351 | 276 | 30.0 | 325 | 34.3 | 38.3 | 39.9
g Jul 247 | 26.8 | 289 | 30,5 | 338 | 351 | 276 | 30.0 | 325 | 34.3 | 38.3 | 39.9
Aug 247 | 268 | 289 | 305 | 338 | 351 | 276 | 30.0 | 325 | 343 | 38.3 | 399
Sep 276 | 301 | 325 | 342 | 379 | 394 | 309 | 339 | 36.7 | 38.7 | 43.1 | 449
Oct 276 | 301 | 325 | 342 | 379 | 394 | 309 | 339 | 36.7 | 38.7 | 43.1 | 449
Nov 29.1 | 316 | 338 | 353 | 38.6 | 40.0 | 32.7 | 356 | 38.3 | 40.1 | 44.0 | 45.7
Dec 29.1 | 316 | 338 | 353 | 38.6 | 40.0 | 32.7 | 356 | 38.3 | 40.1 | 44.0 | 45.7
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Directional and Monthly Uic extremes - HKZ
U1o00,1h [M/S] U100,10min [M/S]

Tr [years]
1 2 5 10 50 100 |1 2 5 10 50 100
Annual/Omni | 31.2 | 32.2 | 35.0 | 36.7 | 404 | 419 | 329 | 34.0 | 37.0 | 38.9 | 429 | 445
Q° 29.7 | 319 | 344 | 36.2 | 399 | 414 | 31.3 | 33.7 | 364 | 383 | 424 | 440
300 281 | 29.1 | 304 | 314 | 335 | 344 | 296 | 30.7 | 321 | 331|354 | 364
_| 600 281 | 29.1 | 304 | 314 | 335 | 344 | 296 | 30.7 | 321 | 331|354 | 364
g 9Q° 281 | 29.1 | 304 | 314 | 335 | 344 | 296 | 30.7 | 321 | 331|354 | 364
§ 120° 281 | 29.1 | 304 | 314 | 335 | 344 | 296 | 307 |321 | 331|354 | 364
:C}) 150° 281 | 29.1 | 304 | 314 | 335 | 344 | 296 | 30.7 | 321 | 331|354 | 364
< | 180° 30.6 | 33.0 | 355 | 37.1 | 40.7 | 42.2 | 322 | 349 | 375 | 39.3 | 43.2 | 448
-§ 210° 30.6 | 33.0 | 355 | 37.1 | 40.7 | 42.2 | 322 | 349 | 375 | 39.3 | 43.2 | 448
.é 240° 30.6 | 33.0 | 355 | 37.1 | 40.7 | 422 | 322 | 349 | 375 | 39.3 | 43.2 | 448
e 270° 30.6 | 33.0 | 355 | 37.1 | 40.7 | 422 | 322 | 349 | 375 | 39.3 | 43.2 | 448
300° 29.7 | 319 | 344 |36.2 | 399 | 414 | 313 | 33.7 | 36.4 | 383 |424 | 440
330° 29.7 | 319 | 344 |36.2 {399 | 414 | 313 | 337 |36.4 | 383 |424 | 440
Jan 31.0 | 336 | 359 | 376 | 41.0 | 425 | 326 | 355 | 38.0 | 39.8 | 43.6 | 45.2
Feb 31.0 | 336 | 359 | 376 | 41.0 | 425 | 326 | 355 | 38.0 | 39.8 | 43.6 | 45.2
Mar 31.0 | 336 | 359 | 376 | 41.0 | 425 | 326 | 355 | 38.0 | 39.8 | 43.6 | 45.2
Apr 31.0 | 336 | 359 | 376 | 41.0 | 425 | 326 | 355 | 38.0 | 39.8 | 43.6 | 45.2
May 26.2 | 285 | 308 | 324 | 359 | 374 | 275 | 30.0 | 325 | 34.2 | 38.0 | 39.6
,ET Jun 26.2 | 285 | 308 | 324 | 359 | 374 | 275 | 30.0 | 325 | 34.2 | 38.0 | 39.6
g Jul 26.2 | 285 | 308 | 324 | 359 | 374 | 275 | 30.0 | 325 | 34.2 | 38.0 | 39.6
Aug 26.2 | 285 | 308 | 324 | 359 | 374 | 275 | 30.0 | 325 | 34.2 | 38.0 | 39.6
Sep 293 | 320 | 346 | 36.4 | 40.2 | 41.8 | 309 | 33.7 | 36,5 | 38,5 | 42.7 | 444
Oct 29.3 | 320 | 346 | 364 | 40.2 | 41.8 | 309 | 33.7 | 36,5 | 38,5 | 42.7 | 444
Nov 310 | 336 | 359 | 37.6 | 41.0 | 425 | 32.6 | 355 | 38.0 | 39.8 | 43.6 | 45.2
Dec 31.0 | 336 | 359 | 37.6 | 41.0 | 425 | 32.6 | 355 | 38.0 | 39.8 | 43.6 | 45.2
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Directional and Monthly Uieo extremes - HKZ

U100,1min [M/S] U100,3s [M/s]
Tr [years]

1 2 5 10 50 100 |1 2 5 10 50 100
Annual/Omni | 35.1 | 36.3 | 39.6 | 41.7 | 46.1 | 479 | 37.9 | 39.2 | 429 | 453 | 50.3 | 52.3
0° 334 | 359 | 389 |41.0 | 455 | 474 | 36.0 | 38.9 | 42.2 | 445 | 49.6 | 51.7
30° 314 | 326 | 342 | 353 | 37.8 | 389 | 339 (352 |369 |381 410 |421
| 60° 314 | 326 | 342 | 353 | 37.8 | 389 | 339 (352 |369 |381 410 |421
g 90° 314 | 326 | 342 | 353 | 37.8 | 389 | 339 (352 |369 |381 410 |421
§ 120° 314 | 326 | 342 | 353 | 37.8 | 389 | 339 (352 |369 |381 410 |421
:C,g 150° 314 | 326 | 342 | 353 | 37.8 | 389 | 339 (352|369 |381 410 |421
< | 180° 344 | 372 | 40.2 | 422 | 46,5 | 48.2 | 37.1 | 40.3 | 43.6 | 45.8 | 50.7 | 52.7
-§ 2100 344 | 372 | 40.2 | 422 | 46,5 | 48.2 | 37.1 | 40.3 | 43.6 | 45.8 | 50.7 | 52.7
,g 240° 344 | 372 | 40.2 | 422 | 46,5 | 48.2 | 37.1 | 40.3 | 43.6 | 45.8 | 50.7 | 52.7

2700 344 | 372 | 40.2 | 42.2 | 465 | 48.2 | 37.1 | 40.3 | 43.6 | 45.8 | 50.7 | 52.7

300° 334 | 359 | 389 | 410 | 455 | 474 | 36.0 | 389 | 42.2 | 445 | 496 | 51.7

3300 334 | 359 | 389 | 410 | 455 | 474 | 36.0 | 389 | 42.2 | 445 | 496 | 51.7

Jan 34.8 | 379 | 40.7 | 42.7 | 469 | 48.6 | 376 | 411 | 442 | 464 | 51.2 | 53.1
Feb 34.8 | 379 | 40.7 | 42.7 | 469 | 48.6 | 376 | 411 | 442 | 464 | 51.2 | 53.1
Mar 34.8 | 379 | 40.7 | 42.7 | 469 | 48.6 | 376 | 411 | 442 | 464 | 51.2 | 53.1
Apr 34.8 | 379 | 40.7 | 42.7 | 469 | 48.6 | 376 | 411 | 442 | 464 | 51.2 | 53.1
May 29.2 | 319 | 346 | 365 | 40.7 | 424 | 314 | 344 | 374 | 395 | 442 | 46.1
E Jun 29.2 | 319 | 346 | 365 | 40.7 | 424 | 314 | 344 | 374 | 395 | 442 | 46.1
g Jul 29.2 | 319 | 346 | 365 | 40.7 | 424 | 314 | 344 | 374 | 395 | 442 | 46.1
Aug 29.2 | 319 | 346 | 365 | 40.7 | 424 | 314 | 344 | 374 | 395 | 442 | 46.1
Sep 329 | 36.0 | 39.1 | 41.2 | 459 | 478 | 354 | 389 | 424 | 448 | 50.0 | 52.2
Oct 329 | 36.0 | 39.1 | 41.2 | 459 | 478 | 354 | 389 | 424 | 448 | 50.0 | 52.2
Nov 34.8 | 379 | 40.7 | 42.7 | 46.9 | 48.6 | 376 | 411 | 442 | 464 | 51.2 | 53.1
Dec 34.8 | 379 | 40.7 | 42.7 | 46.9 | 48,6 | 37.6 | 411 | 442 | 464 | 51.2 | 53.1
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Directional and Monthly Uizs extremes - HKZ
Ui2s,1n [M/S] U12s,10min [M/S]

Tr [years]
1 2 5 10 50 100 |1 2 5 10 50 100
Annual/Omni | 31.9 | 329 | 358 | 37.6 | 41.3 | 429 | 335 | 346 | 37.7 | 39.7 | 43.8 | 454
Q° 304 | 326 | 352 | 37.0 | 40.8 | 424 | 319 | 343 | 371 | 39.0 | 43.2 | 449
30° 28.7 | 29.7 | 311 | 321 | 342 | 352 | 30.1 | 312 |327 |33.7 |36.1 |37.1
_| 600 28.7 | 29.7 | 311 | 321 | 342 | 352 | 30.1 | 312 |327 |33.7 |36.1 |37.1
g 9Q° 28.7 | 29.7 | 311 | 321 | 342 | 352 | 30.1 | 312 |327 |33.7 |36.1 |37.1
é 120° 28.7 | 29.7 | 311 | 321 | 342 | 352 | 301 | 312 |327 |33.7 |36.1 |37.1
:C}) 150° 28.7 | 29.7 | 311 | 321 | 342 | 352 | 30.1 | 312 | 327 |33.7 |36.1 | 37.1
< | 180° 31.2 | 33.7 | 363 | 38.0 | 416 | 43.1 | 328 | 355 | 38.3 | 40.1 | 44.1 | 45.7
-§ 210° 31.2 | 33.7 | 36.3 | 38.0 | 416 | 43.1 | 328 | 355 | 38.3 | 40.1 | 44.1 | 45.7
.é 240° 31.2 | 33.7 | 363 | 38.0 | 416 | 43.1 | 328 | 355 | 38.3 | 40.1 | 44.1 | 45.7
e 270° 31.2 | 33.7 | 363 | 38.0 | 416 | 43.1 | 328 | 355 | 38.3 | 40.1 | 44.1 | 45.7
300° 304 | 32.6 | 35.2 | 37.0 | 40.8 | 424 | 319 | 34.3 | 37.1 | 39.0 | 43.2 | 449
330° 304 | 326 | 35.2 | 37.0 | 40.8 | 424 | 319 | 34.3 | 37.1 | 39.0 | 43.2 | 449
Jan 316 | 343 | 36.7 | 384 | 42.0 | 435 | 33.3 | 36.1 | 38.8 | 40.6 | 445 | 46.1
Feb 316 | 343 | 36.7 | 384 | 42.0 | 435 | 33.3 | 36.1 | 38.8 | 40.6 | 445 | 46.1
Mar 316 | 343 | 36.7 | 384 | 42.0 | 435 | 33.3 | 36.1 | 38.8 | 40.6 | 445 | 46.1
Apr 316 | 343 | 36.7 | 384 | 42.0 | 435 | 33.3 | 36.1 | 38.8 | 40.6 | 445 | 46.1
May 26.8 | 29.1 | 314 |33.1 | 36.7 | 38.2 | 28.0 | 30.5 | 33.1 | 349 | 38.8 | 40.3
E Jun 26.8 | 29.1 | 314 |33.1 | 36.7 | 38.2 | 28.0 | 30.5 | 33.1 | 349 | 38.8 | 40.3
é Jul 26.8 | 29.1 | 314 |33.1 | 36.7 | 38.2 | 28.0 | 30.5 | 33.1 | 349 | 38.8 | 40.3
Aug 26.8 | 29.1 | 314 | 33.1 | 36.7 | 38.2 | 28.0 | 30.5 | 33.1 | 349 | 38.8 | 40.3
Sep 29.9 | 32.7 | 353 | 37.2 | 411 | 428 | 314 | 344 | 37.2 | 39.2 | 43.6 | 453
Oct 29.9 | 327 | 353 | 37.2 | 411 | 428 | 314 | 344 | 37.2 | 39.2 | 43.6 | 453
Nov 316 | 343 | 36.7 | 38.4 | 42.0 | 435 | 33.3 | 36.1 | 38.8 | 40.6 | 445 | 46.1
Dec 316 | 343 | 36.7 | 38.4 | 42.0 | 435 | 33.3 | 36.1 | 38.8 | 40.6 | 445 | 46.1
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Directional and Monthly Uizs extremes - HKZ

U125,1min [M/S] Ui2s,3s [M/s]
Tr [years]

