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1 Introduction


Fugro has been contracted by The Netherlands Enterprise Agency (RVO.nl) to supply
meteorological and oceanographic measurement data at the Hollandse Kust (zuid) (HKZ)
Wind Farm Zone (WFZ) by deploying two Seawatch Wind LiDAR Buoys (SWLB) at the site.
The aim of the measurement campaign was to provide two sets of continuous meteorological
and oceanographic (metocean) data including wind profiles with excellent quality and high
availability over a period of 2 years. Details of the extent of the HKZ Wind Farm Zone are
given in Figure 1.1. It is expected that the data will allow stakeholders to carry out more
accurate calculations of the annual energy yield and improve/validate metocean models that
have been made as input for the overall wind farm design.


Figure 1.1: Map of the HKZ Wind Farm Zone
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In this report the HKZ field measurement campaign is described and the data are validated
and presented. Furthermore, this is a joint Fugro and Deltares report, with the presented
data validation and analysis having been carried out and reported by Deltares and the data
processing and campaign instrumentation description having been reported by Fugro.


1.1 Description of the campaign


The buoys were equipped with a directional wave sensor, a motion sensor, a wind sensor
(measuring winds at 4 m above water level), an air pressure sensor, an air temperature and
humidity sensor, a current profiler and a LiDAR (measuring winds at 30 to 200 m above water
level). The two buoys are referred to as Station A and Station B but are abbreviated in this
report as HKZA and HKZB, respectively. The buoys started recording measurements on 4th


June 2016 at 10:20 UTC and 11:10 UTC respectively. The full dataset for this campaign spans
two years from 5th June 2016, 00:00 UTC, until 5th June 2018, 23:50 UTC.


Additionally, a bottom mounted Sea Guard water level recorder, referred to as WLR, was
deployed near HKZB and recorded measurements from 28th June 2016 at 20:30 UTC. An
experimental water level and temperature sensor, trialed in the project in agreement with
RVO.nl, was deployed on the seabed close to the HKZA location at the end of October 2016.


Data from the buoys was both stored locally and transmitted via satellite. During buoy
maintenance stored data were downloaded and referred to as recovered data. Monthly data
reports were based on either transmitted data only or on recovered data when available. The
final dataset consists of the full recovered range of measurements.


Information on the locations, serial numbers and recording intervals of the two Seawatch Wind
LiDAR buoys used during the measurement campaign is given in Table 1.1. The positions
are given on the map in Figure 1.2. The nominal distance between the HKZA and HKZB
stations is 2 km. The location of the sensor mooring is approximately the same as that of the
corresponding buoy and the depth is at both locations ≈ 23 m.


Table 1.1: Hollandse Kust (zuid) LiDAR Buoy locations and measurement intervals.
Spherical coordinates are given in ETRS89 and the cartesian coordinates in
UTM 31N.


Station Buoy Interval Nominal Positions


First measurement (UTC) Last measurement (UTC) Easting (m) Northing (m) DM
HKZA WS149 2016-06-05 00:00 2016-10-30 09:20 568736 5795748 52◦18.4659’ 4◦0.4912’


HKZA WS140 2016-10-30 10:10 2016-10-31 09:40 568736 5795748 52◦18.4659’ 4◦0.4912’


HKZA WS140 2016-11-01 09:00 2016-12-04 22:50 568736 5795748 52◦18.4659’ 4◦0.4912’


HKZA WS140 2016-12-06 11:00 2017-02-02 10:30 569092 5796202 52◦18.7080’ 4◦0.8100’


HKZA WS156 2017-02-02 12:00 2017-02-18 08:20 569092 5796202 52◦18.7080’ 4◦0.8100’


HKZA WS156 2017-02-18 10:50 2017-04-25 01:00 569092 5796202 52◦18.7080’ 4◦0.8100’


HKZA WS140 2017-05-02 18:00 2017-09-22 11:50 569092 5796202 52◦18.7080’ 4◦0.8100’


HKZA WS155 2017-09-22 12:00 2018-02-17 08:40 569092 5796202 52◦18.7080’ 4◦0.8100’


HKZA WS156 2018-02-17 09:20 2018-04-10 13:00 569092 5796202 52◦18.7080’ 4◦0.8100’


HKZA WS140 2018-04-10 14:00 2018-06-05 23:50 569092 5796202 52◦18.7080’ 4◦0.8100’


HKZB WS158 2016-06-05 00:00 2016-11-26 07:00 568837 5793752 52◦17.3886’ 4◦0.5552’


HKZB WS158 2016-11-26 14:50 2017-03-31 11:50 568837 5793752 52◦17.3886’ 4◦0.5552’


HKZB WS158 2017-04-01 14:00 2017-09-22 09:50 568837 5793752 52◦17.3886’ 4◦0.5552’


HKZB WS158 2017-09-22 13:10 2018-01-11 08:00 568837 5793752 52◦17.3886’ 4◦0.5552’


HKZB WS170 2018-01-11 08:40 2018-03-04 18:50 569246 5794304 52◦17.6829’ 4◦0.9217’


HKZB WS155 2018-03-10 14:00 2018-06-05 23:50 568837 5793752 52◦17.3886’ 4◦0.5552’
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Although the overall availability is high for each station, some circumstances have caused
partially missing campaign data per station. The nature of these circumstances, itemized
below, demonstrate that the strategy of implementing two stations for redundancy has been
sensible.


• The transmissions from HKZA suddenly stopped on February 12th, 2017. To rectify this,
the buoy was recovered on February 18th, 2017 at 08:25 UTC. The technical cause for the
issue was rectified and the buoy was redeployed at 10:40 UTC. Unfortunately the current
profiler was damaged during the lifting operation resulting in no current profile data until
the WS156 was deployed May 2nd.


• The mooring line of WS156 at HKZA was severed by a 3rd party vessel on the 25th of April
at 01:00 UTC providing no more data from that date until the buoy WS140 was deployed at
HKZA on May 2nd. The mooring line of WS156 appeared to have been cut by a propeller.


• The LiDAR wind profile measurements at HKZB stopped on March 25th at 16:00 UTC due
to lack of electrical power resulting from a fuel cell fault. The power management system
automatically switched the LiDAR off and kept all other instrumentation operational until
the buoy was removed from location for servicing on March 31st, 2017. The WS158 was
returned to position HKZB on April 1st, 2017 at 14:00 UTC, resuming the wind profile
measurements.


• Water level data is only partially available. An experimental water level sensor was trialed
in the project in agreement with RVO.nl, and the experiences have lead to improvements
in the deployment setup to increase the longevity and data availability.


• The current profiler at HKZB produced less reliable data from the July 5th, 2017 until
September 8th, 2017 at which point the instrument was replaced.


• The fuel cell power supply of the WS158 buoy at HKZB was not able to draw from the last
fuel cartridge available, and there was not enough power generation to supply the LiDAR
from December 28th, 2017 until it was replaced by the WS170 on January 11th, 2018.
The power management system automatically switched the LiDAR off and kept all other
instrumentation operational.


• The mooring line of WS170 at HKZB was severed by a 3rd party vessel the evening of
March 4th, 2018. Leading to its recovery March 5th, and replacement with buoy WS155
on March 10th, 2018, resuming the measurements at HKZB.
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Figure 1.2: Buoy locations


1.1.1 Monthly reports


During the measurements campaign the data was reported on a monthly basis, see Fugro
(2017i, 2017g, 2017b, 2017n, 2016, 2017m, 2017d, 2017f, 2017e, 2017k, 2017a, 2017l,
2017j, 2017h, 2017c, 2018i, 2018h, 2018g, 2018b, 2018d, 2018c, 2018e, 2018a, 2018f). In
these reports information on instrumentation, serial numbers, and post-processing can be
found in more detail than in this summary report.


1.2 Data validation


The validation is carried out by quantifying the agreement between the HKZA and HKZB data
and data from other reliable sources (anemometer, LiDAR, hydrodynamic model, etc) in the
North Sea. Furthermore, for some variables their general characteristics are also qualitatively
assessed, such as for current and wind measurements their respective vertical profiles. Per
variable the most suitable available data validation sources have been sought, leading to the
following combinations:


• The reference stations for validating the buoy wind data against anemometer
observations are platform K13a, referred to as K13, Lichteiland Goeree, referred to as
LEG, and EuroPlatform, referred to as EPL. Note that K13 is at a considerable distance
from both HKZA and HKZB, thus comparisons between these datasets are expected to
lack precision. The K13 data are, nevertheless, considered since it is the platform where
the wind is measured with an anemometer at a higher height, 73.8 m whereas
measurements are carried out at 38.3 m and 29.1 m at LEG and EPL, respectively. The
considered anemometer observations, as most other observations considered in this
study, have been collected by the Dutch Government. LiDAR wind velocity observations
at vertical levels 63 m, 91 m, 116 m, 141 m, 166 m and 191 m at LEG and EPL from the
Energy research Centre (ECN) part of the Dutch organization for applied research (TNO)
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have also been made available and are also considered in the validation of the wind data.
• The wave heights, periods and directions are validated against Dutch Government


observations. The locations for validating the buoy wave data are EPL, K13, and
IJmuiden munitiestortplaats, referred to as IJmuiden. Again, it is expected that the
correspondence between HKZA and HKZB observations and those at K13 is lower, but
the data are considered to also provide a more spatial view of the waves in the North
Sea.


• The Dutch Government observations at EPL, LEG and IJmuiden are used for validating
the water temperature.


• Available online data from weather stations located at EPL and LEG are used for validating
the air temperature.


• Dutch Government observations at EPL, LEG, K13 and platform Q1 (referred to as Q11)
are used for validating air pressure at both buoys.


• Lastly, the measured water levels and currents are compared with observations from
nearby fixed stations and validated against hydrodynamic model predictions at their exact
locations.


Figure 4.1 shows an overview of all measurement locations. The present report provides the
validation results for the full campaign period - extended from June 5, 2016 00:00 until June
5, 2018 23:50.


Figure 1.3: Location of buoys and fixed measurement stations (via Google Earth).


All comparisons are presented as timeseries and further validated via direct scatter plots for
quantifying statistical correspondence between the datasets. All tables and figures presented
are for the full period unless otherwise indicated.
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Note that all reported dates are in UTC.


1.2.1 Monthly validation


During the measurement campaign the data has been validated on a monthly basis using the
same statistics, reference stations and model data as used to validate the full campaign data,
see Deltares (2016c, 2016b, 2016a, 2016e, 2016d, 2017i, 2017b, 2017d, 2017c, 2017g,
2017j, 2017h, 2017f, 2017e, 2017a, 2018i, 2018h, 2018g, 2018b, 2018d, 2018c, 2018e,
2018a, 2018f).