1 2 5 10 50 100 |1 2 5 10 50 100
Annual/Omni | 35.7 | 36.9 | 40.2 | 424 | 46.9 | 48.7 | 38.4 | 39.8 | 43,5 | 459 | 51.0 | 53.0
0° 339 | 365 | 395 | 416 | 46.3 | 482 | 36,5 | 394 | 42.7 | 45.1 | 50.3 | 524
30° 319 | 332 | 347 | 359 | 384 | 395 | 343 | 356 | 374 | 386 | 415 | 42.7
| 80° 319 | 332 | 347 | 359 | 384 | 395 | 343 | 356 | 374 | 386 | 415 | 42.7
g 90° 319 | 332 | 347 | 359 | 384 | 395 | 343 | 356 | 374 | 386 | 415 | 42.7
§ 120° 319 | 332 | 347 | 359 | 384 | 395 | 343 | 356 | 374 | 386 | 415 | 42.7
:C)) 150° 319 | 332 | 347 | 359 | 384 | 395 | 343 | 356 | 374 | 386 | 415 | 42.7
< | 180° 349 | 378 | 408 | 429 | 47.3 | 49.1 | 37.6 | 40.8 | 44.2 | 46.4 | 514 | 53.4
é 210° 349 | 378 | 408 | 429 | 47.3 | 49.1 | 37.6 | 40.8 | 44.2 | 46.4 | 514 | 53.4
,g 240° 349 | 378 | 408 | 429 | 47.3 | 49.1 | 37.6 | 40.8 | 44.2 | 46.4 | 514 | 53.4

2700 349 | 378 | 408 | 429 | 47.3 | 49.1 | 376 | 408 | 442 | 46.4 | 514 | 534

300° 339 | 365 | 395 | 416 | 46.3 | 48.2 | 36.5 | 394 | 42.7 | 45.1 | 50.3 | 524

3300 339 | 365 | 395 | 416 | 46.3 | 48.2 | 36.5 | 394 | 42.7 | 45.1 | 50.3 | 524

Jan 354 | 385 | 414 | 434 | 47.7 | 494 | 38.1 | 416 | 448 | 47.0 | 51.8 | 53.8
Feb 354 | 385 | 414 | 434 | 47.7 | 494 | 38.1 | 416 | 448 | 47.0 | 51.8 | 53.8
Mar 354 | 385 | 414 | 434 | 47.7 | 494 | 38.1 | 416 | 448 | 47.0 | 51.8 | 53.8
Apr 354 | 385 | 414 | 434 | 47.7 | 494 | 38.1 | 416 | 448 | 47.0 | 51.8 | 53.8
May 29.7 | 324 | 351 | 371 | 414 | 43.1 | 318 | 348 | 37.8 | 40.0 | 448 | 46.7
E Jun 29.7 | 324 | 351 | 371 | 414 | 43.1 | 318 | 348 | 37.8 | 40.0 | 448 | 46.7
g Jul 29.7 | 324 | 351 | 371 | 414 | 431 | 318 | 348 | 37.8 | 40.0 | 448 | 46.7
Aug 29.7 | 324 | 351 | 371 | 414 | 431 | 31.8 | 348 | 37.8 | 40.0 | 44.8 | 46.7
Sep 334 | 366 | 39.7 | 419 | 46.7 | 486 | 359 | 394 | 429 | 454 | 50.7 | 52.9
Oct 334 | 366 | 39.7 | 419 | 46.7 | 486 | 359 | 394 | 429 | 454 | 50.7 | 52.9
Nov 354 | 385 | 414 | 434 | 47.7 | 494 | 38.1 | 416 | 448 | 47.0 | 51.8 | 53.8
Dec 354 | 385 | 414 | 434 | 47.7 | 494 | 38.1 | 416 | 448 | 47.0 | 51.8 | 53.8
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Directional and Monthly Uiso extremes - HKZ
Uiso0,1h [M/S] U1s0,10min [M/S]

Tr [years]
1 2 5 10 50 100 |1 2 5 10 50 100
Annual/Omni | 32.4 | 335 | 364 | 38.2 | 421 | 43.7 | 34.0 | 35.2 | 38.3 | 40.3 | 445 | 46.2
0° 309 | 332 | 358 | 37.6 | 416 | 43.2 | 324 | 348 | 37.7 | 39.6 | 43.9 | 45.6
300 29.2 | 30.2 | 316 | 32.6 | 348 | 35.8 | 30.6 | 31.7 | 33.2 | 34.2 | 36.6 | 37.6
| 60° 29.2 | 30.2 | 316 | 32.6 | 348 | 35.8 | 30.6 | 31.7 | 33.2 | 34.2 | 36.6 | 37.6
g 90° 29.2 | 30.2 | 316 | 32.6 | 348 | 358 | 30.6 | 31.7 | 33.2 | 34.2 | 36.6 | 37.6
§ 120° 29.2 | 30.2 | 316 | 32.6 | 348 | 35.8 | 30.6 | 31.7 | 33.2 | 34.2 | 36.6 | 37.6
:c,; 150° 29.2 | 30.2 | 316 | 32.6 | 348 | 35.8 | 30.6 | 31.7 | 33.2 | 34.2 | 36.6 | 37.6
< | 180° 318 | 343 | 369 | 38.7 | 424 | 439 | 33.3 | 36.1 | 389 | 40.8 | 44.8 | 46.5
-§ 210° 318 | 343 | 369 | 38.7 | 424 | 439 | 33.3 | 36.1 | 389 | 40.8 | 44.8 | 46.5
.é 240° 318 | 343 | 369 | 38.7 | 424 | 439 | 33.3 | 36.1 | 389 | 40.8 | 44.8 | 46.5
e 270° 318 | 343 | 369 | 38.7 | 424 | 439 | 33.3 | 36.1 | 389 | 40.8 | 44.8 | 46.5
300° 309 | 33.2 | 358 | 376 | 416 | 43.2 | 324 | 348 | 37.7 | 39.6 | 439 | 456
330° 309 | 33.2 | 358 | 376 | 416 | 43.2 | 324 | 348 | 37.7 | 39.6 | 439 | 456
Jan 322 | 349 | 374 | 39.1 | 428 | 443 | 338 | 36.7 | 39.4 | 41.2 | 45.2 | 46.8
Feb 322 | 349 | 374 | 39.1 | 428 | 443 | 338 | 36.7 | 39.4 | 41.2 | 45.2 | 46.8
Mar 322 | 349 | 374 | 39.1 | 428 | 443 | 338 | 36.7 | 39.4 | 41.2 | 45.2 | 46.8
Apr 322 | 349 | 374 | 39.1 | 428 | 443 | 338 | 36.7 | 39.4 | 41.2 | 45.2 | 46.8
May 272 | 29.6 | 320 | 33.7 | 374 | 389 | 285 | 310 | 336 | 354 | 394 | 41.0
E Jun 272 | 29.6 | 320 | 33.7 | 374 | 389 | 285 | 310 | 336 | 354 | 394 | 41.0
é Jul 272 | 29.6 | 320 | 33.7 | 374 | 389 | 285 | 310 | 336 | 354 | 394 | 41.0
Aug 272 | 29.6 | 320 | 33.7 | 374 | 389 | 285 | 31.0 | 336 | 354 | 394 | 410
Sep 304 | 33.2 | 359 | 378 | 419 | 436 | 319 |349 |37.8 | 39.8 | 443 | 46.1
Oct 304 | 33.2 | 359 | 37.8 | 419 | 436 | 319 | 349 |37.8 | 39.8 | 443 | 46.1
Nov 322 | 349 | 374 | 39.1 | 428 | 44.3 | 33.8 | 36.7 | 394 | 41.2 | 45.2 | 46.8
Dec 322 | 349 | 374 | 39.1 | 428 | 44.3 | 33.8 | 36.7 | 394 | 41.2 | 45.2 | 46.8
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Directional and Monthly Uiso extremes - HKZ

U1s0,1min [M/S] Uiso,3s [M/s]
Tr [years]

1 2 5 10 50 100 |1 2 5 10 50 100
Annual/Omni | 36.1 | 37.3 | 40.8 | 429 | 475 | 494 | 38.8 | 40.2 | 440 | 46.4 | 51.5 | 53.6
o° 34.3 | 37.0 | 40.0 | 42.2 | 469 | 48.8 | 36.8 | 39.8 | 43.2 | 45.6 | 50.8 | 53.0
300 32.3 | 33.6 | 352 | 36.3 | 389 | 40.0 | 34.7 | 36.0 | 37.7 | 39.0 | 419 | 431
| 60° 32.3 | 33.6 | 352 | 36.3 | 389 | 40.0 | 34.7 | 36.0 | 37.7 | 39.0 | 419 | 431
g 90° 32.3 | 33.6 | 352 | 36.3 | 389 | 40.0 | 34.7 | 36.0 | 37.7 | 39.0 | 419 | 431
§ 120° 32.3 | 33.6 | 352 | 36.3 | 389 | 40.0 | 34.7 | 36.0 | 37.7 | 39.0 | 419 | 431
:C,g 150° 32.3 | 33.6 | 352 | 36.3 | 389 | 40.0 | 34.7 | 36.0 | 37.7 | 39.0 | 419 | 431
< | 180° 353 (383 | 414 | 434 | 479 | 49.7 | 38.0 | 41.3 | 446 | 469 | 519 | 54.0
é 210° 353 (383 | 414 | 434 | 479 | 49.7 | 38.0 | 41.3 | 446 | 46,9 | 519 | 54.0
g 240° 353 (383 | 414 | 434 | 479 | 49.7 | 38.0 | 41.3 | 446 | 46,9 | 519 | 54.0

2700 35.3 | 383 | 414 | 434 | 479 | 49.7 | 38.0 | 413 | 446 | 469 | 519 | 54.0

300° 343 | 37.0 | 40.0 | 42.2 | 46.9 | 48.8 | 36.8 | 39.8 | 43.2 | 45.6 | 50.8 | 53.0

330° 343 | 37.0 | 40.0 | 42.2 | 469 | 48.8 | 36.8 | 39.8 | 43.2 | 45.6 | 50.8 | 53.0

Jan 35.8 | 39.0 | 419 | 440 | 48.3 | 50.1 | 385 | 420 | 453 | 475 | 524 | 544
Feb 35.8 | 39.0 | 419 | 440 | 48.3 | 50.1 | 385 | 420 | 453 | 475 | 524 | 544
Mar 35.8 | 39.0 | 419 | 440 | 48.3 | 50.1 | 385 | 420 | 453 | 475 | 524 | 544
Apr 35.8 | 39.0 | 419 | 440 | 48.3 | 50.1 | 385 | 420 | 453 | 475 | 524 | 544
May 30.1 | 328 | 356 | 37.6 | 419 | 43.7 | 321 | 352 | 38.2 | 404 | 45.2 | 47.2
E Jun 30.1 | 328 | 356 | 37.6 | 419 | 43.7 | 321 | 352 | 38.2 | 404 | 45.2 | 47.2
é Jul 30.1 | 328 | 356 | 37.6 | 419 | 43.7 | 321 | 352 | 38.2 | 404 | 45.2 | 47.2
Aug 30.1 | 328 | 356 | 376 | 419 | 43.7 | 32.1 | 35.2 | 38.2 | 404 | 45.2 | 47.2
Sep 33.8 | 37.0 | 40.2 | 425 | 473 | 493 | 36.3 | 39.8 | 434 | 458 | 51.2 | 53.5
Oct 33.8 | 37.0 | 40.2 | 425 | 473 | 493 | 36.3 | 39.8 | 434 | 458 | 51.2 | 53.5
Nov 35.8 | 39.0 | 419 | 440 | 48.3 | 50.1 | 385 | 420 | 453 | 475 | 524 | 544
Dec 35.8 | 39.0 | 419 | 440 | 48.3 | 50.1 | 385 | 420 | 453 | 475 | 524 | 544
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Directional and Monthly U200 extremes - HKZ
U200,1h [M/S] U200,10min [M/S]