In those reports the ECN LiDAR data and the model data are also validated against
observations from the reference stations, those validations are not repeated in this report.


1.3 QHSE


There were no personnel accidents or injuries during this campaign.


On 3 occasions equipment was damaged.


• During the recovery of buoy WS140 at HKZA on 2 February 2017, the buoy keel got
stuck in the roller gap at the vessel back end, the lifting sling failed and the buoy dropped
to the boat deck on its side fender. The incident was not related to weather or difficult
conditions. No personal injuries were sustained. The only damage visible on the buoy after
the incident was a crack in the plastic skin of the flotation body. This event does not in any
way influence the data recorded prior to the recovery. Buoy WS140 has since undergone
post-recovery validation tests to ensure that the instrumentation was not damaged so that
the buoy is fit to be deployed again.


• During otherwise normal recovery at HKZA on 18 February 2017, the Aquadopp current
profiler underneath the buoy hit the bow roller on the vessel and the instrument was
destroyed. The incident was not related to weather or difficult conditions and no injuries
were sustained. These HSE related incidents were reported separately according to
Fugro’s QHSE management system.


• While recovering buoy WS140 at HKZA on 7 June 2018, the field team failed to recover
part of the mooring line and bottom weight. No health or safety issues were observed
during the field operation.


There were no other HSE related issues during any other field operations or other work related
to this project.


The February 2017 incidents led to changes in buoy handling during deployment and recovery
operations. According to the new operating procedure, the buoys are now towed behind
the vessel to mitigate risks associated with lifting on and off the boat deck and to minimise
potential damage to the instruments.
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1.4 Definitions and abbreviations


Time: All times refer to UTC.


Convention of directions:
Directions are given in degrees (◦) increasing clockwise from North.


• Wind and wave direction is defined as ”coming from” and rotating clockwise from North,
i.e. 0◦means wind/waves from the North, 90◦from the East etc.


• Current direction is defined as ”flowing towards”, i.e. 0◦means current flowing towards the
North, 90◦towards the East etc.


Abbreviations:


• SWLB: Seawatch Wind LiDAR Buoy
• UTC: Universal Time Coordinated
• MSL: Mean Sea Level
• LAT: Lowest Astronomical Tide


1.5 Outline of the report


The next 3 chapters describe the campaign instrumentation, the post-processing and quality
control of the data, the files in which the data are made available, and the data validation
routine. In Chapter 5 the full campaign data availability is given. The subsequent chapters
present for each variable group, namely wind, waves, temperature, air pressure, water level
and currents, the validation of the data and description of some of the HKZ climate
characteristics according to the campaign data. The report ends with a concluding chapter.
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2 Instrumentation and measurement configuration


The buoys are Seawatch Wind LiDAR Buoys based on the original Seawatch Wavescan buoy
design with the following sensors:


• Wavesense 3: 3-directional wave sensor and datalogging unit;
• Xsens 3-axes motion sensor;
• Gill Windsonic M acoustic wind sensor;
• Vaisala PTB330A air pressure sensor;
• Vaisala HMP155 air temperature and humidity sensor;
• Nortek Aquadopp 600kHz current profiler; and
• ZephIR 300S LiDAR.


The core datalogging facility of all instrumentation on a SWLB is the Wavesense 3 providing
time-synchronized logging and onboard real-time processing of all parameters. The
Wavesense 3 datalogging unit converts all measurements to physical quantities in SI units.
The data are packed for transmission and storage using a proprietary compression
algorithm, giving sufficient resolution while using minimal storage space. Both transmitted
data and downloaded (recovered) data are unpacked to physical values in real numbers
using the reverse conversion method. This also means that the recovered data and
transmitted data are mirror images.


An independent self-recording Aanderaa SeaGuard WLR tide gauge was located on the
bottom. The WLR transmitted data to the buoy via an acoustic link. An experimental Thelma
water pressure recorder was located close to the HKZA buoy, transmitting data to the buoy
using an acoustic link.


The mooring for the buoys is shown in Figure 2.1.


The final report is a summary of the full campaign, more information detailing the
instrumentation configuration for each buoy/station can be found in the monthly reports.
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Figure 2.1: Mooring design for the SWLB at Hollandse Kust (zuid)
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2.1 Wind data collection


There are two types of wind sensors on the LiDAR buoy; Gill Windsonic and ZephIR 300
LiDAR. The drawing in Figure 2.2 shows the location of these sensors and the current profiler,
and illustrates the LiDAR and current profiler beams. Heights indicate the levels of the LiDAR
optical window (2 m), the height of the Gill sensor (4 m), and the lowest and highest possible
LiDAR profile levels, all relative to the sea surface. The buoys used in this campaign are set-
up to measure the wind at the levels 4, 30, 40, 60, 80, 100, 120, 140 160, 180 and 200 m
above the sea surface


Figure 2.2: Illustration of the wind and current
profile measurements from the LiDAR
buoy. Heights ref. sea surface


The Gill Windsonic is an ultrasonic wind
sensor measuring the wind along the two
horizontal axes defined by the sensor
transmitting and receiving elements. The
travel time difference of ultrasound emitted
in opposite directions along the two
perpendicular axes is used to calculate the
wind speed components along those axes.
From the components the wind speed and
direction relative to the instruments x-axis is
computed. Then the wind direction relative
to magnetic North is calculated using the
measurement of buoy heading from the
internal compass.


The ZephIR LiDAR is a Continuous Wave
(CW) LiDAR system. The continuous
beam emitted from the window at the
top of the LiDAR is slanted at an angle
from the vertical and rotates with a period
of 1 second around the central axis to
continually scan a cone in the air. The
return is focused to a particular elevation
using an optical focus stage and samples
individual line of sight points around the
circle. The magnitude of the Doppler shift
of the backscattered individual line of sight
samples is used to reconstruct the 1 second
wind field at a particular elevation.


The LiDAR focuses each of the 10 selected
elevations in sequence sampling the wind
profile. Before going back to another profile,
the LiDAR spends some time doing other
tasks, such as looking for precipitation,
fog and cloud base, and measuring at the
reference height of 38 m above the laser.
The effective interval between each profile
is about 17 s. The profiles collected at 17 s
intervals are averaged to give a time series of 10-minute average horizontal and vertical wind.
In the SWLB Wavesense3 processing unit, each 1 s sample is processed by an algorithm
which fuses data from other sensors to produce the 10-minute averages. Wind directions
are also checked in real-time against the data from the Gill wind sensor to resolve the 180
◦ambiguity in the results due to the ambiguity in the magnitude of the Doppler shift.
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2.2 Wave data collection


The wave measurements are based on the fact that the discus shaped buoy will respond to
the waves by following the height and slope of the waves, so that the wave motion can be
interpreted as the motion of the sea surface. The Wavesense 3 wave sensor employs
accelerometers, rotation sensors and a compass to calculate the position, velocities and
rotations of the buoy in all directions in space. From these data the spectra of wave height
and direction are calculated, and the parameters of wave height, period and direction listed
in Table 5.1 are calculated.


2.3 Temperature data collection


The Vaisala HMP155 measures air temperature and humidity using a state of the art
HUMICAP®180R humidity sensor element and a fast temperature probe. The mounting of
the sensor in a protective housing on the mast top sensor carrier ensures that the sensor is
exposed to the free air and yet shielded from cooling and heating due to solar and diffuse
radiation. The surface temperature (1 m below sea surface) is sampled by the Nortek
Aquadopp current meter. The bottom temperature is measured by the bottom mounted
pressure sensors.


2.4 Air pressure data collection


The air pressure is measured by the Vaisala pressure sensor PTB330A located inside the
buoy and includes Vaisala’s top class BAROCAP® pressure sensing technology. The sensor
is exposed to the pressure of the open air through a diffusor head on the top of the mast which
removes the pressure reducing effect of the wind from the air pressure measurement.


2.5 Water level data collection


Water level is not measured directly, but inferred from measurements of pressure at the
seabed. The bottom mounted pressure sensor gives out an approximate value of water level
as the actual pressure in dbar minus 10 dbar which is then approximate equal to the depth in
meters. However, to get the proper height of the water column above the sensor, the air
pressure measurement from the buoy must be subtracted from the total measured water
pressure as follows:


hw = (Pw − Pa)/ρg (2.1)


where hw is the height of the water column, Pw is the measured total water pressure, Pa is the
measured total air pressure, ρ is the average density of the water (1025.7 kg/m3) according to
average temperature and salinity data from this area stored by ICES (International Council for
the Exploration of the Sea), and g is the normal acceleration of gravity. The vertical position of
the sensor relative to mean sea level can be obtained from bathymetry data at the deployed
coordinates given in Table 1.1, or by the difference in bias with an already MSL referenced
tide gauge or the DCSMv6-ZUNOv4 model as shown in Figure 10.4 in Section 10.4. Note that
the pressure sensor head is located approximately 1.00 m above the seabed.


2.6 Current data collection


The AquaDopp current profiler is mounted in the buoy hull with the acoustic head immediately
below the hull. The three slanted transducers emit sound pulses forming 3 acoustic beams at
an angle from the vertical. The Doppler shift of sound echoed from particles such as plankton
in the water is used to calculate the current velocity component along the beam. The vertical
and horizontal velocity components are then calculated, and a large number of pulses are
used to calculate the 10-minute average current velocity
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3 Post processing, quality control and file descriptions


3.1 Post processing and quality control


Quality control is an integral part of each stage of a measurement campaign from
manufacturing and assembly (factory acceptance tests, instrument documentation),
validation of the full set up (and Site Acceptance Tests if applicable), deployment records,
internal system checks and data integrity through the Wavesense data logging unit and
throughout post processing and data delivery.


A live test site at the island of Frøya, Norway, with various references is maintained by Fugro.
The site has been used by the Norwegian University of Technology and Science (NTNU) for
wind research for many years. In particular for the SEAWATCH Wind LiDAR buoy this site is
routinely used for validation prior to delivery of an SWLB to a project, using a land reference
lidar to verify the SWLB is in accordance with Carbon Trust OWA criteria (OWA, 2013, 2018).


This section outlines the processing steps applied to the data before they are delivered to
RVO.nl. In post processing the system integrity is maintained. No tampering or modifications
have been applied to increase the post processed availability. The only exception is water
level which was interpolated as described in Section 2.5. Wind veer and wind shear are also
provided in addition (see Section 3.2) but not further validated.


Data measured at each buoy is both stored locally and transmitted via satellite to allow for
near real-time operations checks, maintenance scheduling and monthly reporting. Figure 3.1
shows the data reception and post processing flow. Not all data from all instruments are
transmitted via satellite due to package size and cost restraints. Monthly post processing and
quality control is done mainly on transmitted data.


Incoming raw data are first checked for gaps, instrument and buoy operation issues and
timestamp and compass alignment. Any data during downtimes are removed. Then a set of
filters according to agreed ranges for each parameter are applied as detailed below in
Section 3.2. The data are inspected for any outliers and, if related to instrument or
transmission issues, removed.


During buoy maintenance all stored data are downloaded and used to check any issues
identified in the monthly reports. If data packages were not received during transmission and
resulted in gaps in the data record, the corresponding stored packages are then used to fill
these gaps. The same processing and quality control criteria are applied to all downloaded
data for the full recovered range of measurements for the full 2-year campaign period.


Each SWLB is set up with unique telemetry message identifiers. Together with deployment
records, timestamps and position data, the datasets for each of the two stations (HKZA,
HKZB) in this campaign are kept separate and unique.
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Figure 3.1: Dataset generation from transmitted and downloaded data


3.2 File descriptions


Definitions:


• NaN (Not a Number): Label indicating data as invalid/missing
• All filenames have prefixes ’HKZ YYYYMMDD Fugro MetOcean Buoys HKZX’
• YYYY = year 4 digits
• MM = month 2 digit
• DD = day of month 2 digits
• X = A or B to separate HKZA and HKZB


File: WindResourceSpeedDirectionTIStat


LiDAR data:


The file contains 10 minute averaged wind measurements calculated on the buoy. The signals
are all timestamped with the end of the averaging period. All timestamps must have wind
speed values between 0.0001 and 58.0 m/s. The directional, turbulence and inflow angles
are set to NaN for the same timestamps and heights where the wind speeds are set to NaN.
To correct for 180 degrees ambiguities in the LiDAR wind directions an additional correction
with 10 minute average directions from the Gill wind sensor as ground truth has been used.
The correction is done automatically using an algorithm checking each height for ambiguous
wind directions and flipping it 180 degrees if necessary.


File: WindResourceDataRaw


All columns are set to NaN for the timestamps where wind speeds are set to NaN in
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WindResourceSpeedDirectionTIStat. Horizontal wind speed outside the range 0.001 - 58.0
m/s represent missing or invalid measurements and are replaced by NaN.


File: WaveCurrentData


Current data:


Current speed signal ’AqSpd0012 cm/s’ is checked for zero values. If it is, all current speed
and directions for those timestamps are set to NaN.


Water temperature:


’WaterTemp0001 degC’ signal: Temperature measurements with negative values are replaced
by NaN.


Water level and bottom temperature:


Temperature measurements with negative values are replaced by NaN. Water level given
as height of the water column above the pressure sensor as given in Equation 2.1, with 0
values replaced by NaN. Water level data sequences of 10 or more identical values have
been replaced by NaN. The data is then linearly interpolated across sequences of up to 4
NaNs.


Wave data:


The following signals derived from the wave spectra are checked: [’hm0 m’, ’hm0a m’, ’hm0b
m’, ’hmax m’, ’mdir deg’, ’mdira deg’, ’mdirb deg’, ’sprtp deg’, ’thhf deg’, ’thmax s’, ’thtp deg’,
’tm01 s’, ’tm02 s’, ’tm02a s’, ’tm02b s’, ’tp s’].


Wave height signal ’hm0 m’ is checked for values above 18 m. If found, all wave parameters
above are set to NaN. Wave period signal ’tp s’ is checked for values above 24 s, if found all
wave parameters above are set to NaN.


File: WaveSpectraComponents


The wave spectra parameters [hspec, a1, a2, b1, b2 ] are all set to NaN if any of the above
wave parameters values are set to NaN.


File: WaterLevelNonInterpolated


The file contains the original temperature measurements in degrees celsius and pressure
measurements in dbar - which is approximately the height of the water column in metres -
from the seabed pressure sensor. Water level data sequences of 10 or more identical values
have been replaced by NaN. The pressure and temperature data have not been modified. No
interpolation or other corrections have been performed on these data.


File: WindResourceInflowAnglesStat


This file contains the inflow angles in degrees, calculated on the buoy using data from the
Zephir unit. The angles are calculated as the angle between the 10-minute average
horizontal and vertical components. The inflow angles are checked after the signals in the
file WindResourceSpeedDirectionTIStat are checked and timestamps where wind speed
measurements are invalid there are also set as invalid in this file. All measurements where
the inflow angle is larger than 40 degrees or less than -40 degrees are set to NaN.
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File: WindResourceVeerShearStat


This file veer and shear statistics calculated from the already processed LiDAR wind directions
and speeds in the WindResourceSpeedDirectionTIStat file using the same timestamps to
store data. Wind shear is calculated as the difference in wind speed per meter between the
height levels indicated by the parameter name. Positive values indicate wind speed increasing
with height. Wind veer is the difference in direction between the two levels divided by the
height difference, positive if direction rotates counter-clockwise going upward. No further
processing is done on the signals here. These signals are stored in a separate file because
they depend on other data and are calculated as part of the data post processing.


File: PosData


Geographical Latitude and Longitude in Degrees with 6 decimals. This file contains hourly
values of buoy position according to GPS.


Raw data


Raw wave data


Raw wave data is provided in chpr files. These files contain the Wavesens raw motion
compass, heave, pitch and roll data. All angles (compass, pitch and roll) are given in
degrees, heave elevations are in m. Sensor sampling rate is at 1 Hz. For each row the
timestamp in the first column given represents the start of the sampling of the time series in
that row.


The index in the parameter name, given by [0],[1],...[1023], is the sample number for the
parameter. So heave[0] would be the first sample starting at the timestamp in the first column
and heave[1023] would be the last sample for the measurement period with start time given
by the first column.


Raw wind data:


Raw 1 Hz LiDAR data directly from the zephir units (unprocessed) is delivered in zph files
addition to the processed and quality checked products. The filename convention for this file
is: "Wind_unitY_M_D.ZPH", where unit refers to the zephir unit identifier.


The same buoys and thus the respective LiDAR units were used several times during this
campaign (downtime for maintenance, details in the deployment log in Table 1.1). Recurring
identifiers for both the chpr and the zephir data files are possible but can be resolved using
timestamps. In addition all available files are provided with overlapping coverage during buoy
maintenance. Table 1.1 gives the respective start and stop times to resolve the overlap. The
raw data files are grouped in 6 periods to minimize ambiguities.
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3.3 Data Files


The delivered data files are listed in Table 3.1. The dataset is based on complete downloaded
data from June 2016 to June 2018, both from the buoy and the zephir unit.


Table 3.1: Data files that make up the complete set of data presented in this report.


HKZ_20180927_Fugro MetOcean Buoys HKZA PosData_F.csv
HKZ_20180927_Fugro MetOcean Buoys HKZA WaterLevelNonInterpolated_F.csv
HKZ_20180927_Fugro MetOcean Buoys HKZA WaveCurrentDataStat_F.csv
HKZ_20180927_Fugro MetOcean Buoys HKZA WaveSpectraComponents_F.csv
HKZ_20180927_Fugro MetOcean Buoys HKZA WindResourceDataRaw_F.csv
HKZ_20180927_Fugro MetOcean Buoys HKZA WindResourceInflowAnglesStat_F.csv
HKZ_20180927_Fugro MetOcean Buoys HKZA WindResourceSpeedDirectionTIStat_F.csv
HKZ_20180927_Fugro MetOcean Buoys HKZA WindResourceVeerShearStat F.csv
In June 2016 - October 2016: chpr_WS140.csv
In June 2016 - October 2016: chpr_WS149.csv
In November 2016 - February 2017: chpr_WS140 _p1.csv
In November 2016 - February 2017: chpr_WS140 _p2.csv
In November 2016 - February 2017: chpr_WS156 _p1.csv
In November 2016 - February 2017: chpr_WS156 _p2.csv
In March 2017 - April 2017: chpr_WS156.csv
In May 2017 - September 2017: chpr_WS140.csv
In May 2017 - September 2017: chpr_WS155.csv
In October 2017 - February 2018: chpr_WS155.csv
In October 2017 - February 2018: chpr_WS156.csv
In March 2018 - June 2018: chpr_WS140.csv
In March 2018 - June 2018: chpr_WS156.csv
Zephir "Wind_unitY_M_D.ZPH"
HKZ_20180927_Fugro MetOcean Buoys HKZB PosData_F.csv
HKZ_20180927_Fugro MetOcean Buoys HKZB WaterLevelNonInterpolated_F.csv
HKZ_20180927_Fugro MetOcean Buoys HKZB WaveCurrentDataStat_F.csv
HKZ_20180927_Fugro MetOcean Buoys HKZB WaveSpectraComponents_F.csv
HKZ_20180927_Fugro MetOcean Buoys HKZB WindResourceDataRaw_F.csv
HKZ_20180927_Fugro MetOcean Buoys HKZB WindResourceInflowAnglesStat_F.csv
HKZ_20180927_Fugro MetOcean Buoys HKZB WindResourceSpeedDirectionTIStat_F.csv
HKZ_20180927_Fugro MetOcean Buoys HKZB WindResourceVeerShearStat F.csv
In June 2016 - November 2016: chpr_WS158_p1.csv
In June 2016 - November 2016: chpr_WS158_p2.csv
In December 2016 - September 2017: chpr_WS158_p1.csv
In December 2016 - September 2017: chpr_WS158_p2.csv
In December 2016 - September 2017: chpr_WS158_p3.csv
In October 2017 - January 2018: chpr_WS170.csv
In October 2017 - January 2018: chpr_WS158.csv
In February 2018 - March 2018: chpr_WS155.csv
In February 2018 - March 2018: chpr_WS170.csv
In April 2018 - June 2018: chpr_WS155.csv
Zephir "Wind_unitY_M_D.ZPH"
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4 Data Validation


4.1 Measurement uncertainties


The Seawatch Wind LiDAR Buoy is 3rd party type validated by the accredited institution
DNVGL to be in the pre-commercial stage according to Carbon Trust’s requirements OWA
(2013) over a six-month trial (DNVGL, 2015b). That trial took place in 2014 at the now
decommissioned RWE met mast in Dutch waters. A similar six-month trial was conducted at
the East Anglia One met mast in 2015 as part of the Carbon Trust programme, with the
performance independently verified by Natural Power (Natural Power, 2015). In addition, the
specific systems used in the HKZ campaign were validated in a pre-deployment validation
campaign before the start of the HKZ measurement campaign. The performance of the
systems was independently verified by DNVGL DNVGL (2015b,a) to reproduce accurate
wind speed and direction across a range of wind and sea states against a reference. The
pre-deployment validation campaign took place at the Fugro validation site at the island of
Frøya, Norway. The validation site has also been 3rd party evaluated by DNVGL (DNVGL,
2015a) as suitable for the purpose of validating systems like the SWLB.