Tr [years]
1 2 5 10 50 100 |1 2 5 10 50 100
Annual/Omni | 33.3 | 344 | 374 | 393 | 433 | 449 | 348 |36.0 | 39.2 | 41.3 | 456 | 47.3
Q° 31.7 | 341 | 36.8 | 38.7 | 42.7 | 444 | 331 | 35.7 | 38.6 | 40.6 | 45.0 | 46.8
300 299 | 31.0 | 324 | 335 | 358 | 36.7 | 31.3 | 324 | 339 | 35.0 | 37.5 | 385
| 60° 299 | 31.0 | 324 | 335 | 358 | 36.7 | 31.3 | 32.4 | 339 | 35.0 | 37.5 | 385
g 90° 299 | 31.0 | 324 | 335 | 358 | 36.7 | 31.3 | 324 | 339 | 35.0 | 37.5 | 385
§ 120° 299 | 31.0 | 324 | 335 | 358 | 36.7 | 31.3 | 32.4 | 339 | 35.0 | 37.5 | 385
:c,; 150° 299 | 31.0 | 324 | 335 | 358 | 36.7 | 31.3 | 32.4 | 339 | 35.0 | 37.5 | 385
< | 180° 326 | 352 | 379 | 39.7 | 436 | 452 | 341 | 369 | 39.8 | 41.8 | 459 | 47.7
-§ 210° 326 | 352 | 379 | 39.7 | 436 | 452 | 341 | 369 | 39.8 | 41.8 | 459 | 47.7
.é 240° 326 | 352 | 379 | 39.7 | 436 | 452 | 341 | 369 | 39.8 | 41.8 | 459 | 47.7
e 270° 326 | 352 | 379 | 39.7 | 436 | 452 | 341 | 369 | 39.8 | 41.8 | 459 | 47.7
300° 317 | 34.1 | 36.8 | 38.7 | 42.7 | 444 | 33.1 | 35.7 | 38.6 | 40.6 | 45.0 | 46.8
330° 317 | 34.1 | 36.8 | 38.7 | 42.7 | 444 | 33.1 | 35.7 | 38.6 | 40.6 | 45.0 | 46.8
Jan 33.0 | 359 | 384 | 40.2 | 44.0 | 455 | 346 | 376 | 40.3 | 42.2 | 46.3 | 48.0
Feb 33.0 | 359 | 384 | 40.2 | 44.0 | 455 | 346 | 376 | 40.3 | 42.2 | 46.3 | 48.0
Mar 33.0 | 359 | 384 | 40.2 | 44.0 | 455 | 346 | 376 | 40.3 | 42.2 | 46.3 | 48.0
Apr 33.0 | 359 | 384 | 40.2 | 44.0 | 455 | 346 | 376 | 40.3 | 42.2 | 46.3 | 48.0
May 279 | 30.3 | 328 | 346 | 384 | 40.0 | 29.1 | 31.7 | 343 | 36.2 | 40.3 | 420
E Jun 279 | 30.3 | 328 | 346 | 384 | 40.0 | 29.1 | 31.7 | 343 | 36.2 | 40.3 | 420
é Jul 279 | 30.3 | 328 | 346 | 384 | 40.0 | 29.1 | 31.7 | 343 | 36.2 | 40.3 | 42.0
Aug 279 | 30.3 | 328 | 346 | 384 |40.0 | 29.1 | 31.7 | 343 | 36.2 | 40.3 | 420
Sep 312 | 341 | 369 | 389 | 431 | 448 | 326 | 35.7 | 38.7 | 40.8 | 454 | 47.2
Oct 312 | 341 | 369 | 389 |43.1 | 448 | 326 | 35.7 | 38.7 | 40.8 | 454 | 47.2
Nov 33.0 | 35.9 | 384 | 40.2 | 44.0 | 455 | 34.6 | 37.6 | 40.3 | 42.2 | 46.3 | 48.0
Dec 33.0 | 35.9 | 384 | 40.2 | 44.0 | 455 | 34.6 | 37.6 | 40.3 | 42.2 | 46.3 | 48.0
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Directional and Monthly Uz00 extremes - HKZ

U100,1min [M/S] U100,3s [M/s]
Tr [years]

1 2 5 10 50 100 |1 2 5 10 50 100
Annual/Omni | 36.8 | 38.1 | 41.6 | 43.8 | 485 | 50.5 | 39.4 | 40.8 | 44.7 | 47.2 | 52.4 | 545
o° 35.0 | 37.7 | 409 | 43.1 | 479 | 499 | 37.4 | 404 | 439 | 46.3 | 51.7 | 53.9
30° 33.0 | 342 | 359 | 37.0 | 39.7 | 40.8 | 35.2 | 36.6 | 38.4 | 39.7 | 426 | 43.8
| 60° 33.0 | 342 | 359 | 37.0 | 39.7 | 40.8 | 35.2 | 36.6 | 38.4 | 39.7 | 426 | 43.8
g 90° 33.0 | 342 | 359 | 37.0 | 39.7 | 40.8 | 35.2 | 36.6 | 38.4 | 39.7 | 426 | 43.8
§ 120° 33.0 | 342 | 359 | 37.0 | 39.7 | 40.8 | 35.2 | 36.6 | 38.4 | 39.7 | 426 | 43.8
:C,g 150° 33.0 | 342 | 359 | 37.0 | 39.7 | 40.8 | 35.2 | 36.6 | 38.4 | 39.7 | 426 | 43.8
< | 180° 36.1 | 39.1 | 42.2 | 444 | 489 | 50.8 | 386 | 419 | 454 | 47.7 | 52.8 | 54.9
-§ 2100 36.1 | 39.1 | 42.2 | 444 | 489 |50.8 | 386 | 419 | 454 | 47.7 | 52.8 | 54.9
g 2400 36.1 | 39.1 | 42.2 | 444 | 489 |50.8 | 386 | 419 | 454 | 47.7 | 52.8 | 54.9

2700 36.1 | 39.1 | 422 | 444 | 489 | 50.8 | 386 | 419 | 454 | 47.7 | 52.8 | 54.9

300° 35.0 | 37.7 | 409 | 431 | 479 | 499 | 374 | 404 | 439 | 46.3 | 51.7 | 53.9

3300 35.0 | 37.7 | 409 | 431 | 479 | 499 | 374 | 404 | 439 | 46.3 | 51.7 | 53.9

Jan 36.5 | 39.8 | 428 | 449 | 494 | 51.2 | 39.1 | 42.7 | 46.0 | 48.3 | 53.3 | 55.3
Feb 365 | 398 | 428 | 449 | 494 | 51.2 | 39.1 | 42.7 | 46.0 | 48.3 | 53.3 | 55.3
Mar 365 | 398 | 428 | 449 | 494 | 51.2 | 39.1 | 42.7 | 46.0 | 48.3 | 53.3 | 55.3
Apr 365 | 398 | 428 | 449 | 494 | 51.2 | 39.1 | 42.7 | 46.0 | 48.3 | 53.3 | 55.3
May 30.6 | 334 | 36.3 | 38.3 | 42.8 | 446 | 32.7 | 35.7 | 38.8 | 41.1 | 46.0 | 48.0
E Jun 30.6 | 334 | 36.3 | 38.3 | 428 | 446 | 32.7 | 35.7 | 38.8 | 41.1 | 46.0 | 48.0
g Jul 30.6 | 334 | 36.3 | 38.3 | 428 | 446 | 32.7 | 35.7 | 38.8 | 41.1 | 46.0 | 48.0
Aug 306 | 334 | 36.3 | 383 | 428 | 446 | 32.7 | 35.7 | 38.8 | 41.1 | 46.0 | 48.0
Sep 345 | 378 | 41.0 | 43.3 | 483 | 50.3 | 36.8 | 40.5 | 44.1 | 46.6 | 52.1 | 544
Oct 345 | 378 | 41.0 | 43.3 | 483 | 50.3 | 36.8 | 40.5 | 44.1 | 46.6 | 52.1 | 544
Nov 365 | 398 | 428 | 449 | 494 | 51.2 | 39.1 | 42.7 | 46.0 | 48.3 | 53.3 | 55.3
Dec 365 | 398 | 428 | 449 | 494 | 51.2 | 39.1 | 42.7 | 46.0 | 48.3 | 53.3 | 55.3
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G.2 Extreme wind speeds at HKN

DA

Directional and Monthly Uio extremes - HKN
Uio,1n [M/S] U10,10min [M/S]

Tr [years]
1 2 5 10 50 100 |1 2 5 10 50 100
Annual/Omni | 24.7 | 25.4 | 275 | 28.7 | 314 | 325 | 27.0 | 27.8 | 30.1 | 31.6 | 34.7 | 359
Q° 235 | 249 | 266 | 27.7 | 30.2 | 31.2 | 256 | 27.2 | 29.1 | 304 | 33.2 | 344
30° 226 | 233 | 242 | 249 | 26.3 | 27.0 | 245 | 253 | 264 | 27.1 | 28.8 | 29.5
_| 60° 226 | 233 | 242 | 249 | 26.3 | 27.0 | 245 | 253 | 264 | 27.1 | 28.8 | 29.5
g 9Q° 226 | 233 | 242 | 249 | 26.3 | 27.0 | 245 | 253 | 264 | 27.1 | 28.8 | 29.5
§ 120° 226 | 233 | 242 | 249 | 26.3 | 27.0 | 245 | 253 | 264 | 27.1 | 28.8 | 29.5
:C}) 150° 226 | 233 | 242 | 249 | 26.3 | 27.0 | 245 | 253 | 264 | 27.1 | 28.8 | 29.5
< | 180° 243 | 26.1 | 28.0 | 29.2 | 319 | 329 | 26,5 | 28.6 | 30.7 | 32.2 | 35.2 | 36.5
-§ 210° 243 | 26.1 | 28.0 | 29.2 | 319 | 329 | 26,5 | 28.6 | 30.7 | 32.2 | 35.2 | 36.5
.é 240° 243 | 26.1 | 28.0 | 29.2 | 319 | 329 | 26,5 | 28.6 | 30.7 | 32.2 | 35.2 | 36.5
e 270° 243 | 26.1 | 28.0 | 29.2 | 319 | 329 | 265 | 286 | 30.7 | 32.2 | 35.2 | 36.5
300° 235 | 249 | 26.6 | 27.7 | 30.2 | 31.2 | 256 |27.2 | 291 | 304 | 33.2 | 344
330° 235 | 249 | 26.6 | 27.7 | 30.2 | 31.2 | 256 | 27.2 | 291 | 304 | 33.2 | 344
Jan 245 | 26,5 | 283 | 295 | 321 | 33.1 |26.7 |29.0 | 311 | 325 | 35,5 | 36.7
Feb 245 | 26,5 | 283 | 295 | 321 | 33.1 |26.7 |29.0 | 311 | 325 | 35,5 | 36.7
Mar 245 | 26,5 | 283 | 295 | 321 | 33.1 |26.7 |29.0 | 311 | 325 | 35,5 | 36.7
Apr 245 | 26,5 | 283 | 295 | 321 | 33.1 |26.7 |29.0 | 31.1 | 32,5 | 35,5 | 36.7
May 211 | 22.8 | 244 | 255 | 28.0 | 29.0 | 229 | 248 | 26.6 | 27.9 | 30.7 | 31.9
E Jun 211 | 22.8 | 244 | 255 | 28.0 | 29.0 | 229 | 248 | 26.6 | 27.9 | 30.7 | 31.9
é Jul 21.1 | 228 | 244 | 255 | 28,0 | 29.0 | 229 | 248 | 26.6 | 279 | 30.7 | 31.9
Aug 21.1 | 228 | 244 | 255 | 28,0 | 29.0 | 229 | 248 | 26.6 | 279 | 30.7 | 31.9
Sep 234 | 252 | 269 |28.1 | 30.7 | 31.8 | 254 | 275 | 295 | 309 | 338 | 35.1
Oct 234 | 252 | 269 |28.1 | 30.7 | 31.8 | 254 | 275 | 295 | 309 | 338 | 35.1
Nov 245 | 265 | 283 | 295 | 32.1 | 331 | 26.7 | 29.0 | 31.1 | 325 | 35,5 | 36.7
Dec 245 | 265 | 283 | 295 | 32.1 | 331 | 26.7 | 29.0 | 31.1 | 325 | 35,5 | 36.7
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Directional and Monthly Uio extremes - HKN

U10,1min [M/S] Uio,3s [M/s]
Tr [years]

1 2 5 10 50 100 |1 2 5 10 50 100
Annual/Omni | 29.8 | 30.8 | 33.5 | 35.2 | 38.8 | 40.3 | 33.6 | 34.7 | 37.9 | 40.0 | 44.3 | 46.0
0° 28.2 | 30.1 | 32.3 | 338 | 37.2 | 385 | 31.7 | 339 | 36.5 | 38.3 | 42.3 | 439
30° 27.0 | 28.0 | 29.2 | 30.0 | 32.0 | 32.8 | 30.3 | 314 | 328 | 33.8 |36.2 | 37.1
| 80° 27.0 | 28.0 | 29.2 | 30.0 | 32.0 | 32.8 | 30.3 | 314 | 328 | 33.8 | 36.2 | 37.1
g 90° 27.0 | 28.0 | 29.2 | 30.0 | 32.0 | 32.8 | 30.3 | 314 | 328 | 33.8 | 36.2 | 37.1
§ 120° 27.0 | 28.0 | 29.2 | 30.0 | 32.0 | 32.8 | 30.3 | 314 | 328 | 33.8 | 36.2 | 37.1
:c,g 150° 27.0 | 28.0 | 29.2 | 30.0 | 32.0 | 32.8 | 30.3 | 314 | 328 | 33.8 | 36.2 | 37.1
© | 180° 29.3 | 31.7 | 342 | 359 | 395 | 41.0 | 329 | 358 | 38.8 | 40.8 | 45.1 | 46.8
-§ 210° 29.3 | 31.7 | 342 | 359 | 395 | 41.0 | 329 | 358 | 38.8 | 40.8 | 45.1 | 46.8
g 240° 29.3 | 31.7 | 342 | 359 | 395 | 41.0 | 329 | 358 | 38.8 | 40.8 | 45.1 | 46.8