The Carbon Trust OWA roadmap version 2.0 (issued Oct 2018), OWA (2018), outlines a
procedure to quantify uncertainties pertaining to LiDAR wind measurements in accordance
with RP18 (IEAwind, 2016) and IEC 61400-12-1 Annex L. (IEC 61400-12-1, 2017). An
uncertainty assessment for the SEAWATCH Wind LiDAR Buoy based on the RWE
Meteomast IJmuiden was conducted by Ecofys (IEA Wind, 2016). According to this
assessment, wind profile measurements from the Seawatch wind LiDAR buoys in this region
can be used with a measurement uncertainty of 3.3-3.4%.


4.2 Validation procedure


The validation is carried out by quantifying the agreement between the HKZA and HKZB data
and data from other reliable sources (anemometer, LiDAR, hydrodynamic model, etc) in the
North Sea. Furthermore, for some variables their general characteristics are also qualitatively
assessed, such as for current and wind measurements their respective vertical profiles. Per
variable the most suitable available data validation sources have been sought, leading to the
following combinations:


• The reference stations for validating the buoy wind data against anemometer
observations are platform K13a, referred to as K13, Lichteiland Goeree, referred to as
LEG, and EuroPlatform, referred to as EPL, see Figure 4.1. Note that K13 is at a
considerable distance from both HKZA and HKZB, thus comparisons between these
datasets are expected to lack precision. The K13 data are, nevertheless, considered
since it is the platform where the wind is measured with an anemometer at a higher
height, 73.8 m whereas measurements are carried out at 38.3 m and 29.1 m at LEG and
EPL, respectively. The considered anemometer observations, as most other
observations considered in this study, have been collected by the Dutch Government.
LiDAR wind velocity observations at vertical levels 63 m, 91 m, 116 m, 141 m, 166 m and
191 m at LEG and EPL from the Energy research Centre (ECN) part of the Dutch
organization for applied research (TNO) have also been made available and are also
considered in the validation of the wind data.


• The wave heights, periods and directions are validated against Dutch Government
observations. The locations for validating the buoy wave data are EPL, K13, and
IJmuiden munitiestortplaats, referred to as IJmuiden. Again, it is expected that the
correspondence between HKZA and HKZB observations and those at K13 is lower, but
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the data are considered to also provide a more spatial view of the waves in the North
Sea.


• The Dutch Government observations at EPL, LEG and IJmuiden are used for validating
the water temperature.


• Available online data from weather stations located at EPL and LEG are used for validating
the air temperature.


• Dutch Government observations at EPL, LEG, K13 and platform Q1 (referred to as Q11)
are used for validating air pressure at both buoys.


• Lastly, the measured water levels and currents are compared with observations from
nearby fixed stations and validated against hydrodynamic model predictions at their exact
locations.


Figure 4.1 shows an overview of all measurement locations. The present report provides the
validation results for the full campaign period - extended from June 5, 2016 00:00 until June
5, 2018 23:50.


Figure 4.1: Location of buoys and fixed measurement stations (via Google Earth).


All comparisons are presented as a timeseries and further validated via direct scatter plots for
quantifying statistical correspondence between the datasets.


The error statistics are computed differently whether a linear or circular (directional) variable
is considered. For linear variables we have:


• the bias: ȳ − x̄;
• the root-mean-square error: rmse =


√
n−1


∑
(yi − xi)2;
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• the symmetric slope: s =
√∑


xi2/
∑
yi2; and


• the correlation coefficient:


r =
∑


[(xi − x̄) (yi − ȳ)]/
√∑


(xi − x̄)2
∑


(yi − ȳ)2 .


In all these formulae xi usually represents observations (or the dataset which is considered
less uncertain or baseline) and in this study we use it to represent the fixed observations, yi
usually represents the model results (or the dataset which is considered more uncertain or
with a certain deviation from the baseline results) and in this study we use it to represent the
HKZA, HKZB and HKZB (WLR) data and n the number of observations.


When dealing with circular data, each observation is considered as unit vector, and it requires
vector addition rather than ordinary (or scalar) addition to compute the average of angles, the
so-called mean direction.


Writing


Cn =
n∑
i=1


cosxi and Sn =
n∑
i=1


sinxi, (4.1)


the sample resultant vector Rn of a sample x = xi, i = 1, ..., n is defined as Rn =√
C2
n + S2


n, and its sample mean direction x̄ ≡ x̄n as the direction of Rn:


x̄ = TAN−1(Sn/Cn )


where


TAN−1(Sn/Cn )


is the inverse of the tangent of


(Sn/Cn )


in the range [0, 2π], i.e.,


TAN−1(Sn/Cn ) :=


 tan−1(Sn/Cn ), Sn > 0, Cn > 0
tan−1(Sn/Cn ) + π, Cn < 0
tan−1(Sn/Cn ) + 2π, Sn < 0, C > 0.


(4.2)


The sample mean resultant length of x =xi, i = 1, ..., n is defined by R̄n = Rn/n ,
0 ≤ R̄ ≤ 1. If R̄n = 1, then all angles coincide.


Equation 4.2 can be used to compute the bias between two circular variables by substituting
xi by yi − xi in Equation 4.1. In a similar way, the root-mean-square error between two
circular variables can be computed.


There are several circular analogues of the correlation coefficient, but the most widely used is
the so-called T-linear correlation coefficient (Fisher and Lee (1983) and Fisher (1993)). Given
two sets x = xi, i = 1, ..., n, y = yi, i = 1, ..., n of circular data, the T-linear correlation
coefficient between x and y is defined by


r =


∑
1≤i<j≤n


sin(xi − xj) sin(yi − yj)√ ∑
1≤i<j≤n


sin2(xi − xj)
∑


1≤i<j≤n
sin2(yi − yj)


.
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In the following we shall refer to comparisons in which r is higher than 0.9 as excellent,
between 0.8 and 0.9 as good, between 0.7 and 0.8 as reasonable and lower than 0.7 as
poor. Note that this is no absolute quality statement given that there are uncertainties in
both observations and, due to the distance between the instruments, the spatial variability is
expected to affect the comparisons.


Note that all reported dates are in UTC.
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5 Data Availability


5.1 Introduction


Although in measuring campaigns the aim is always to have a full (gap free) timeseries of
all measured parameters, this is typically hampered by severe metocean conditions and loss
of signal between instruments. The redundant deployment of two SWLBs aimed to mitigate
loss of data due to these circumstances. Signal and dataset availability are calculated and
reported monthly, calculated for the full 2-year dataset and for each month separately in the
2-year dataset.


The Floating LiDAR System is ready to function according to specifications and to deliver data,
taking into account all time stamped data entries in the output data files including flagged
data (e.g. by NaNs or 9999s) for the given month. Note that for the system to be considered
”ready”, at least one valid data point must be recorded (at any height). The Monthly Overall
System Availability is the number of those time stamped data entries relative to the maximum
possible number of (here 10-minute) data entries including periods of maintenance within the
respective calendar month.


The Monthly Post-processed Data Availability is the number of those data entries remaining
after subtraction of all non-valid entries caused by including but not limited to:


• downtime (due to equipment failure, maintenance, weather, damage, malfunction, theft,
or any other events)


• system internal (unseen) filtering
• application of quality filters based on system own parameters, as defined in Section 3.2


divided by the maximum possible number of 10-minute data entries within the respective
calendar month based on the given time interval of 10-minutes.


Notes:


1 The Monthly Post-processed Data Availability is calculated and presented per system and
for each system per main data set:


• a. Wind: Direction and speed availability at 10 levels, turbulence intensity, inflow angle,
wind shear and wind veer averaged to a single availability value.


• b. Wave: Significant wave height, peak wave period, mean wave period, mean wave
direction, wave spectra.


• c. Current: Current speed and direction at 10 levels.
• d. Water level
• e. Atmospheric pressure
• f. Temperature: Air temperature, Sea temperature.


2 The Monthly Post-processed Data Availability per system is the average of the Monthly
post processed data availabilities per main data set per system.


3 In the case of multiple (redundant) measurement instruments determining one parameter
value, the availability of at least one parameter value is the determining base for the data
availability.
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5.2 Validated parameters


Figure 5.1 shows a detailed breakdown of the amount of missing data throughout the temporal
record for each measured parameter for each buoy. Table 5.1 gives a brief explanation of what
the variable names mean, their units and, if applicable, the symbols used in the data validation
to refer to them.


Figure 5.1: Data availability HKZA (red), HKZB (blue) and HKZA WLR and HKZB WLR
(grey) for the full campaign period from June 5, 2016 00:00 until June 5, 2018
23:50.
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Table 5.1: List of variables.


Name Description Units Symbol


WindSpeed z mh
Wind speed at an elevation of z m
above the sea surface m/s Uz


WindGust z mh
Wind gust speed at an elevation of
z m above the sea surface m/s


WindDir z m
Wind direction at an elevation of z
m above the sea surface


◦N Uzθ


hm0 Spectral significant wave height m Hs


hm0a
Spectral significant swell wave
height. Frequency band between
0.04 and 0.10 Hz.


m Hsswell


hm0b
Spectral significant sea wave
height. Frequency band between
0.10 and 0.50 Hz.


m Hssea


hmax
Spectral maximal individual wave
height m Hmax


mdir Mean wave direction ◦N MWD
mdira Mean wave direction of swell ◦N MWDswell


mdirb Mean wave direction of sea ◦N MWDsea


sprtp
Wave spreading at spectral peak
period


◦ DSPR


thhf
High frequency mean wave
direction. Frequency band
between 0.4 and 0.44 Hz.


◦N


thmax Period of highest wave. s


thtp
Wave direction at spectral peak
period.