2700 29.3 | 317 | 342 | 359 | 395 | 41.0 | 329 | 358 | 38.8 | 40.8 | 45.1 | 46.8

300° 28.2 | 30.1 | 323 | 338 | 37.2 | 385 | 317 | 339 | 36.5 | 38.3 | 423 | 43.9

330° 28.2 | 30.1 | 323 | 338 | 37.2 | 385 | 317 | 339 | 36,5 | 38.3 | 423 | 43.9

Jan 295 | 322 | 346 |36.2 | 398 | 41.2 | 333 | 364 | 39.2 | 41.2 | 454 | 47.2
Feb 295 | 322 | 346 | 36.2 | 39.8 | 41.2 | 333 | 364 | 39.2 | 41.2 | 454 | 47.2
Mar 295 | 322 | 346 | 36.2 | 39.8 | 41.2 | 333 [ 364 | 39.2 | 41.2 | 454 | 47.2
Apr 295 | 322 | 346 | 36.2 | 39.8 | 41.2 | 333 [ 364 | 39.2 | 41.2 | 454 | 47.2
May 252 | 274 | 295 | 309 | 342 | 356 |28.2 | 30.7 | 33.1 | 349 | 388 | 404
E Jun 252 | 274 | 295 | 309 | 342 | 356 | 28.2 | 30.7 | 33.1 | 349 | 38.8 | 404
g Jul 252 | 274 | 295 | 309 | 342 | 356 | 28.2 | 30.7 | 33.1 | 349 | 38.8 | 40.4
Aug 252 | 274 | 295 | 309 | 34.2 | 356 | 28.2 | 30.7 | 33.1 | 349 | 388 | 404
Sep 28.1 | 305 | 328 | 344 | 379 | 393 | 315 | 344 | 37.1 | 39.0 | 43.1 | 449
Oct 28.1 | 305 | 328 | 344 | 379 | 393 | 315 | 344 | 37.1 | 39.0 | 43.1 | 449
Nov 295 | 322 | 346 | 36.2 | 39.8 | 41.2 | 333 | 36.4 | 39.2 | 41.2 | 454 | 47.2
Dec 295 | 322 | 346 | 36.2 | 39.8 | 41.2 | 333 | 36.4 | 39.2 | 41.2 | 454 | 47.2
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Directional and Monthly Uioo extremes - HKN
U1o00,1h [M/S] U100,10min [M/S]

Tr [years]
1 2 5 10 50 100 |1 2 5 10 50 100
Annual/Omni | 31.7 | 32.7 | 356 | 37.4 | 41.2 | 428 | 335 | 346 | 37.7 | 39.7 | 43.8 | 455
0° 30.0 | 32.1 | 344 | 36.0 | 39.5 | 40.9 | 31.6 | 33.8 | 36.3 | 38.1 | 41.9 | 435
300 28.8 | 29.8 | 31.0 | 32.0 | 34.0 | 349 | 30.3 | 31.3 | 32.7 | 33.7 | 36.0 | 36.9
| 60° 28.8 | 29.8 | 31.0 | 32.0 | 34.0 | 349 | 30.3 | 31.3 | 32.7 | 33.7 | 36.0 | 36.9
g 90° 28.8 | 29.8 | 31.0 | 32.0 | 34.0 | 349 | 30.3 | 31.3 | 32.7 | 33.7 | 36.0 | 36.9
§ 120° 28.8 | 29.8 | 31.0 | 32.0 | 34.0 | 349 | 30.3 | 31.3 | 32.7 | 33.7 | 36.0 | 36.9
:c,g 150° 28.8 | 29.8 | 31.0 | 32.0 | 34.0 | 349 | 30.3 | 31.3 | 32.7 | 33.7 | 36.0 | 36.9
< | 180° 311 | 33.7 | 36.4 | 38.2 | 419 | 435 | 328 | 35.6 | 38,5 | 404 | 446 | 46.3
-§ 210° 311 | 33.7 | 36.4 | 38.2 | 419 | 435 | 328 | 35.6 | 38,5 | 404 | 446 | 46.3
.é 240° 311 | 33.7 | 36.4 | 38.2 | 419 | 435 | 328 | 35.6 | 38,5 | 404 | 446 | 46.3
e 270° 311 | 33.7 | 36.4 | 38.2 | 419 | 435 | 328 | 35.6 | 385 | 404 | 446 | 46.3
300° 30.0 | 32.1 | 344 | 36.0 | 395 | 409 | 316 | 338 | 36.3 | 38.1 | 419 | 435
330° 30.0 | 32.1 | 344 | 36.0 | 395 | 409 | 316 | 338 | 36.3 | 38.1 |419 | 435
Jan 314 | 343 | 36.8 | 385 | 42.3 | 43.8 | 33.1 | 36.2 | 39.0 | 40.8 | 449 | 46.6
Feb 314 | 343 | 36.8 | 385 | 42.3 | 43.8 | 33.1 | 36.2 | 39.0 | 40.8 | 449 | 46.6
Mar 314 | 343 | 36.8 | 385 | 42.3 | 43.8 | 33.1 | 36.2 | 39.0 | 40.8 | 449 | 46.6
Apr 314 | 343 | 36.8 | 385 | 42.3 | 43.8 | 33.1 | 36.2 | 39.0 | 40.8 | 449 | 46.6
May 26.8 | 29.1 | 313 | 329 | 364 | 37.8 | 282 | 306 | 33.0 | 34.8 | 385 | 40.1
E Jun 26.8 | 29.1 | 313 | 329 | 36.4 | 37.8 | 28.2 | 30.6 | 33.0 | 34.8 | 385 | 40.1
é Jul 26.8 | 29.1 | 313 | 329 | 364 | 37.8 | 282 | 306 | 33.0 | 34.8 | 385 | 40.1
Aug 26.8 | 29.1 | 31.3 | 329 | 364 | 37.8 | 28.2 | 30.6 | 33.0 | 34.8 | 385 | 40.1
Sep 29.9 | 325 | 349 | 36.6 | 40.2 | 41.8 | 314 | 343 | 36.9 | 38.7 | 42.7 | 444
Oct 29.9 | 325 | 349 | 36.6 | 40.2 | 41.8 | 314 | 343 | 36.9 | 38.7 | 42.7 | 444
Nov 314 | 343 | 36.8 | 385 | 423 | 43.8 | 33.1 | 36.2 | 39.0 | 40.8 | 44.9 | 46.6
Dec 314 | 343 | 36.8 | 385 | 42.3 | 43.8 | 33.1 | 36.2 | 39.0 | 40.8 | 44.9 | 46.6
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Directional and Monthly Uioo extremes - HKN

U100,1min [M/S] U100,3s [M/s]
Tr [years]

1 2 5 10 50 100 |1 2 5 10 50 100
Annual/Omni | 35.7 | 36.9 | 40.3 | 425 | 47.1 | 49.0 | 38.6 | 40.0 | 43.8 | 46.2 | 51.4 | 53.6
0° 33.7 | 36.1 | 38.8 | 40.8 | 45.0 | 46.7 | 36.4 | 39.0 | 42.1 | 44.3 | 49.0 | 51.0
30° 32.2 | 334 | 349 | 36.0 | 384 | 395 | 347 | 36.0 | 37.7 | 38.9 | 41.7 | 42.8
| 60° 32.2 | 334 | 349 | 36.0 | 384 | 395 | 347 | 36.0 | 37.7 | 38.9 | 41.7 | 42.8
g 90° 32.2 | 334 | 349 | 36.0 | 384 | 395 | 347 | 36.0 | 37.7 | 38.9 | 41.7 | 42.8
§ 120° 322 | 334 | 349 | 36.0 | 384 | 395 | 347 | 36.0 | 37.7 | 38.9 | 41.7 | 42.8
:C,g 150° 32.2 | 334 | 349 | 36.0 | 384 | 395 | 347 | 36.0 | 37.7 | 38.9 | 41.7 | 42.8
< | 180° 35.0 | 38.1 | 41.2 | 43.4 | 480 | 499 | 378 | 41.3 | 448 | 47.2 | 52.4 | 545
-§ 2100 35.0 | 38.1 | 41.2 | 43.4 | 480 | 499 | 378 | 41.3 | 448 | 47.2 | 52.4 | 545
g 2400 35.0 | 38.1 | 41.2 | 43.4 | 480 | 499 | 378 | 41.3 | 448 | 47.2 | 52.4 | 545

270° 35.0 | 38.1 | 41.2 | 434 | 48.0 | 499 | 378 | 413 | 448 | 47.2 | 524 | 545

300° 33.7 | 36.1 | 38.8 | 40.8 | 45.0 | 46.7 | 36.4 | 39.0 | 42.1 | 44.3 | 49.0 | 51.0

330° 33.7 | 36.1 | 38.8 | 40.8 | 45.0 | 46.7 | 36.4 | 39.0 | 42.1 | 44.3 | 49.0 | 51.0

Jan 353 | 387 | 417 | 438 | 48.4 | 50.2 | 38.2 | 420 | 454 | 47.7 | 52.8 | 54.9
Feb 35.3 | 387 | 417 | 438 | 48.4 | 50.2 | 38.2 | 420 | 454 | 47.7 | 52.8 | 54.9
Mar 353 | 387 | 41.7 | 438 | 48.4 | 50.2 | 38.2 | 420 | 454 | 47.7 | 52.8 | 54.9
Apr 35.3 | 387 | 417 | 43.8 | 48.4 | 50.2 | 38.2 | 420 | 454 | 47.7 | 52.8 | 54.9
May 299 | 326 | 352 | 371 | 412 | 43.0 | 32.2 | 352 | 38.1 | 40.2 | 448 | 46.7
E Jun 299 | 326 | 352 | 371 | 412 | 43.0 | 322 | 352 | 38.1 | 40.2 | 448 | 46.7
g Jul 299 | 326 | 352 | 371 | 412 | 43.0 | 322 | 352 | 38.1 | 40.2 | 448 | 46.7
Aug 299 | 326 | 352 | 371 | 41.2 | 43.0 | 32.2 | 35.2 | 38.1 | 40.2 | 44.8 | 46.7
Sep 335 | 366 | 394 | 415 | 459 | 47.7 | 36.1 | 39.6 | 428 | 451 | 50.1 | 52.1
Oct 335 | 36.6 | 394 | 415 | 459 | 47.7 | 36.1 | 39.6 | 428 | 451 | 50.1 | 52.1
Nov 35.3 | 387 | 41.7 | 43.8 | 48.4 | 50.2 | 38.2 | 420 | 454 | 47.7 | 52.8 | 54.9
Dec 35.3 | 387 | 41.7 | 438 | 48.4 | 50.2 | 38.2 | 420 | 454 | 47.7 | 52.8 | 54.9
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Directional and Monthly Uizs extremes - HKN
Ui2s,1n [M/S] U12s,10min [M/S]

Tr [years]
1 2 5 10 50 100 |1 2 5 10 50 100
Annual/Omni | 32.4 | 335 | 364 | 38.3 | 42.2 | 43.8 | 34.1 | 352 | 384 | 404 | 447 | 464
Q° 30.7 | 32.7 | 351 | 36.8 | 404 | 419 | 32.2 | 345 | 37.0 | 38.8 | 42.7 | 443
300 294 | 304 | 31.7 | 32.6 | 348 | 35.7 | 30.8 | 31.9 | 33.3 | 344 | 36.7 | 37.6
| 60° 294 | 304 | 31.7 | 32.6 | 348 | 35.7 | 30.8 | 31.9 | 33.3 | 344 | 36.7 | 37.6
g 90° 294 | 304 | 31.7 | 32.6 | 348 | 35.7 | 30.8 | 31.9 | 33.3 | 344 | 36.7 | 37.6
§ 120° 294 | 304 | 31.7 | 32.6 | 348 | 35.7 | 30.8 | 31.9 | 33.3 | 344 | 36.7 | 37.6
:c,; 150° 294 | 304 | 31.7 | 32.6 | 348 | 35.7 | 30.8 | 31.9 | 33.3 | 344 | 36.7 | 37.6
< | 180° 318 | 345 | 37.2 | 39.0 | 429 | 445 | 335 | 36.3 | 39.3 | 41.2 | 455 | 47.2
-§ 210° 31.8 | 345 | 37.2 | 39.0 | 429 | 445 | 335 | 36.3 | 39.3 | 41.2 | 455 | 47.2
.é 240° 318 | 345 | 37.2 | 39.0 | 429 | 445 | 335 | 36.3 | 39.3 | 41.2 | 455 | 47.2
e 270° 318 | 345 | 37.2 | 39.0 | 429 | 445 | 335 | 36.3 | 39.3 | 41.2 | 455 | 47.2
300° 30.7 | 32.7 | 35.1 | 36.8 | 404 | 419 | 322 | 345 | 37.0 | 38.8 | 42.7 | 44.3
330° 30.7 | 32.7 | 35.1 | 36.8 | 404 | 419 | 322 | 345 | 37.0 | 38.8 | 42.7 | 44.3
Jan 32.1 | 35.0 | 376 | 39.4 | 43.2 | 448 | 33.8 | 36,9 | 39.7 | 41.7 | 458 | 47.6
Feb 32.1 | 35.0 | 376 | 394 | 432 | 448 | 338 | 36.9 | 39.7 | 41.7 | 458 | 47.6
Mar 32.1 | 35.0 | 376 | 39.4 | 43.2 | 448 | 338 | 36.9 | 39.7 | 41.7 | 458 | 47.6
Apr 32.1 | 35.0 | 376 | 39.4 | 432 | 448 | 338 | 36.9 | 39.7 | 41.7 | 458 | 47.6
May 274 | 29.7 | 320 | 336 | 37.2 | 38.6 | 28.7 | 31.2 | 33.7 | 354 | 393 | 40.8
E Jun 274 | 29.7 | 320 | 336 | 37.2 | 38.6 | 28.7 | 31.2 | 33.7 | 354 | 393 | 40.8
é Jul 274 | 29.7 | 320 | 336 | 37.2 | 38.6 | 28.7 | 31.2 | 33.7 | 354 | 393 | 40.8
Aug 274 | 29.7 | 320 | 336 | 37.2 | 38.6 | 28.7 | 31.2 | 33.7 | 354 | 39.3 | 40.8
Sep 305 | 33.2 | 356 | 374 | 412 | 42.7 | 320 | 349 | 376 | 39.5 | 43.6 | 453
Oct 305 | 33.2 | 356 | 374 | 412 | 42.7 | 320 | 349 | 376 | 395 | 43.6 | 453
Nov 321 | 350 | 376 | 394 | 43.2 | 448 | 33.8 | 36.9 | 39.7 | 41.7 | 458 | 47.6
Dec 321 | 350 | 376 | 394 | 43.2 | 448 | 33.8 | 36.9 | 39.7 | 41.7 | 458 | 47.6
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Directional and Monthly Uizs extremes - HKN

U125,1min [M/S] Ui2s,3s [M/s]
Tr [years]

1 2 5 10 50 100 |1 2 5 10 50 100
Annual/Omni | 36.3 | 375 | 410 | 43.2 | 479 | 498 | 39.1 | 405 | 444 | 46.8 | 52.1 | 54.3
Q° 342 | 36.7 | 395 | 414 | 458 | 475 | 36.8 | 395 | 42.7 | 449 | 49.7 | 51.7
30° 32.7 | 339 | 354 | 365 |39.1 | 40.1 | 352 | 365 |38.2 | 394 | 422 | 434
| 80° 32.7 | 339 | 354 | 365 |39.1 | 40.1 | 352 | 365 |38.2 |39.4 | 422 | 434
g 90° 32.7 | 339 | 354 | 365 |39.1 | 40.1 | 352 | 365 |38.2 | 394 | 422 | 434
§ 120° 32.7 | 339 [ 354 | 365 |39.1 | 40.1 | 352 | 365 | 382|394 | 422 | 434
:C)) 150° 32.7 | 339 | 354 | 365 |39.1 | 40.1 | 352 | 365 |38.2 | 394 | 422 | 434
< | 180° 356 | 38.7 | 419 | 441 | 488 | 50.7 | 38.3 | 41.8 | 454 | 47.8 | 53.1 | 55.3
é 210° 35.6 | 38.7 | 419 | 441 | 488 | 50.7 | 38.3 | 41.8 | 454 | 47.8 | 53.1 | 55.3
,g 240° 356 | 38.7 | 419 | 441 | 488 | 50.7 | 38.3 | 41.8 | 454 | 47.8 | 53.1 | 55.3

2700 35.6 | 387 | 419 | 441 | 48.8 | 50.7 | 383 | 418 | 454 | 47.8 | 53.1 | 55.3

300° 342 | 36.7 | 395 | 414 | 458 | 475 | 36.8 | 395 | 42.7 | 449 | 49.7 | 51.7

3300 342 | 36.7 | 395 | 414 | 458 | 475 | 36.8 | 395 | 42.7 | 449 | 49.7 | 51.7

Jan 359 | 394 | 424 | 446 | 49.2 | 51.1 | 38.7 | 426 | 46.0 | 48.3 | 53.5 | 55.7
Feb 359 | 394 | 424 | 446 | 49.2 | 51.1 | 38.7 | 426 | 46.0 | 48.3 | 53.5 | 55.7
Mar 359 | 394 | 424 | 446 | 49.2 | 51.1 | 38.7 | 426 | 46.0 | 48.3 | 53.5 | 55.7
Apr 359 | 394 | 424 | 446 | 49.2 | 51.1 | 38.7 | 426 | 46.0 | 48.3 | 53.5 | 55.7
May 304 | 33.1 | 358 | 37.7 | 419 | 43.7 | 326 | 356 | 38.6 | 40.7 | 45.4 | 47.3
E Jun 304 | 33.1 | 358 | 37.7 | 419 | 43.7 | 326 | 356 | 38.6 | 40.7 | 45.4 | 47.3
g Jul 304 | 33.1 | 358 | 37.7 | 419 | 43.7 | 326 | 356 | 38.6 | 40.7 | 45.4 | 47.3
Aug 304 | 33.1 | 358 | 37.7 | 419 | 43.7 | 326 | 356 | 38.6 | 40.7 | 454 | 47.3
Sep 340 | 37.2 | 40.1 | 42.2 | 46.7 | 48.6 | 36.6 | 40.1 | 43.3 | 45.6 | 50.7 | 52.8
Oct 340 | 37.2 | 40.1 | 42.2 | 46.7 | 48.6 | 36.6 | 40.1 | 43.3 | 45.6 | 50.7 | 52.8
Nov 359 | 394 | 424 | 446 | 49.2 | 51.1 | 38.7 | 426 | 46.0 | 48.3 | 53.5 | 55.7
Dec 359 | 394 | 424 | 446 | 49.2 | 51.1 | 38.7 | 426 | 46.0 | 48.3 | 53.5 | 55.7
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Directional and Monthly Uisp extremes - HKN
Uiso0,1h [M/S] U1s0,10min [M/S]

Tr [years]
1 2 5 10 50 100 |1 2 5 10 50 100
Annual/Omni | 33.0 | 340 | 371 | 39.0 | 43.0 | 446 | 34.6 | 358 | 39.0 | 411 | 454 | 47.2
Q° 31.2 | 333 | 357 | 374 | 411 | 426 | 32.7 | 350 | 376 | 394 | 434 | 45.1
30° 299 | 309 | 322 | 332 | 354 |36.3 |313|324 (338|349 |37.2 | 382
| 60° 299 | 309 | 322 | 332 | 354|363 |313|324 (338|349 |37.2 | 382
g 90° 299 | 309 | 322 | 332 | 354|363 |313|324 (338|349 |37.2 | 382
§ 120° 299 | 309 | 322 | 332 | 354 |36.3 |313|324 (338|349 |37.2 | 382
:C,g 150° 299 | 309 | 322 | 332 | 354|363 |313|324 (338|349 |37.2 | 382
< | 180° 324 | 351 | 379 | 39.7 | 43.7 | 45.3 | 34.0 | 36.9 | 39.9 | 419 | 46.2 | 48.0
-§ 210° 324 | 35.1 | 379 | 39.7 | 43.7 | 45.3 | 34.0 | 36.9 | 39.9 | 419 | 46.2 | 48.0
.é 240° 324 | 35.1 | 379 | 39.7 | 43.7 | 45.3 | 34.0 | 36.9 | 39.9 | 419 | 46.2 | 48.0
e 270° 324 | 35.1 | 379 | 39.7 | 43.7 | 45.3 | 34.0 | 36.9 | 39.9 | 419 | 46.2 | 48.0
300° 312 | 33.3 | 35.7 | 374 | 411 | 426 | 327 | 350 | 37.6 | 39.4 | 434 | 45.1
330° 312 | 33.3 | 357 | 374 | 411 | 426 | 327 | 350 | 37.6 | 39.4 | 434 | 45.1
Jan 32.7 | 35.7 | 383 | 40.1 | 44.0 | 456 | 343 | 375 | 404 | 42.3 | 46.6 | 48.3
Feb 32.7 | 35.7 | 383 | 40.1 | 44.0 | 456 | 343 | 375 | 404 | 42.3 | 46.6 | 48.3
Mar 32.7 | 35.7 | 383 | 40.1 | 44.0 | 456 | 343 | 375 | 404 | 42.3 | 46.6 | 48.3
Apr 32.7 | 35.7 | 383 | 40.1 | 44.0 | 456 | 343 | 375 | 404 | 42.3 | 46.6 | 48.3
May 27.8 | 30.2 | 326 | 34.2 | 379 | 393 | 29.1 | 317 | 342 | 36.0 | 399 | 415
E Jun 27.8 | 302 | 326 | 34.2 | 379 | 393 | 29.1 | 317 | 342 | 36.0 | 399 | 415
é Jul 27.8 | 30.2 | 326 | 34.2 | 379 | 393 | 29.1 | 317 | 342 | 36.0 | 399 | 415
Aug 27.8 | 30.2 | 326 | 34.2 | 379 | 393 | 29.1 | 31.7 | 342 | 36.0 | 399 | 415
Sep 31.0 | 33.7 | 36.3 | 38.1 | 419 | 435 | 325 | 354 | 38.2 | 40.1 | 443 | 46.0
Oct 31.0 | 33.7 | 36.3 | 38.1 | 419 | 435 | 325 | 354 | 38.2 | 40.1 | 443 | 46.0
Nov 32.7 | 357 | 383 | 40.1 | 44.0 | 456 | 34.3 | 375 | 404 | 423 | 46.6 | 48.3
Dec 32.7 | 35.7 | 383 | 40.1 | 440 | 456 | 34.3 | 375 | 404 | 423 | 46.6 | 48.3
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Directional and Monthly Uiso extremes - HKN

U1s0,1min [M/S] Uiso,3s [M/s]
Tr [years]

1 2 5 10 50 100 |1 2 5 10 50 100
Annual/Omni | 36.8 | 38.0 | 415 | 43.8 | 48.6 | 50.5 | 39.5 | 409 | 44.8 | 47.3 | 52.7 | 54.9
Q° 34.7 | 37.1 | 40.0 | 420 | 464 | 48.2 | 37.2 | 39.9 | 431 | 453 | 50.2 | 52.2
300 33.1 | 343 | 359 | 37.0 | 39.6 | 40.7 | 355 | 36.8 | 385 | 39.8 | 42.7 | 43.8
| 60° 33.1 | 343 | 359 | 37.0 | 39.6 | 40.7 | 355 | 36.8 | 385 | 39.8 | 42.7 | 43.8
g 90° 331 | 343 | 359 |37.0 | 39.6 | 40.7 | 355 | 36.8 | 385 | 39.8 | 42.7 | 43.8
§ 120° 33.1 | 343 | 359 | 37.0 | 39.6 | 40.7 | 355 | 36.8 | 385 | 39.8 | 42.7 | 43.8
:C,g 150° 33.1 | 343 | 359 | 37.0 | 39.6 | 40.7 | 355 | 36.8 | 385 | 39.8 | 42.7 | 43.8
< | 180° 36.0 | 39.2 | 425 | 447 | 495 | 51.4 | 38.7 | 42.2 | 459 | 48.3 | 53.7 | 55.9
é 210° 36.0 | 39.2 | 425 | 447 | 495 | 51.4 | 38.7 | 42.2 | 459 | 48.3 | 53.7 | 55.9
g 240° 36.0 | 39.2 | 425 | 4477 | 495 | 51.4 | 38.7 | 42.2 | 459 | 48.3 | 53.7 | 55.9

2700 36.0 | 39.2 | 425 | 44.7 | 495 | 514 | 38.7 | 422 | 459 | 48.3 | 53.7 | 55.9

300° 347 | 37.1 | 40.0 | 420 | 46.4 | 48.2 | 37.2 | 39.9 | 43.1 | 453 | 50.2 | 52.2

3300 347 | 37.1 | 40.0 | 420 | 46.4 | 48.2 | 37.2 | 39.9 | 43.1 | 453 | 50.2 | 52.2