◦N


tm0x


Spectral mean absolute wave
period (1 based on the 1st spectral
moment, 2 based on the 2nd


spectral moment, a swell, b sea)


s Tm0x


tp Spectral peak wave period s Tp


AqSpd d
Current speed at a depth of d m
below the sea surface m/s ud


AqDir d
Current direction at a depth of d m
below the sea surface


◦N


airTemperature Air temperature ◦C Tair
airPressure Air pressure hPa
airHumidity Air humidity %


WaterTemp0001 Water temperature (surface) ◦C Twater
WaterLevel Sea surface elevation m WL


BottomTemp Water temperature (bottom) ◦C Twater


As can be seen in Figure 5.1, the collected data include wind speed and direction at different
heights, a number of wave height, period and direction parameters, current speed and
direction at different depths, water levels, water and air temperature, pressure and humidity.
Complementing the wave parameters of which availability is shown in Figure 5.1, the Fourier
coefficients and the heave spectra, from which the 2D-wave spectra can be computed, are
also collected.
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The data return is very high, especially for HKZB.


Figure 5.2 and Figure 5.3 show the comparison between the availability of the released
monthly data and the full campaign data for HKZA and HKZB, respectively. For all variables
the total availability is higher in the full campaign data set, in particular the availability of
current data from HKZB is much higher. This higher availability is because, although there
was a more thorough quality control of the full campaign data, the dataset also includes
recovered data that were not available when compiling the monthly datasets.


Figure 5.2: Comparison of the HKZA data availability in the monthly reports and for the
full campaign dataset.
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Figure 5.3: Comparison of the HKZB data availability in the monthly reports and for the
full campaign dataset.


If the gaps in the data collected at HKZB (the location with the higher data return) are filled
with the data collected at HKZA in order to compile a complete HKZ dataset, the resulting
data return is as given in Figure 5.4.
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Figure 5.4: Data availability HKZ for the full campaign period from June 5, 2016 00:00
until June 5, 2018 23:50.


5.3 Non-validated parameters


Humidity data are not considered further in this report.


The additional wind parameters turbulence intensity, wind shear, wind veer and inflow angle
are also provided but are not validated in this report.


Turbulence Intensity (TI) is defined as TI = (σ/ū)C , where σ is the standard deviation and
ū is the mean of the wind speed for a 10-min period. C = 0.95 is a constant needed to
convert the scan-averaged LiDAR measurements to the point-measurements of a cup
anemometer. Note that this definition frequently gives relatively high values in situations with
low but variable wind speed.


Wind veer and wind shear statistics are calculated from the already processed LiDAR wind
directions and speeds. Wind shear is calculated as the difference in wind speed per meter
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between the height levels indicated by the parameter name. Positive values indicate wind
speed increasing with height. Wind veer is the difference in direction between the two levels
divided by the height difference, positive if direction rotates counter-clockwise going upward.
No further processing is done on the signals here.


Inflow Angle (IA) is the angle of the 3-dimensional wind vector (in ◦) based on the 10-min
averaged values of the horizontal and vertical wind velocity components. A positive IA means
that the wind vector has an upward directed vertical component.


Table 5.2 shows a comparison of the average monthly vs. recovered availabilities for the
turbulence intensity, wind shear, wind veer and inflow angle. An increase in availabilities in
the full recovered dataset is shown.


Table 5.2: Availability of additional parameters (not validated)


HKZA monthly % HKZA recovered % HKZB monthly % HKZB recovered %
Turbulence intensity averaged 88.28 92.99 87.28 94.26


Wind shear averaged 91.76 93.32 94.17 94.34
Wind veer averaged 91.70 93.25 94.10 94.27


Inflow angle averaged 91.77 93.31 94.21 94.37
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6 Wind


6.1 Introduction


This chapter focuses on validating and analyzing processed wind speeds (by elevation) from
the SEAWATCH LiDAR Buoys. The wind speed and direction is measured at levels 4, 30, 40,
60, 80, 100, 120, 140, 160, 180 and 200 m above water level. The measurements at 4 m are
carried out with an acoustic wind sensor and those at 30 to 200 m with a LiDAR.


6.2 Intercomparison of the HKZ data


To get a full overview of the data, Figure 6.1 and Figure 6.2 show timeseries of wind speed
and direction, respectively, at the observation levels.


Figure 6.1: Wind speeds (by elevation) at each buoy.


Figure 6.2: Wind directions (by elevation) at each buoy.
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Figure 6.3 shows density scatter comparisons between wind speed and direction measured by
HKZA and HKZB at levels 100m and 160m. The figure shows a general agreement between
the observations at HKZA and HKZB, as could already be seen in Figure 6.1 and Figure 6.2.


Figure 6.3: Direct scatter comparison between buoy wind at elevations of 100 and 160
m.


In order to further quantify the differences between the HKZA and HKZB wind speed and
direction observations, the slope, bias, correlations and square correlations between the
HKZA and HKZB wind speed observations at all levels and the bias, correlations and square
correlations between the HKZA and HKZB wind direction observations at all levels have
been computed considering all wind speeds above 2 m/s. These are given in Table 6.1 and
can be compared against the criteria given in IEC 61400-12-1 (2017) and Ecofys (2016).
Note that the statistic we use to determine the correlation between the wind directions differs
from the one applied in Ecofys (2016). We apply a T-linear correlation coefficient which leads
to correlations that are slightly lower than those of the standard correlation coefficient.
Nevertheless, as can be seen in Table 6.1, the comparisons are at all levels excellent in
terms of both wind speed and direction.
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Table 6.1: Statistical comparison between the winds from the LiDAR buoys with elevation.


Wind Speed Wind Direction
Elev. (m) r2 (-) r (-) Bias


(m/s)
Sym.
Slope (-)


n (-) r2 (-) r (-) Bias
(◦N)


n (-)


4 0.97 0.99 0.09 1.01 90551 0.97 0.98 1.2 90544
30 0.98 0.99 -0.03 1.00 89651 0.96 0.98 0.9 89571
40 0.98 0.99 -0.03 1.00 89715 0.96 0.98 0.9 89649
60 0.98 0.99 -0.03 1.00 89825 0.95 0.98 1.0 89755
80 0.98 0.99 -0.03 1.00 89784 0.95 0.97 1.0 89715
100 0.98 0.99 -0.03 1.00 89739 0.94 0.97 1.1 89676
120 0.99 0.99 -0.03 1.00 89685 0.94 0.97 1.1 89626
140 0.99 0.99 -0.03 1.00 89652 0.93 0.97 1.2 89602
160 0.99 0.99 -0.03 1.00 89669 0.93 0.96 1.4 89609
180 0.99 0.99 -0.03 1.00 89670 0.92 0.96 1.4 89616
200 0.99 0.99 -0.03 1.00 89729 0.91 0.95 1.6 89677


6.3 Comparison with data from the fixed stations


In this section the buoy data is validated against the observations from the fixed stations.


Before comparing the data, the LEG, EPL and K13 anemometer wind observations were
quality controlled in terms of outliers in wind speed looking at deviation from the monthly
mean and deviation form one timestamps to the next using as criteria 6 times the standard
deviation of the monthly data and no outliers were found.


An overview of the data from the buoy and the anemometers at the platform locations is given
by means of wind roses in Figure 6.4. The figure shows the roses of the LEG, EPL and K13
observations and the HKZA and HKZB LiDAR observations at the levels closer to those of
the LEG, EPL and K13 anemometers for the campaign period. The roses show a general
agreement across the locations, that the prevailing winds are from the Southwest and with a
more southern direction at EPL and a larger directional spreading at K13.
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Figure 6.4: Wind roses for all locations.


In the following sections the HKZA and HKZB winds are directly compared to the fixed
observations data, first considering the anemometer data and then the ECN LiDAR data. In
the comparisons with the anemometer data, directional statistics (for different wind direction
sectors) are given and in the comparisons with the ECN LiDAR data height dependent
statistics are given. Given that for low wind speeds there is much scatter in the data and that
these data are not relevant in the data validation, all observations for which the observed
wind speeds are below 5 m/s are excluded in the determination of error statistics. This
threshold was chosen pragmatically, being in line with the work of Wieringa and Rijkoort
(1983) and in line with other wind climate assessments of the Dutch meteorological institute
and close to the 4 m/s threshold prescribed for the calibration of cup anemometers in the IEC
61400-12-1 standard.


6.3.1 Validation of HKZA


In order to further validate the HKZA data, the data was compared with the LEG, EPL and
K13 simultaneous observations.


Figure 6.5, Figure 6.7 and Figure 6.9 show timeseries and density scatter comparisons
between HKZA observations and those from the anemometers at LEG, EPL and K13,
respectively. The correlation, root-mean-square error and bias statistics are printed in the
figures. Figure 6.6, Figure 6.8 and Figure 6.10 compare the wind roses of the simultaneous
observations. Note that these roses may differ from those in Figure 6.4 because the roses in
Figure 6.4 show all available observations at each station in the campaign period. Table 6.2,
Table 6.3 and Table 6.4 show the error statistics between the HKZA and the fixed platform
data per directional sector, i.e. when the HKZA wind direction at the considered level falls
within the direction range given in the left column of the tables. Note that lower correlations in
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terms of wind direction are to be expected from this data binning.


The following conclusions are taken from the assessment of these figures and tables:


• At LEG the omni-directional comparisons with HKZA are good in terms of wind speed
and excellent in terms of wind direction. The roses show comparable conditions, with
a lower directional spread for the predominant Southwest wind at LEG. The directional
comparisons are good to excellent in terms of wind speed and poor to reasonable in
terms of wind direction. The higher correlations are for western conditions at HKZA.


• At EPL the omni-directional comparisons with HKZA are also good in terms of wind speed
and excellent in terms of wind direction. The roses show comparable conditions, i.e.
that the predominant winds from the Southwest have a more southern direction at LEG.
The directional comparisons are good to excellent in terms of wind speed and poor to
reasonable in terms of wind direction. The higher wind speed correlations are for southern
conditions at HKZA.


• At K13 the omni-directional comparisons with HKZA are reasonable in terms of wind
speed and good in terms of wind direction. The roses show a larger directional spreading
of the wind conditions at K13. The directional comparisons are poor to good in terms of
wind speed and poor in terms of wind direction. The higher wind speed correlations are
for southern conditions at HKZA. Poorer comparisons between the winds at HKZA and
K13 than between the wind at HKZA and ELP and LEG can be assigned to the distance
between the stations.


Figure 6.5: Validation of HKZA wind with LEG. Left panels: Timeseries. Right panels:
Density scatter, with the darker colours indicating more data density.
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Figure 6.6: Roses of the simultaneously available HKZA and LEG wind data.


Table 6.2: Direction statistical comparison between HKZA (z = 40.0 m) and LEG.