Jan 36.4 | 39.9 | 43.0 | 45.2 | 499 | 51.8 | 39.1 | 43.0 | 46.5 | 48.9 | 54.1 | 56.3
Feb 36.4 | 399 | 43.0 | 452 | 499 | 51.8 | 39.1 | 43.0 | 465 | 489 | 54.1 | 56.3
Mar 36.4 | 399 | 43.0 | 452 | 499 | 51.8 | 39.1 | 43.0 | 465 | 489 | 54.1 | 56.3
Apr 36.4 | 399 | 43.0 | 452 | 499 | 51.8 | 39.1 | 43.0 | 465 | 489 | 54.1 | 56.3
May 30.8 | 335 | 36.3 | 38.2 | 425 | 443 | 329 | 36.0 | 39.0 | 41.1 | 459 | 478
E Jun 30.8 | 335 | 36.3 | 38.2 | 425 | 443 | 329 | 36.0 | 39.0 | 41.1 | 459 | 47.8
g Jul 30.8 | 335 | 36.3 | 38.2 | 425 | 443 | 329 | 36.0 | 39.0 | 41.1 | 459 | 47.8
Aug 30.8 | 335 | 36.3 | 38.2 | 425 | 443 | 329 | 36.0 | 39.0 | 41.1 | 459 | 47.8
Sep 344 | 376 | 406 | 42.7 | 473 | 49.2 | 37.0 | 40.5 | 43.8 | 46.1 | 51.3 | 534
Oct 344 | 376 | 406 | 42.7 | 473 | 49.2 | 37.0 | 40.5 | 43.8 | 46.1 | 51.3 | 534
Nov 36.4 | 399 | 43.0 | 452 | 49.9 | 51.8 | 39.1 | 43.0 | 465 | 489 | 54.1 | 56.3
Dec 36.4 | 399 | 43.0 | 452 | 49.9 | 51.8 | 39.1 | 43.0 | 465 | 489 | 54.1 | 56.3
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Directional and Monthly U200 extremes - HKN
U200,1h [M/S] U200,10min [M/S]

Tr [years]
1 2 5 10 50 100 |1 2 5 10 50 100
Annual/Omni | 33.9 | 35.0 | 38.1 | 40.1 | 442 | 459 | 355 | 36.6 | 40.0 | 42.1 | 46.6 | 48.4
0° 32.0 | 342 | 36.7 | 38,5 | 423 | 439 | 335 | 35.8 [ 385 | 404 | 445 | 46.2
30° 306 | 31.7 | 33.1 | 341 | 36.4 | 37.3 | 32.0 | 33.2 | 346 | 357 | 38.1 | 39.1
| 60° 306 | 31.7 | 33.1 | 341 | 36.4 | 37.3 | 32.0 | 33.2 | 346 | 357 | 38.1 | 39.1
g 90° 306 | 31.7 | 33.1 | 341 | 36.4 | 37.3 | 32.0 | 33.2 | 346 | 357 | 38.1 | 39.1
§ 120° 306 | 31.7 | 33.1 | 341 | 36.4 | 37.3 | 32.0 | 33.2 | 346 | 357 | 38.1 | 39.1
:c,; 150° 30.6 | 31.7 | 33.1 | 341 | 36.4 | 37.3 | 32.0 | 33.2 | 346 | 357 | 38.1 | 39.1
< | 180° 33.2 | 36.0 | 389 | 40.8 | 45.0 | 46.7 | 34.8 | 37.8 | 409 | 429 | 47.4 | 49.2
-§ 210° 33.2 | 36.0 | 389 | 40.8 | 45.0 | 46.7 | 34.8 | 37.8 | 409 | 429 | 474 | 49.2
.é 240° 33.2 | 36.0 | 389 | 40.8 | 45.0 | 46.7 | 34.8 | 37.8 | 409 | 429 | 47.4 | 49.2
e 270° 33.2 | 36.0 | 389 | 40.8 | 45.0 | 46.7 | 34.8 | 37.8 | 409 | 429 | 474 | 49.2
300° 32.0 | 342 | 36.7 | 385 | 42.3 | 439 | 335 | 358 | 385 | 40.4 | 445 | 46.2
330° 32.0 | 342 | 36.7 | 385 | 42.3 | 439 | 335 | 358 | 385 | 40.4 | 445 | 46.2
Jan 335 | 36.6 | 394 | 412 | 453 | 47.0 | 351 | 384 | 413 | 434 | 478 | 49.6
Feb 335 | 366 | 394 | 412 | 453 | 47.0 | 351 | 384 | 413 | 434 | 478 | 49.6
Mar 335 | 36.6 | 394 | 412 | 453 | 47.0 | 351 | 384 | 413 | 434 | 478 | 49.6
Apr 335 | 366 | 394 | 412 | 453 | 47.0 | 351 | 384 | 413 | 434 | 478 | 49.6
May 28,5 | 31.0 | 334 | 351 | 389 | 404 | 298 | 324 | 350 | 36.8 | 409 | 425
é Jun 28,5 | 31.0 | 334 | 351 | 389 | 404 | 298 | 324 | 350 | 36.8 | 409 | 425
é Jul 285 | 31.0 | 334 | 351 | 389 | 404 | 298 | 324 | 350 | 36.8 | 409 | 425
Aug 285 | 31.0 | 334 | 351 | 389 |404 | 298 | 324 | 350 | 36.8 | 409 | 425
Sep 31.8 | 346 | 37.3 | 39.1 | 431 | 448 | 333 |36.3 | 39.1 | 411 | 454 | 47.2
Oct 31.8 | 346 | 37.3 | 39.1 | 431 | 448 | 333 | 36.3 | 39.1 | 411 | 454 | 47.2
Nov 335 | 366 | 394 | 412 | 453 | 47.0 | 351 | 384 | 41.3 | 434 | 47.8 | 49.6
Dec 335 | 366 | 394 | 412 | 453 | 47.0 | 351 | 384 | 41.3 | 434 | 47.8 | 49.6
The expert in WATER ENVIRONMENTS G-19






DA

Directional and Monthly Uz00 extremes - HKN

U200,1min [M/S] U200,3s [M/s]
Tr [years]

1 2 5 10 50 100 |1 2 5 10 50 100
Annual/Omni | 37.5 | 38.8 | 424 | 447 | 496 | 516 | 40.2 | 41.6 | 456 | 48.1 | 53.6 | 55.8
Q° 354 | 379 | 408 | 429 | 474 | 49.2 | 37.8 | 40.6 | 43.8 | 46.1 | 51.1 | 53.1
300 338 | 35.0 | 36.6 | 37.8 | 404 | 415 | 36.1 | 37.4 | 39.2 | 40.5 | 43.4 | 44.6
| 60° 338 | 35.0 | 36.6 | 37.8 | 404 | 415 | 36.1 | 37.4 | 39.2 | 40.5 | 43.4 | 44.6
g 90° 338 | 350 | 366 | 378 | 404 | 415 | 36.1 | 374 | 39.2 | 405 | 434 | 446
§ 120° 338 | 35.0 | 36.6 | 37.8 | 404 | 415 | 36.1 | 37.4 | 39.2 | 40.5 | 43.4 | 44.6
:C)) 150° 338 | 35.0 | 36.6 | 37.8 | 404 | 415 | 36.1 | 37.4 | 39.2 | 40.5 | 43.4 | 44.6
< | 180° 36.7 | 40.0 | 434 | 45.6 | 50.5 | 52,5 | 39.3 | 42.9 | 46.6 | 49.2 | 54.6 | 56.8
-§ 210° 36.7 | 40.0 | 434 | 45.6 | 50.5 | 52,5 | 39.3 | 42.9 | 46.6 | 49.2 | 54.6 | 56.8
g 240° 36.7 | 40.0 | 434 | 45.6 | 50.5 | 52,5 | 39.3 | 42.9 | 46.6 | 49.2 | 54.6 | 56.8

2700 36.7 | 40.0 | 434 | 456 | 50.5 | 52,5 | 39.3 | 429 | 46.6 | 49.2 | 54.6 | 56.8

300° 354 | 379 | 408 | 429 | 474 | 49.2 | 378 | 40.6 | 43.8 | 46.1 | 51.1 | 53.1

3300 354 | 379 | 408 | 429 | 474 | 49.2 | 378 | 406 | 43.8 | 46.1 | 51.1 | 53.1

Jan 37.1 | 40.7 | 439 | 46.1 | 50.9 | 529 | 39.7 | 43.7 | 47.2 | 49.7 | 55.0 | 57.3
Feb 37.1 | 40.7 | 439 | 46.1 | 50.9 | 52.9 | 39.7 | 43.7 | 47.2 | 49.7 | 55.0 | 57.3
Mar 37.1 | 40.7 | 439 | 46.1 | 50.9 | 529 | 39.7 | 43.7 | 47.2 | 49.7 | 55.0 | 57.3
Apr 37.1 | 40.7 | 439 | 46.1 | 50.9 | 529 | 39.7 | 43.7 | 47.2 | 49.7 | 55.0 | 57.3
May 314 | 342 | 37.0 | 39.0 | 434 | 452 | 334 | 36.6 | 39.6 | 41.8 | 46.6 | 48.6
E Jun 314 | 342 | 37.0 | 39.0 | 434 | 452 | 334 | 36.6 | 39.6 | 41.8 | 46.6 | 48.6
g Jul 314 | 342 | 37.0 | 39.0 | 434 | 452 | 334 | 36.6 | 39.6 | 41.8 | 46.6 | 48.6
Aug 314 | 342 | 37.0 | 39.0 | 434 | 452 | 334 | 36.6 | 39.6 | 41.8 | 46.6 | 48.6
Sep 351 | 384 | 414 | 436 | 483 | 503 | 37.6 | 41.2 | 445 | 469 | 52.1 | 54.3
Oct 351 | 384 | 414 | 436 | 483 | 503 | 37.6 | 41.2 | 445 | 469 | 52.1 | 54.3
Nov 37.1 | 40.7 | 439 | 46.1 | 50.9 | 529 | 39.7 | 43.7 | 47.2 | 49.7 | 55.0 | 57.3
Dec 37.1 | 40.7 | 439 | 46.1 | 50.9 | 529 | 39.7 | 43.7 | 47.2 | 49.7 | 55.0 | 57.3
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G.3 Extreme currents at HKZ

DA

Directional and Monthly depth-integrated CS extremes - HKZ
CSdepth-int. [M/s] CSRes,depth-int. [M/S]

Tr [years]
1 2 5 10 50 100 |1 2 5 10 50 100
Annual/Omni | 0.9 0.9 0.9 1.0 1.0 1.0 04 |04 0.5 0.6 0.7 0.7
0° 0.9 1.0 1.0 1.0 1.0 1.1 0.5 0.5 0.6 0.6 0.8 0.8
30° 0.9 1.0 1.0 1.0 1.0 1.1 0.5 0.5 0.6 0.6 0.8 0.8
_| 60° 0.9 1.0 1.0 1.0 1.0 1.1 0.5 0.5 0.6 0.6 0.8 0.8
g 90° 0.3 0.3 0.3 0.4 04 |05 0.3 0.3 0.3 0.3 04 |04
§ 120° 0.3 0.3 0.3 0.4 04 |05 0.3 0.3 0.3 0.3 04 |04
:C}, 1500 0.3 0.3 0.3 0.4 04 |05 0.3 0.3 0.3 0.3 04 |04
® | 180° 0.8 0.8 0.8 0.8 0.8 0.8 0.3 0.3 04 |04 04 |05
-§ 210° 0.8 0.8 0.8 0.8 0.8 0.8 0.3 0.3 04 |04 04 |05
.é 240° 0.3 0.3 0.3 0.4 04 |05 0.3 0.3 0.3 0.3 04 |04
° 270° 0.3 0.3 0.3 0.4 04 |05 0.3 0.3 0.3 0.3 04 |04
300° 0.3 0.3 0.3 0.4 04 |05 0.3 0.3 0.3 0.3 04 |04
330° 0.3 0.3 0.3 0.4 04 |05 0.3 0.3 0.3 0.3 04 |04
Jan 0.9 0.9 1.0 1.0 1.0 1.1 04 |05 0.6 0.6 0.7 0.7
Feb 0.9 0.9 1.0 1.0 1.0 1.1 04 |05 0.6 0.6 0.7 0.7
Mar 0.9 0.9 1.0 1.0 1.0 1.1 04 |05 0.6 0.6 0.7 0.7
Apr 0.9 0.9 1.0 1.0 1.0 1.1 04 |05 0.6 0.6 0.7 0.7
May 0.9 0.9 0.9 0.9 0.9 1.0 0.3 0.4 04 |04 0.5 0.6
,ET Jun 0.9 0.9 0.9 0.9 0.9 1.0 0.3 0.4 04 |04 0.5 0.6
é Jul 0.9 0.9 0.9 0.9 0.9 1.0 0.3 0.4 0.4 0.4 0.5 0.6
Aug 0.9 0.9 0.9 0.9 0.9 1.0 0.3 0.4 0.4 0.4 0.5 0.6
Sep 0.9 0.9 0.9 1.0 1.0 1.0 0.4 0.4 0.5 0.6 0.7 0.8
Oct 0.9 0.9 0.9 1.0 1.0 1.0 0.4 0.4 0.5 0.6 0.7 0.8
Nov 0.9 0.9 1.0 1.0 1.0 1.1 04 |05 0.6 0.6 0.7 0.7
Dec 0.9 0.9 1.0 1.0 1.0 1.1 04 |05 0.6 0.6 0.7 0.7
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Directional and Monthly surface CS extremes - HKZ

CS100% [M/S] CSkes,100% [M/S]
Tr [years]

1 2 5 10 50 100 |1 2 5 10 50 100
Annual/Omni | 1.2 1.2 1.3 1.4 15 1.6 0.8 0.9 1.0 1.1 1.4 1.5
Q° 1.3 1.3 1.4 15 1.6 1.6 0.9 1.1 1.2 1.3 15 1.6
300 1.3 1.3 1.4 15 1.6 1.6 0.9 1.1 1.2 1.3 15 1.6
_| 60° 1.3 1.3 1.4 15 1.6 1.6 0.9 1.1 1.2 1.3 15 1.6
g 90° 0.5 0.6 |06 0.7 |08 08 |05 |06 |06 |07 |08 |08
§ 120° 0.5 06 |06 0.7 |08 08 |05 |06 |06 |07 |08 |08
:C,g 150° 0.5 06 |0.6 0.7 |08 08 |05 |06 |06 |07 |08 |08
< | 180° 1.0 1.0 1.1 1.1 1.2 1.2 0.6 0.7 0.7 0.8 0.9 0.9
-§ 210° 1.0 1.0 1.1 1.1 1.2 1.2 0.6 0.7 0.7 0.8 0.9 0.9
.g 240° 0.5 06 |0.6 07 |08 |08 |05 |06 |06 |07 |08 |08

270° 0.5 0.6 0.6 0.7 0.8 0.8 0.5 0.6 0.6 0.7 0.8 0.8

300° 0.5 0.6 0.6 0.7 0.8 0.8 0.5 0.6 0.6 0.7 0.8 0.8

330° 0.5 0.6 0.6 0.7 0.8 0.8 0.5 0.6 0.6 0.7 0.8 0.8

Jan 13 13 1.4 14 15 1.6 0.9 1.0 11 1.2 1.4 15
Feb 1.3 13 1.4 1.4 15 1.6 0.9 1.0 11 1.2 1.4 15
Mar 1.3 13 1.4 1.4 15 1.6 0.9 1.0 11 1.2 1.4 15
Apr 1.3 13 1.4 1.4 15 1.6 0.9 1.0 11 1.2 1.4 15
May 11 1.2 1.2 1.2 1.3 1.4 0.6 0.7 0.8 0.9 1.0 11
,ET Jun 11 12 1.2 12 1.3 1.4 0.6 0.7 0.8 0.9 1.0 11
é Jul 11 12 1.2 12 1.3 1.4 0.6 0.7 0.8 0.9 1.0 11
Aug 11 1.2 1.2 1.2 13 1.4 0.6 0.7 0.8 0.9 1.0 11
Sep 11 1.2 1.3 1.4 15 1.6 0.7 0.9 1.0 1.2 1.4 15
Oct 11 1.2 1.3 1.4 15 1.6 0.7 0.9 1.0 1.2 1.4 15
Nov 1.3 13 1.4 14 15 1.6 0.9 1.0 11 1.2 14 15
Dec 1.3 13 1.4 14 15 1.6 0.9 1.0 11 1.2 14 15
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Directional and Monthly seabed CS extremes - HKZ
CSso [M/s] CSkes,5% [M/s]

Tr [years]
1 2 5 10 |50 |100 |1 2 5 10 |50 | 100
Annual/Omni | 0.7 |07 |07 |07 |07 |07 |00 |00 |01 |01 |01 |01
0° 07 |07 |07 |07 |07 |07 |00 |01 |01 |01 [01 |01
300 07 |07 |07 |07 |07 |07 |00 |01 |01 |01 [01 |01
| 600 07 |07 |07 |07 |07 |07 |00 |01 |01 |01 [01 |01
g | oo 04 |01 |01 |01 [01 [02 [00 |00 |00 |00 |01 |01
81200 |01 |01 |01 |01 |01 |02 |00 |00 |00 |00 |01 |01
3 | 1500 01 (01 |01 |01 |01 |02 |00 |00 |[00 |00 |01 |01
3 | 180° 05 (06 |06 |06 |06 |06 |00 |00 |[00 |00 |01 |01
§ 210° 05 (06 |06 |06 |06 |06 |00 |00 |[00 |00 |01 |01
2 [ 2400 01 |01 |01 |01 |01 |02 |00 [00 |00 |00 [01 |01
° o700 01 |01 |01 |01 |01 |02 |00 [00 |00 |00 [01 |01
300° 01 (01 |01 |01 |01 |02 |00 |00 |00 |00 |01 |01
330° 01 (01 |01 |01 |01 |02 |00 |00 |[00 |00 |01 |01
Jan 07 (07 |07 |07 |07 |07 |00 |01 |01 |01 |01 |01
Feb 07 (07 |07 |07 |07 |07 |00 |01 |01 |01 |01 |01
Mar 07 (07 |07 |07 |07 |07 |00 |01 |01 |01 |01 |01
Apr 07 (07 |07 |07 |07 |07 |00 |01 |01 |01 |01 |01
May 07 (07 |07 |07 |07 |07 |00 |00 |00 |00 |00 |00
,ET Jun 07 (07 |07 |07 |07 |07 |00 |00 |00 |00 |00 |00
é Jul 07 (07 |07 |07 |07 |07 |00 |00 |00 |00 |00 |00
Aug 07 (07 |07 |07 |07 |07 |00 |00 |00 |00 |00 |00
Sep 07 (07 |07 |07 |07 |07 |00 |00 |00 |00 |01 |01
Oct 07 (07 |07 |07 |07 |07 |00 |00 |00 |00 |01 |01
Nov 07 |07 |07 |07 |07 |07 |00 |01 |01 |01 |01 |01
Dec 07 |07 |07 |07 |07 |07 |00 |01 |01 |01 [01 |01
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G4 Extreme currents at HKN

Directional and Monthly depth-integrated CS extremes - HKN

CSdepth-int. [M/S] CSRes,depth-int. [M/S]
Tr [years]

1 2 5 10 50 100 |1 2 5 10 50 100
Annual/Omni | 0.9 1.0 1.0 1.0 1.1 1.1 0.5 0.5 0.6 0.7 0.8 0.9
0° 1.0 1.0 1.1 1.1 1.2 1.2 0.6 0.6 0.7 0.8 0.9 1.0
300 1.0 1.0 1.1 1.1 1.2 1.2 0.6 0.6 0.7 0.8 0.9 1.0
__| 60° 1.0 1.0 1.1 1.1 1.2 1.2 0.6 0.6 0.7 0.8 0.9 1.0
g 90° 0.3 0.3 0.3 0.3 0.3 0.3 0.2 0.2 0.2 0.2 0.2 0.3
§ 120° 0.3 0.3 0.3 0.3 0.3 0.3 0.2 0.2 0.2 0.2 0.2 0.3
:C,’, 150° 0.3 0.3 0.3 0.3 0.3 0.3 0.2 0.2 0.2 0.2 0.2 0.3
< | 180° 0.7 0.7 0.8 0.8 0.8 0.8 0.3 0.4 0.4 0.4 0.5 0.5
-§ 210° 0.7 0.7 0.8 0.8 0.8 0.8 0.3 0.4 0.4 0.4 0.5 0.5
'2 240° 0.3 0.3 0.3 0.3 0.3 0.3 0.2 0.2 0.2 0.2 0.2 0.3

270° 0.3 0.3 0.3 0.3 0.3 0.3 0.2 0.2 0.2 0.2 0.2 0.3

300° 0.3 0.3 0.3 0.3 0.3 0.3 0.2 0.2 0.2 0.2 0.2 0.3

330° 0.3 0.3 0.3 0.3 0.3 0.3 0.2 0.2 0.2 0.2 0.2 0.3

Jan 1.0 1.0 1.0 11 11 12 0.5 0.6 0.7 0.7 0.9 0.9
Feb 1.0 1.0 1.0 11 11 1.2 0.5 0.6 0.7 0.7 0.9 0.9
Mar 1.0 1.0 1.0 11 11 1.2 0.5 0.6 0.7 0.7 0.9 0.9
Apr 1.0 1.0 1.0 11 11 1.2 0.5 0.6 0.7 0.7 0.9 0.9
May 0.9 0.9 0.9 1.0 1.0 1.0 0.4 0.4 0.5 0.5 0.6 0.7
E Jun 0.9 0.9 0.9 1.0 1.0 1.0 0.4 0.4 0.5 0.5 0.6 0.7
é Jul 0.9 0.9 0.9 1.0 1.0 1.0 0.4 0.4 0.5 0.5 0.6 0.7
Aug 0.9 0.9 0.9 1.0 1.0 1.0 0.4 0.4 0.5 0.5 0.6 0.7
Sep 0.9 0.9 1.0 1.0 11 11 0.4 0.5 0.6 0.7 0.8 0.9
Oct 0.9 0.9 1.0 1.0 11 11 0.4 0.5 0.6 0.7 0.8 0.9
Nov 1.0 1.0 1.0 11 11 1.2 0.5 0.6 0.7 0.7 0.9 0.9
Dec 1.0 1.0 1.0 11 11 1.2 0.5 0.6 0.7 0.7 0.9 0.9
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Directional and Monthly surface CS extremes - HKN
CS100% [M/s] CSRes,100% [M/s]

Tr [years]
1 2 5 10 50 100 |1 2 5 10 50 100
Annual/Omni | 1.4 1.4 15 1.6 1.7 1.8 1.0 1.1 1.3 1.4 1.7 1.8
Q° 1.4 1.5 1.6 1.6 1.8 2.0 1.2 1.3 1.5 1.6 1.8 2.0
300 1.4 1.5 1.6 1.6 1.8 2.0 1.2 1.3 1.5 1.6 1.8 2.0
_| 600 1.4 1.5 1.6 1.6 1.8 2.0 1.2 1.3 1.5 1.6 1.8 2.0
g 90° 0.4 0.4 0.4 0.5 0.5 0.5 0.3 0.4 04 |04 0.5 0.5
§ 120° 0.4 0.4 0.4 0.5 0.5 0.5 0.3 0.4 04 |04 0.5 0.5
:9) 150° 0.4 0.4 0.4 0.5 0.5 0.5 0.3 0.4 04 |04 0.5 0.5
< | 180° 1.0 1.0 1.1 1.1 1.2 1.2 0.7 0.7 0.8 0.8 1.0 1.0
-§ 210° 1.0 1.0 1.1 1.1 1.2 1.2 0.7 0.7 0.8 0.8 1.0 1.0
.é 240° 04 |04 0.4 0.5 0.5 0.5 0.3 0.4 04 |04 0.5 0.5
e 270° 0.4 0.4 0.4 0.5 0.5 0.5 0.3 0.4 04 |04 0.5 0.5
300° 0.4 0.4 0.4 0.5 0.5 0.5 0.3 0.4 04 |04 0.5 0.5
330° 0.4 0.4 0.4 0.5 0.5 0.5 0.3 0.4 04 |04 0.5 0.5
Jan 1.4 1.5 15 1.6 1.7 1.8 1.1 1.2 1.4 15 1.7 1.8
Feb 1.4 1.5 15 1.6 1.7 1.8 1.1 1.2 1.4 1.5 1.7 1.8
Mar 1.4 1.5 15 1.6 1.7 1.8 1.1 1.2 1.4 15 1.7 1.8
Apr 1.4 1.5 15 1.6 1.7 1.8 1.1 1.2 1.4 1.5 1.7 1.8
May 1.2 1.3 1.3 1.4 1.5 1.6 0.8 0.9 1.0 1.1 1.3 1.3
E Jun 1.2 1.3 1.3 1.4 1.5 1.6 0.8 0.9 1.0 1.1 1.3 1.3
é Jul 12 1.3 1.3 1.4 15 1.6 0.8 0.9 1.0 1.1 1.3 1.3
Aug 1.2 1.3 1.3 1.4 1.5 1.6 0.8 0.9 1.0 1.1 1.3 13
Sep 1.3 1.4 15 1.6 1.8 1.8 0.9 1.0 1.2 1.4 1.7 1.8
Oct 1.3 1.4 15 1.6 1.8 1.8 0.9 1.0 1.2 1.4 1.7 1.8
Nov 1.4 1.5 15 1.6 1.7 1.8 1.1 1.2 1.4 15 1.7 1.8
Dec 1.4 1.5 15 1.6 1.7 1.8 1.1 1.2 1.4 15 1.7 1.8
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Directional and Monthly seabed CS extremes - HKN

CSso [m/s] CSkes,5% [M/s]
Tr [years]