Wind Speed Wind Direction
Sector n (-) r (-) RMSE (m/s) Bias (m/s) r (-) RMSE (◦N) Bias (◦N)


337.5 ◦N : 22.5 ◦N 3561 0.86 1.75 0.93 0.66 17.38 -2.15
22.5 ◦N : 67.5 ◦N 4336 0.82 1.67 0.76 0.70 17.07 1.75
67.5 ◦N : 112.5 ◦N 5398 0.85 2.23 1.69 0.73 17.24 -1.25
112.5 ◦N : 157.5 ◦N 2957 0.83 1.61 1.12 0.64 24.39 -8.43
157.5 ◦N : 202.5 ◦N 5504 0.89 2.52 1.97 0.71 18.39 -7.32
202.5 ◦N : 247.5 ◦N 15979 0.89 1.93 1.25 0.73 12.67 -6.78
247.5 ◦N : 292.5 ◦N 8954 0.91 1.90 1.15 0.74 13.13 -2.89
292.5 ◦N : 337.5 ◦N 5095 0.87 2.01 1.15 0.70 15.84 -2.50


Figure 6.7: Validation of HKZA wind with EPL. Left panels: Timeseries. Right panels:
Density scatter, with the darker colours indicating more data density.
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Figure 6.8: Roses of the simultaneously available HKZA and EPL wind data.


Table 6.3: Direction statistical comparison between HKZA (z = 30.0 m) and EPL.


Wind Speed Wind Direction
Sector n (-) r (-) RMSE (m/s) Bias (m/s) r (-) RMSE (◦N) Bias (◦N)


337.5 ◦N : 22.5 ◦N 3577 0.82 1.75 0.69 0.66 23.02 16.87
22.5 ◦N : 67.5 ◦N 4309 0.85 1.36 0.32 0.65 25.98 19.84


67.5 ◦N : 112.5 ◦N 5459 0.87 1.62 0.88 0.71 25.82 18.61
112.5 ◦N : 157.5 ◦N 2950 0.82 1.30 0.46 0.60 29.39 5.77
157.5 ◦N : 202.5 ◦N 5990 0.92 1.45 0.57 0.61 21.54 9.10
202.5 ◦N : 247.5 ◦N 15927 0.88 1.68 0.74 0.66 18.67 13.74
247.5 ◦N : 292.5 ◦N 8066 0.88 2.08 1.32 0.74 20.14 14.72
292.5 ◦N : 337.5 ◦N 4584 0.83 2.02 0.90 0.69 20.88 15.00


Figure 6.9: Validation of HKZA wind with K13. Left panels: Timeseries. Right panels:
Density scatter, with the darker colours indicating more data density.
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Figure 6.10: Roses of the simultaneously available HKZA and K13 wind data.


Table 6.4: Direction statistical comparison between HKZA (z = 80.0 m) and K13.


Wind Speed Wind Direction
Sector n (-) r (-) RMSE (m/s) Bias (m/s) r (-) RMSE (◦N) Bias (◦N)


337.5 ◦N : 22.5 ◦N 3215 0.74 2.65 1.59 0.60 21.50 2.84
22.5 ◦N : 67.5 ◦N 3530 0.52 2.84 1.28 0.59 21.19 -3.61
67.5 ◦N : 112.5 ◦N 5489 0.77 2.17 0.97 0.60 18.59 -5.07
112.5 ◦N : 157.5 ◦N 3211 0.74 1.78 0.20 0.53 25.20 -3.43
157.5 ◦N : 202.5 ◦N 6003 0.79 2.52 0.93 0.58 29.08 -5.59
202.5 ◦N : 247.5 ◦N 15910 0.71 3.31 2.10 0.43 28.89 -4.62
247.5 ◦N : 292.5 ◦N 9479 0.86 2.35 1.29 0.55 21.92 -4.61
292.5 ◦N : 337.5 ◦N 5430 0.82 2.33 1.20 0.56 20.38 -0.30


Table 6.5 shows the error statistics between the HKZA observations and those of the closer
vertical levels by the LiDAR at LEG. The comparisons are at all levels excellent both in terms
of wind speed and direction.


Table 6.5: Statistical comparison between HKZA and LEG LiDARs at different heights.


Elevation Wind Speed Wind Direction


HKZA (m) LEG (m) r (-) Bias (m/s) Symmetrical
Slope (-)


n (-) r (-) Bias (◦N) n (-)


60 63 0.90 -0.06 0.99 63495 0.93 -1.8 63478
100 91 0.90 -0.19 0.98 64110 0.93 -2.0 64083
120 116 0.91 -0.11 0.99 64255 0.93 -1.5 64233
140 141 0.91 -0.03 1.00 64086 0.93 -0.9 64074
160 166 0.91 0.02 1.00 63532 0.92 -0.4 63515
200 191 0.91 -0.02 1.00 62258 0.92 -0.5 62244


Table 6.6 shows the error statistics between the HKZA observations and those of the closer
vertical levels by the LiDAR at EPL. The comparisons are poor to excellent in terms of wind
speed. The poor correlations are only at a height of 191 m and due to a few problems in the
EPL observations. The comparisons are at all levels reasonable in terms of wind direction.
These relatively low correlations in terms of wind direction are due to a few cases of incorrect
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solving of the directional ambiguity in the processing of the EPL LiDAR data. These
problems in the EPL LiDAR data can for instance be seen in the validation reports of June
2016 (Deltares, 2016c) and July 2016 (Deltares, 2016b).


Table 6.6: Statistical comparison between HKZA and EPL LiDARs at different heights.


Elevation Wind Speed Wind Direction


HKZA (m) EPL (m) r (-) Bias (m/s) Symmetrical
Slope (-)


n (-) r (-) Bias (◦N) n (-)


60 63 0.89 0.18 1.02 66102 0.75 -4.5 66087
100 91 0.90 0.06 1.00 66832 0.75 -4.8 66810
120 116 0.90 0.11 1.01 67007 0.75 -4.6 66984
140 141 0.90 0.14 1.01 67272 0.74 -4.3 67260
160 166 0.90 0.15 1.01 67388 0.74 -4.2 67373
200 191 0.63 0.54 1.09 60187 0.72 -4.0 60173


6.3.2 Validation of HKZB


The same comparisons just presented between the data from HKZA and the fixed stations
are presented in the following for the HKZB data.


Figure 6.11, Figure 6.13 and Figure 6.15 show timeseries and density scatter comparisons
between HKZB observations and those at LEG, EPL and K13, respectively. Figure 6.12,
Figure 6.14 and Figure 6.16 compare the wind roses of the simultaneous observations.
Table 6.7, Table 6.8 and Table 6.9 show the error statistics between the HKZB data and the
fixed platform data per directional sector.


Although the sample sizes of the comparisons between the HKZB data and the fixed platform
data are slightly larger than those of the comparisons between HKZA data, the comparisons
between the HKZB and the fixed station data are in line with those between the HKZA and
the fixed station data.


Figure 6.11: Validation of HKZB wind with LEG. Left panels: Timeseries. Right panels:
Density scatter, with the darker colours indicating more data density.
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Figure 6.12: Roses of the simultaneously available HKZB and LEG wind data.


Table 6.7: Direction statistical comparison between HKZB (z = 40.0 m) and LEG.


Wind Speed Wind Direction
Sector n (-) r (-) RMSE (m/s) Bias (m/s) r (-) RMSE (◦N) Bias (◦N)


337.5 ◦N : 22.5 ◦N 4052 0.86 1.69 0.89 0.69 15.64 -1.20
22.5 ◦N : 67.5 ◦N 4559 0.81 1.69 0.86 0.72 16.56 -0.44
67.5 ◦N : 112.5 ◦N 5155 0.86 2.16 1.64 0.75 19.70 -4.71
112.5 ◦N : 157.5 ◦N 3357 0.84 1.55 1.03 0.65 22.00 -8.88
157.5 ◦N : 202.5 ◦N 5361 0.88 2.49 1.96 0.68 19.32 -8.00
202.5 ◦N : 247.5 ◦N 14585 0.90 1.89 1.24 0.72 11.38 -4.50
247.5 ◦N : 292.5 ◦N 9486 0.91 1.78 1.06 0.78 11.42 0.92
292.5 ◦N : 337.5 ◦N 5713 0.88 1.98 1.18 0.72 14.66 0.46


Figure 6.13: Validation of HKZB wind with EPL. Left panels: Timeseries. Right panels:
Density scatter, with the darker colours indicating more data density.
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Figure 6.14: Roses of the simultaneously available HKZB and EPL wind data.


Table 6.8: Direction statistical comparison between HKZB (z = 30.0 m) and EPL.


Wind Speed Wind Direction
Sector n (-) r (-) RMSE (m/s) Bias (m/s) r (-) RMSE (◦N) Bias (◦N)


337.5 ◦N : 22.5 ◦N 4101 0.81 1.71 0.61 0.69 23.44 17.70
22.5 ◦N : 67.5 ◦N 4366 0.85 1.32 0.35 0.67 24.24 18.07


67.5 ◦N : 112.5 ◦N 5292 0.86 1.59 0.83 0.72 25.02 15.08
112.5 ◦N : 157.5 ◦N 3352 0.81 1.29 0.42 0.62 25.82 5.26
157.5 ◦N : 202.5 ◦N 5838 0.91 1.43 0.52 0.58 22.44 8.72
202.5 ◦N : 247.5 ◦N 14644 0.88 1.63 0.66 0.63 20.38 15.82
247.5 ◦N : 292.5 ◦N 8613 0.87 2.01 1.28 0.77 22.63 18.71
292.5 ◦N : 337.5 ◦N 5168 0.85 1.97 0.93 0.71 22.54 17.55


Figure 6.15: Validation of HKZB wind with K13. Left panels: Timeseries. Right panels:
Density scatter, with the darker colours indicating more data density.
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Figure 6.16: Roses of the simultaneously available HKZB and K13 wind data.


Table 6.9: Direction statistical comparison between HKZB (z = 80.0 m) and K13.