1 2 5 10 50 100 |1 2 5 10 50 100
Annual/Omni | 0.6 0.7 0.7 0.7 0.7 0.7 0.0 0.0 0.1 0.1 0.1 0.1
Q° 0.7 0.7 0.7 0.7 0.7 0.7 0.1 0.1 0.1 0.1 0.1 0.1
300 0.7 0.7 0.7 0.7 0.7 0.7 0.1 0.1 0.1 0.1 0.1 0.1
_| 60° 0.7 0.7 0.7 0.7 0.7 0.7 0.1 0.1 0.1 0.1 0.1 0.1
g 90° 0.2 02 |02 02 |02 02 |00 |00 |00 |00 |00 |00
§ 120° 0.2 02 |02 02 |02 02 |00 (00 |00 |00 |00 |00
:c,; 150° 0.2 02 |02 02 |02 02 |00 |00 |00 |00 |00 |00
© | 180° 0.5 05 |05 05 |05 |06 |00 |01 |01 01 |01 0.1
-§ 210° 0.5 05 |05 05 |05 |06 |00 |01 |01 01 |01 0.1
.g 240° 0.2 02 |02 02 |02 02 |00 |00 |00 |00 |00 |00

2700 0.2 0.2 0.2 0.2 0.2 0.2 0.0 0.0 0.0 0.0 0.0 0.0

300° 0.2 0.2 0.2 0.2 0.2 0.2 0.0 0.0 0.0 0.0 0.0 0.0

330° 0.2 0.2 0.2 0.2 0.2 0.2 0.0 0.0 0.0 0.0 0.0 0.0

Jan 0.7 0.7 0.7 0.7 0.7 0.7 0.1 0.1 0.1 0.1 0.1 0.1
Feb 0.7 0.7 0.7 0.7 0.7 0.7 0.1 0.1 0.1 0.1 0.1 0.1
Mar 0.7 0.7 0.7 0.7 0.7 0.7 0.1 0.1 0.1 0.1 0.1 0.1
Apr 0.7 0.7 0.7 0.7 0.7 0.7 0.1 0.1 0.1 0.1 0.1 0.1
May 0.7 0.7 0.7 0.7 0.7 0.7 0.0 0.0 0.0 0.0 0.1 0.1
E Jun 0.7 0.7 0.7 0.7 0.7 0.7 0.0 0.0 0.0 0.0 0.1 0.1
é Jul 0.7 0.7 0.7 0.7 0.7 0.7 0.0 0.0 0.0 0.0 0.1 0.1
Aug 0.7 0.7 0.7 0.7 0.7 0.7 0.0 0.0 0.0 0.0 0.1 0.1
Sep 0.6 0.7 0.7 0.7 0.7 0.7 0.0 0.0 0.1 0.1 0.1 0.1
Oct 0.6 0.7 0.7 0.7 0.7 0.7 0.0 0.0 0.1 0.1 0.1 0.1
Nov 0.7 0.7 0.7 0.7 0.7 0.7 0.1 0.1 0.1 0.1 0.1 0.1
Dec 0.7 0.7 0.7 0.7 0.7 0.7 0.1 0.1 0.1 0.1 0.1 0.1
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Appendix F Comparison with DHI metocean
study results

In parallel with the analysis described in this report, RVO has commissioned DHI to perform metocean
desk study for the Hollandse Kust (zuid) offshore wind farm zone [20]. Ecofys WTTS and DHI
communicated regularly during the preparations of both studies, comparing datasets and results, in
order to ensure that the finally selected wind models lead to an optimal balance between quality for
the individual purposes of the studies and consistency between the results of both studies. This
appendix describes the comparisons performed jointly by Ecofys WTTS and DHI.

As described in the Introduction (Section 1), the primary purpose for this wind resource assessment is
to provide inputs for wind farm modelling, yield assessments and business case calculations for offshore
wind farms to be developed in the Hollandse Kust (zuid) wind farm area. Ecofys WTTS has used
measurement data from OWEZ and EMD-ConWx data as the primary inputs for the wind resource
assessment.

DHI has used modelled wind and wave data for the metocean study. The modelled wind speed data
will be provided to RVO as a part of a metocean database, which will be the basis for wind farm design.
The analysis will also include the provision of extreme conditions and the interaction between wind and
waves. For wind speed data, DHI has used the NCEP Climate Forecast System global model data (CFSR
& CFSv2 - herein referred to as CFSR).

Comparison of HKZ results

DHI and Ecofys WTTS have each independently calculated a wind speed time series at 100 m for the
Hollandse Kust (zuid) zone. These time series were extensively compared by DHI.

The average wind speed is 9.5 m/s in both datasets. A scatter plot is shown in Figure 41, demonstrating
an excellent correlation and a bias of only -0.3% between the time series. According to DHI [20], CFSR
data is representative of 2-hour averaged values. For this scatter comparison, the CFSR data was
compared to the EMD-ConWx data (both with 1-hourly time steps). EMD-ConWx data was also
averaged every two hours but as expected, the results were very similar (since there is only two values
being averaged). Therefore, both datasets are considered to be comparable.

The plot of frequency of occurrences, in Figure 42, also shows an excellent level of agreement between
the two time series. The same close agreement is shown in the comparison between probability plots
in Figure 43, with nearly identical Weibull fits. Finally, the wind roses are highly similar, as shown in
Figure 44, with only slight differences between the frequency of occurrence in the SSW and WWS
sectors.
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Conclusions

The comparisons between the input models and calculated wind speeds at 100 m show that the DHI
and Ecofys WTTS analyses are in good agreement regarding the wind climate at Hollandse Kust (zuid).
Both reports found a mean wind speed at 100 m of 9.5 m/s, with excellent correlation between the
time series and similar trends.

The reports both present additional wind climate information, beyond the average wind climate. The
use of that information is dictated by the separate scope of the two reports, which is clearly defined by
RVO.

e This Ecofys WTTS report describes the mean wind climate at 100 m. The wind shear
from OWEZ has also been applied to calculate the mean wind speeds at other heights. This
information is intended for wind farm modelling, vield assessments and business case
calculations.

e The DHI report describes the normal and extreme wind conditions. This includes
turbulence intensity, extreme wind speeds and wind shear. This information is intended for
wind farm design.
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1 EXECUTIVE SUMMARY

The Wind Farm Zone Hollandse Kust (zuid) & Hollandse Kust (noord) are located in the Dutch Sector of
the North Sea, approximately 22 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 wind farm sites. This was later expanded also to cover a MetOcean database. DNV
GL was assigned to validate this MetOcean study and the database.

2 CERTIFICATION SCHEME

The following codes and standards are applied:

Document No. Title
DNVGL-SE-0190:2015-12 Project certification of wind power plants

The MetOcean study will be evaluated based on section 2.3.2 Site Assessment of DNVGL-SE-0190.

By fulfilling the requirements in DNVGL-SE-0190, the MetOcean Site Assessment Requirements listed in

IEC 61400-22:2010-05 Wind turbines—Part 22: Conformity testing and certification

are also fulfilled.

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

No conditions have been identified.

5 OUTSTANDING ISSUES

There are no outstanding issues.

6 CONCLUSION

DNV GL finds that the MetOcean study is complete, carried out according to industry best practice, is
plausible, and that

« the Normal MetOcean Conditions
 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 MetOcean Investigations for the
Wind Farm Zone Hollandse Kust (zuid) & Hollandse Kust (noord). It shall be noted that possible small
adjustments for the HKN wind climate are possibly depending on results of the Wind Resource
Assessment for HKN.
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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 (zuid) & Hollandse Kust (noord).
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APPENDIX A
MetOcean Investigations

Evaluation of MetOcean Investigations for the Wind Farm Zone
Hollandse Kust (zuid) & Hollandse Kust (noord)

A1l Description of verified component, system or item

Within the wind farm areas a MetOcean study has been performed. The results and the found MetOcean
site conditions are documented by the customer and build the basis for the verification of the present
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. 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 No. Revision Title
/1/ Proj. ID: Final 2.3 DHI report:
11820013 Dated 2017-09-05 Wind Farm Zone Hollandse Kust (zuid) & Hollandse Kust (noord) -
MetOcean Study
/2/ Proj. ID: 1.03 DHI MetOcean database:
11820013 Dated 2017-02-17 Metocean DSS - Mike Workbench by DHI
/3/ V2.3 20170918_HKZ_HKN_DHI_Excel_files_Metocean_study_V2.3

Dated 2017-09-18

List of reports taken for information only:

Ref. Document No. Revision Title
/A/ Proj. ID: Final 2.0 DHI report:
11820013 Dated 2017-01-31 MetOcean Database - Hollandse Kust (zuid) & (noord) - User Guide

A5 Evaluation work

Reference /1/ presents the MetOcean assessment for the planned MetOcean Investigations for the Wind
Farm Zone Hollandse Kust (zuid) & Hollandse Kust (noord) and contains information for Normal and
Extreme Conditions regarding:

Wind

Waves
Current
Water Levels
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Joint probabilities between the above
Other parameters like salt, temperatures etc.

The data shall serve as input for the design, installation and maintenance of wind turbines, inter-array
cables, substations.

The MetOcean conditions are established by hindcast modelling covering the period 1979-2016 (+37
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 2016. For areas other than HKZWFZ and HKNWFZ, 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 gives a correct
description of the seabed and can be used as input for hindcast models.

Wind

The CFSR wind used to force the wave and the HD (water level and current) model has been validated
against the following measured data:

HKZB Jun 2016 - March 2017
HKZA Jun 2016 - March 2017
Borsselel Feb-July 2016
Borssele2 Feb-July 2016
MM Ijmuiden 2011-2015
OWEZ 2005-2010
LEG 2001-2016
K13 2001-2016
K14 2008-2016
Europlatform 2001-2016

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 (ref. /1/) and Ecofys [Hollandse Kust (zuid) Offshore Wind Farm Zone Combined Wind Resource
Assessment. Doc no. HKZ_20170918_ECOFYS_Combined WRA_v03_F rev 3.0 issued 2017-09-18] have
independently of each other calculated the wind speed 100m above the sea-level for the Hollandse Kust
(zuid) zone, 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 MetOcean Investigations for the
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Wind Farm Zone Hollandse Kust (zuid) & Hollandse Kust (noord). It shall be noted that possible small

adjustments for the HKN wind climate are possibly depending on results of the Wind Resource
Assessment for HKN.

Waves Validation/Calibration

The wave hindcast model has been validated/calibrated against the following measured data:

HZKB Jun 2016 - March 2017
HKZA Jun 2016 - March 2017
Ijmuiden 1989-2016
Europlatform 1989-2016
LEG 1989-2016
K13a 1989-2016
Borsselel Feb-July 2016
Borssele2 Feb-July 2016

The a) ‘Bottom friction’, b) ‘The effect of wind-induced currents’ and c) ‘Cap to the ratio of friction
velocity (u*) / wind speed (ul10)’ have been calibrated. 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.

DNV GL has reviewed the validation of the waves and has found it documented that the hindcast model
can be used to establish the design wave conditions at MetOcean Investigations for the Wind Farm Zone
Hollandse Kust (zuid) & Hollandse Kust (noord).

HD (water level and current) Validation/Calibration

The HD hindcast model has been validated/calibrated against the following measured data:

HKZB Jun 2016- March 2017
MM Ijmuiden 2011-2015
Europlatform 1994-2016

LEG 2012-2016

K13a 1994-2016

The Manning number (bottom friction) and wind friction has been calibrated. DNV GL has reviewed the
calibration and found that the final values used as input in the hindcast model are within the normal
applied parameter ranges.

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 MetOcean Investigations for the Wind Farm Zone Hollandse Kust (zuid) &
Hollandse Kust (noord).
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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 (zuid) & Hollandse Kust (noord). 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 37 years (1979-2016). 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 two sites (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 ref. /1/.

A6 Conditions to be considered in other certification phases

No conditions have been identified.

A7 Outstanding issues

There are no outstanding issues.

A8 Conclusion

DNV GL finds that the MetOcean study is complete, carried out according to industry best practice, is
plausible, and that

« the Normal MetOcean Conditions
* 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 MetOcean Investigations for the
Wind Farm Zone Hollandse Kust (zuid) & Hollandse Kust (noord). It shall be noted that possible small
adjustments for the HKN wind climate are possibly depending on results of the Wind Resource
Assessment for HKN.

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 (zuid) & Hollandse Kust (noord).
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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 and gas,
and energy industries. We also provide certification services to customers across a wide range of
industries. Operating in more than 100 countries, our 16,000 professionals are dedicated to helping our
customers make the world safer, smarter and greener.
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The creative commons license terms 4.0 CC BY SA apply to this material.

Please take notice of the general terms “Creative Commons Attribution 4.0
International public License” before starting to use the license. These terms can be
accessed by clicking on this link https://creativecommons.org/licenses/

This investigation was carried out by DHI, commissioned by RVO.nl, an agency of
the Ministry of Economic Affairs. Whilst a great deal of care has been taken in
compiling the contents of this investigation, RVO.nl can not be held liable for any
damages resulting from any inaccuracies and/or outdated information.

The information in this document is valid at the time of publishing

(see month/year). Updates will be published on the website
http://offshorewind.rvo.nl/ at the relevant sitemap (Hollandse Kust (zuid)/
Hollandse Kust (noord), General Information, submap Revision Log and Q &A. In
the Revision Log is indicated whichversions are the latest and what the changes are
in relation to previous versions. The documents can be found at the relevant sites,
indicated in the Revision Log.
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