Wind Speed Wind Direction
Sector n (-) r (-) RMSE (m/s) Bias (m/s) r (-) RMSE (◦N) Bias (◦N)


337.5 ◦N : 22.5 ◦N 3674 0.72 2.61 1.48 0.60 20.74 4.09
22.5 ◦N : 67.5 ◦N 3695 0.50 2.78 1.28 0.58 22.06 -6.41
67.5 ◦N : 112.5 ◦N 5220 0.78 2.11 0.83 0.57 18.76 -7.47
112.5 ◦N : 157.5 ◦N 3623 0.74 1.77 0.22 0.58 22.94 -5.51
157.5 ◦N : 202.5 ◦N 6067 0.80 2.42 0.76 0.55 29.99 -4.44
202.5 ◦N : 247.5 ◦N 14487 0.70 3.29 2.01 0.41 28.55 -2.27
247.5 ◦N : 292.5 ◦N 9872 0.84 2.39 1.34 0.55 22.08 -1.52
292.5 ◦N : 337.5 ◦N 6148 0.85 2.24 1.18 0.58 20.82 2.67


Table 6.10 and Table 6.11 show the error statistics between the HKZB observations and
those of the closer vertical levels by the LiDARs at LEG and EPL. As was the case for the
comparisons with the HKZA data, at LEG the comparisons are at all levels excellent both in
terms of wind speed and direction. As was also the case for the comparisons with the HKZA
data, at EPL the comparisons are poor to excellent in terms of wind speed and at all levels
reasonable in terms of wind direction. The lower correlations are due to earlier reported
problems with the EPL LiDAR data.


Table 6.10: Statistical comparison between HKZB and LEG LiDARs at different heights.


Elevation Wind Speed Wind Direction


HKZB (m) LEG (m) r (-) Bias (m/s) Symmetrical
Slope (-)


n (-) r (-) Bias (◦N) n (-)


60 63 0.90 -0.02 1.00 63536 0.93 -2.9 63505
100 91 0.90 -0.14 0.99 64020 0.93 -3.1 63998
120 116 0.91 -0.06 0.99 64130 0.93 -2.7 64116
140 141 0.91 0.00 1.00 63918 0.93 -2.3 63899
160 166 0.91 0.05 1.00 63348 0.93 -1.9 63320
200 191 0.92 0.02 1.00 62015 0.93 -2.2 61995
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Table 6.11: Statistical comparison between HKZB and EPL LiDARs at different heights.


Elevation Wind Speed Wind Direction


HKZB (m) EPL (m) r (-) Bias (m/s) Symmetrical
Slope (-)


n (-) r (-) Bias (◦N) n (-)


60 63 0.89 0.22 1.02 65888 0.75 -6.4 65865
100 91 0.89 0.12 1.01 66672 0.75 -6.8 66656
120 116 0.90 0.17 1.01 66913 0.75 -6.6 66904
140 141 0.90 0.19 1.02 67163 0.75 -6.2 67147
160 166 0.90 0.20 1.02 67300 0.75 -6.3 67277
200 191 0.65 0.52 1.09 59680 0.73 -5.7 59666


6.4 Climate description


Given that the observations at HKZA do not differ much from those at HKZB and the availability
of the HKZB data is slightly larger than that of the HKZA data and above 94% during the 2-
year campaign, the HKZB data is used to determine some of the wind climate characteristics
at HKZ.


Figure 6.17 shows the roses of the wind velocity at 100 m, 140 m and 200 m. The figure
shows that the wind climate at HKZ is characterized by prevailing southwestern winds, which
can attain velocities above 28 m/s, and less frequent and lower winds from the Northeast. As
expected, the variability of wind direction with height is small and the wind speeds generally
increase with height.
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Figure 6.17: Wind roses at levels 100, 140 and 200 m.


In order to look in more detail into the wind speed variations with height, for each observed
profile for which the wind speed is above 5 m/s, a power profile of the form


U(z) = U4


(z
4


)α
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has been fitted, where U4 is the wind speed at 4m above the surface and α is the power-law
constant.


Figure 6.18 presents the results of the analysis of the HKZB data and shows that the mean
observed wind profile is close to the mean power profile, but there is a very large spread in
the profiles (with U200/U4 ranging from 0.5 to 3.4) and estimates of alpha (ranging from -0.05
to 0.4).


Figure 6.18: Left: Observed wind profiles. Right: Histogram of the alpha estimates.


To illustrate the uncertainties involved in assuming fixed power profiles, the mean values of
the fitted power profiles are compared with the mean values of the observed profiles under
different circumstances.


Figure 6.19 presents the results of the analysis of the HKZB data applying surface wind speed
thresholds of Beaufort 6, 7 and 8. The figure shows an increase of alpha with the threshold
and that the power profile generally underestimates the increase of wind speed with height up
to about 120 m and overestimates above that level.
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Figure 6.19: Observed wind profiles with U4 > 10.8 m/s (top), U4 > 13.9 m/s (middle)
and U4 > 17.2 m/s (bottom).


Figure 6.20 presents the results of the analysis of the HKZB data considering differences
between the observed air and water temperatures between -1.5 ◦C and 1.5 ◦C, of more than
1.5 ◦C and of less than -1.5 ◦C. The figure shows that the large vertical gradients in wind
velocity occur under stable conditions, i.e. when the air temperature is at least 1.5 ◦C higher
than the water temperature. Such conditions are less frequent than the neutral and unstable
conditions, but do correspond to on average higher wind speeds at 100 m.


A temperature induced meteorological feature (or anomalous events Kalverla et al., 2017) in
the North Sea are low-level jets, in which the wind speed at 100 m is generally higher than
above, where it falls off, i.e. there is a higher wind speed jet around the 100 m level. We
have tried to identify such events with a simple algorithm and the results are also given in
Figure 6.20. As can be seen in the figure, the mean of the fitted power profiles leads to a
severe underestimation of the wind speed at 100 m and overestimation at 200 m. Note that
these events generally occur under stable conditions (Ta > Tw, cf. Figure 6.20 ).
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Figure 6.20: Observed wind profiles under approximately neutral (top left), unstable (top
right), stable (bottom left) atmospheric stability and observed wind profiles
in which U180 < U160 < U140 < U100 (bottom right)


Figure 6.21 shows a summary of the mean vertical wind profiles for the circumstances
analysed.


Figure 6.21: Mean observed wind profiles at HKZB under different conditions.
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7 Waves


7.1 Introduction


The measured waves from both buoys are presented and analyzed within this chapter. The
goal is to assess the reliability and accuracy of the retrieved wave data from both HKZA
and HKZB. This is completed by first intercomparing the HKZ data, followed by a statistical
validation against fixed wave measurements in the area.


7.2 Intercomparison of the HKZ data


To get an overview of the data, the frequency spectra timeseries are shown in Figure 7.1.


Figure 7.1: Normalized spectral density at each buoy.


Timeseries of the main wave parameters for both HKZA and HKZB is shown in Figure 7.2.
These include the following parameters:


• significant wave height, Hs
• peak wave period, Tp
• mean wave direction, MWD
• swell and sea significant wave height, Hsswell and Hssea
• maximum wave height, Hmax
• swell and sea mean wave direction, MWDswell and MWDsea
• mean absolute wave periods, Tm01 and Tm02
• swell and sea mean absolute wave periods, Tm02swell and Tm02sea
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Figure 7.2: Wave parameters at each buoy.


The slope, bias, correlations and square correlations are calculated for all wave parameters
measured at HKZA and HKZB to quantify their statistical differences (see Table 7.1). The
agreement between the two buoys is excellent for all parameters except for the peak wave
period and the mean wave period of swell which is good and the mean wave direction of swell
which is poor. Discrepancies between Tp, Tm02swell and MWDswell are expected given
that these parameters depend more strongly on the sampling variability (randomness of the
sea surface elevation) and discreteness of the wave spectra. Furthermore, as can be seen in
Figure 7.2, the mismatches in the mean wave direction of swell are in periods with almost no
swell energy. These low levels of energy explain the variability in the resulting swell direction
but also make it less important.
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Table 7.1: Statistical comparison between HKZA and HKZB wave parameters.


Parameter Unit r2 (-) r (-) Bias (unit) Symmetrical
Slope (-)


n (-)


hm0 m 0.99 0.99 -0.01 0.99 100444
tp s 0.68 0.82 -0.00 1.00 100444


mdir ◦N 0.95 0.98 2.74 1.00 100444
hm0a m 0.96 0.98 -0.00 0.97 100444
hm0b m 0.99 0.99 -0.01 0.99 100444
hmax m 0.93 0.97 -0.02 0.99 100444
mdira ◦N 0.08 0.28 3.60 1.00 100444
mdirb ◦N 0.95 0.97 2.84 1.00 100444
tm01 s 0.97 0.99 0.01 1.00 100444
tm02 s 0.97 0.99 0.01 1.00 100444
tm02a s 0.79 0.89 -0.02 1.00 100444
tm02b s 0.97 0.99 0.01 1.00 100444


7.3 Validation of the HKZ data


The IJmuiden, EPL and K13 wave observations were quality controlled in terms of outliers in
significant wave height looking at deviation from the monthly mean and deviation from one
timestamp to the next using as criteria 6 times the standard deviation of the monthly data and
no outliers were found.


In order to further validate the HKZA data, the data was compared with the IJmuiden, EPL
and K13 simultaneous observations.


Figure 7.3, Figure 7.5 and Figure 7.7 show comparisons between HKZA observations of Hs,
Tp, mean wave period, Tm0,2, and mean wave direction,MWD, and those at IJmuiden, EPL
and K13, respectively. The correlation, root-mean-square error and bias statistics are printed
in each of the figures. Figure 7.4, Figure 7.6 and Figure 7.8 compare the significant wave
height roses of the simultaneous observations. Table 7.2, Table 7.3 and Table 7.4 show the
error statistics between the HKZA and the fixed platform significant wave height and mean
wave direction data per directional sector, i.e. when the HKZA mean wave direction at the
considered level falls within the direction range given in the left column of the tables. Note
that lower correlations in terms of mean wave direction are to be expected from this data
binning. Furthermore, discrepancies between K13 and the buoy data are expected given the
distance between the measuring locations. As waves propagate from K13 to the buoys wave
dissipation (due to bottom friction) and refraction is expected. These spatial effects are larger
for the (longer) swell waves. The discrepancies in terms of peak wave period at all locations
are also expected given the discrete characteristics of the variable.


The following conclusions are taken from the assessment of these figures and tables:


• The comparisons between HKZA observations and those at IJmuiden are excellent in
terms of significant wave height, swell wave height and mean wave period, good in terms
of mean wave direction and poor in terms of peak wave period. We note again that
discrepancies in terms of peak wave period are (in all comparisons) expected given the
discrete characteristics of the variable. The wave roses indicate that the wave climate at
HKZA is comparable to that at IJmuiden, with the southwestern waves being stronger
and having a slightly more southern alignment at IJmuiden. Per directional sector the
agreement is excellent in terms of significant wave height and poor to reasonable in
terms of mean wave direction (cf. Table 7.2).


• The comparisons between HKZA observations and those at EPL are also excellent in
terms of significant wave height, swell wave height and mean wave period, good in terms
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of mean wave direction and poor in terms of peak wave period. The wave roses show
that the southwestern (northwestern) waves have a more southern (northern) alignment
at EPL than at HKZA (and IJmuiden). Per directional sector the agreement is good to
excellent in terms of significant wave height and poor in terms of mean wave direction (cf.
Table 7.3).


• The comparisons between HKZA and K13 are good in terms of significant wave height,
swell wave height and mean wave period and poor in terms of peak wave period and
mean wave direction. Discrepancies between K13 and the buoy data are expected given
the distance between the measuring locations. The wave roses show that the
southwestern (northwestern) waves have a more southern (northern) alignment at K13
and that there are more frequent and strong northeastern waves at K13. Per directional
sector the agreement is good to excellent in terms of significant wave height and poor in
terms of mean wave direction (cf. Table 7.4).


Figure 7.3: Validation of HKZA waves with IJmuiden.
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Figure 7.4: Roses of the simultaneously available HKZA (left) and IJmuiden (right) wave
data.


Table 7.2: Direction statistical comparison between HKZA and IJmuiden.


Significant wave height Mean wave direction
Sector n (-) r (-) RMSE (m/s) Bias (m/s) r (-) RMSE (◦N) Bias (◦N)


337.5 ◦N : 22.5 ◦N 13598 0.98 0.14 -0.07 0.71 17.92 -6.40
22.5 ◦N : 67.5 ◦N 2476 0.97 0.14 -0.06 0.67 22.37 -11.78


67.5 ◦N : 112.5 ◦N 445 0.96 0.10 -0.06 0.45 31.54 -17.95
112.5 ◦N : 157.5 ◦N 353 0.96 0.16 -0.11 0.48 21.44 -9.24
157.5 ◦N : 202.5 ◦N 847 0.96 0.16 -0.13 0.61 22.21 8.55
202.5 ◦N : 247.5 ◦N 17822 0.97 0.19 -0.08 0.65 13.36 5.92
247.5 ◦N : 292.5 ◦N 13614 0.99 0.15 -0.08 0.56 26.57 4.41
292.5 ◦N : 337.5 ◦N 19144 0.99 0.18 -0.12 0.61 26.32 -3.40
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Figure 7.5: Validation of HKZA waves with EPL.


Figure 7.6: Roses of the simultaneously available HKZA (left) and EPL (right) wave data.


Table 7.3: Direction statistical comparison between HKZA and EPL.


Significant wave height Mean wave direction
Sector n (-) r (-) RMSE (m/s) Bias (m/s) r (-) RMSE (◦N) Bias (◦N)


337.5 ◦N : 22.5 ◦N 14863 0.95 0.21 -0.09 0.59 26.51 -16.66
22.5 ◦N : 67.5 ◦N 2958 0.97 0.35 -0.28 0.49 21.00 -8.77
67.5 ◦N : 112.5 ◦N 456 0.93 0.18 -0.08 0.35 35.55 -1.21
112.5 ◦N : 157.5 ◦N 259 0.89 0.16 -0.08 0.51 32.06 5.16
157.5 ◦N : 202.5 ◦N 712 0.92 0.20 -0.15 0.52 29.51 12.67
202.5 ◦N : 247.5 ◦N 17444 0.95 0.22 -0.05 0.50 17.10 7.49
247.5 ◦N : 292.5 ◦N 14972 0.96 0.21 0.02 0.48 37.44 7.75
292.5 ◦N : 337.5 ◦N 21152 0.97 0.23 0.05 0.47 38.06 -15.00
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Figure 7.7: Validation of HKZA waves with K13.


Figure 7.8: Roses of the simultaneously available HKZA (left) and K13 (right) wave data.


Table 7.4: Direction statistical comparison between HKZA and K13.


Significant wave height Mean wave direction
Sector n (-) r (-) RMSE (m/s) Bias (m/s) r (-) RMSE (◦N) Bias (◦N)


337.5 ◦N : 22.5 ◦N 9891 0.88 0.41 -0.25 0.50 41.92 -25.23
22.5 ◦N : 67.5 ◦N 1713 0.94 0.98 -0.72 0.43 38.42 -28.85


67.5 ◦N : 112.5 ◦N 367 0.82 0.66 -0.50 0.23 37.61 -22.71
112.5 ◦N : 157.5 ◦N 122 0.83 0.56 -0.49 0.43 36.79 -4.68
157.5 ◦N : 202.5 ◦N 225 0.81 0.70 -0.57 0.20 49.58 30.33
202.5 ◦N : 247.5 ◦N 10363 0.83 0.48 -0.10 0.31 45.70 19.63
247.5 ◦N : 292.5 ◦N 9592 0.95 0.34 -0.20 0.32 55.91 13.25
292.5 ◦N : 337.5 ◦N 14250 0.96 0.33 -0.22 0.38 50.04 -12.97
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The same comparisons just presented between the data from HKZA and the fixed stations
are presented in the following for the HKZB data.


Figure 7.9, Figure 7.11 and Figure 7.13 show comparisons between HKZB observations of
Hs, Tp, Tm0,2, and MWD and those at IJmuiden, EPL and K13, respectively. Figure 7.10,
Figure 7.12 and Figure 7.14 compare the significant wave height roses of the simultaneous
observations. Table 7.5, Table 7.6 and Table 7.7 show the error statistics between the HKZB
and the fixed platform significant wave height and mean wave direction data per directional
sector. The comparisons between the HKZB and the fixed station wave data are in line with
those between the HKZA and the fixed station wave data.


Figure 7.9: Validation of HKZB waves with IJmuiden.


Figure 7.10: Roses of the simultaneously available HKZB (left) and IJmuiden (right) wave
data.
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Table 7.5: Direction statistical comparison between HKZB and IJmuiden.


Significant wave height Mean wave direction
Sector n (-) r (-) RMSE (m/s) Bias (m/s) r (-) RMSE (◦N) Bias (◦N)


337.5 ◦N : 22.5 ◦N 15249 0.98 0.16 -0.08 0.69 20.53 -4.13
22.5 ◦N : 67.5 ◦N 2909 0.96 0.16 -0.08 0.64 23.67 -11.36


67.5 ◦N : 112.5 ◦N 420 0.95 0.13 -0.09 0.43 32.23 -16.19
112.5 ◦N : 157.5 ◦N 342 0.97 0.18 -0.14 0.44 21.30 -7.40
157.5 ◦N : 202.5 ◦N 809 0.96 0.18 -0.15 0.56 24.93 9.54
202.5 ◦N : 247.5 ◦N 16204 0.96 0.21 -0.10 0.66 14.23 8.28
247.5 ◦N : 292.5 ◦N 14316 0.98 0.16 -0.10 0.56 26.49 7.81
292.5 ◦N : 337.5 ◦N 19178 0.99 0.19 -0.12 0.56 30.51 1.58


Figure 7.11: Validation of HKZB waves with EPL.


Figure 7.12: Roses of the simultaneously available HKZB (left) and EPL (right) wave data.
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Table 7.6: Direction statistical comparison between HKZB and EPL.


Significant wave height Mean wave direction
Sector n (-) r (-) RMSE (m/s) Bias (m/s) r (-) RMSE (◦N) Bias (◦N)


337.5 ◦N : 22.5 ◦N 16817 0.95 0.20 -0.08 0.58 26.49 -14.23
22.5 ◦N : 67.5 ◦N 3413 0.96 0.37 -0.30 0.51 21.24 -6.90
67.5 ◦N : 112.5 ◦N 531 0.90 0.23 -0.14 0.35 30.56 1.55
112.5 ◦N : 157.5 ◦N 255 0.86 0.17 -0.09 0.54 28.66 7.83
157.5 ◦N : 202.5 ◦N 652 0.92 0.22 -0.17 0.47 30.00 14.20
202.5 ◦N : 247.5 ◦N 15706 0.95 0.22 -0.07 0.53 17.23 9.59
247.5 ◦N : 292.5 ◦N 15603 0.96 0.21 0.00 0.47 37.23 11.65
292.5 ◦N : 337.5 ◦N 21423 0.97 0.22 0.04 0.47 39.48 -10.42


Figure 7.13: Validation of HKZB waves with K13.


Figure 7.14: Roses of the simultaneously available HKZB (left) and K13 (right) wave data.
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Table 7.7: Direction statistical comparison between HKZB and K13.


Significant wave height Mean wave direction
Sector n (-) r (-) RMSE (m/s) Bias (m/s) r (-) RMSE (◦N) Bias (◦N)


337.5 ◦N : 22.5 ◦N 11188 0.89 0.40 -0.25 0.51 42.12 -21.54
22.5 ◦N : 67.5 ◦N 1918 0.93 0.99 -0.72 0.37 37.82 -26.55


67.5 ◦N : 112.5 ◦N 469 0.78 0.69 -0.53 0.14 35.52 -17.33
112.5 ◦N : 157.5 ◦N 116 0.86 0.60 -0.54 0.52 28.82 1.19
157.5 ◦N : 202.5 ◦N 217 0.81 0.67 -0.56 0.08 54.79 26.93
202.5 ◦N : 247.5 ◦N 9244 0.81 0.51 -0.11 0.30 45.82 21.37
247.5 ◦N : 292.5 ◦N 9724 0.94 0.36 -0.21 0.30 58.04 14.41
292.5 ◦N : 337.5 ◦N 14190 0.95 0.35 -0.23 0.37 50.51 -8.34


7.4 Climate description


In this section we present some characteristics of the wave climate at HKZ using only the
validated HKZB data which has a data return above 98%. The availability of the HKZB data
is higher than HKZA and there are no significant differences in the observations from both
stations. Figure 7.15 shows the significant wave height and peak wave period roses and
Figure 7.16 presents the percentages of joint significant wave height and mean wave period
occurrences.


Figure 7.15: HKZB significant wave height and peak wave period roses.
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Figure 7.16: HKZB significant wave height and peak wave period joint occurrence table.
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8 Temperature


8.1 Introduction


The measured air and water temperatures from both buoys are presented and analyzed within
this chapter. The goal is to assess the reliability and accuracy of the retrieved data from
both HKZA and HKZB. This is completed by first intercomparing the HKZ data, followed by a
statistical validation against the available data from fixed stations in the area.


8.2 Intercomparison of the HKZ data


Note that there are four timeseries of water temperature measurements at HKZ, those from
the WLRs are bottom temperatures and those from the HKZA and HKZB buoys are surface
temperatures.


Figure 8.1 shows the observed air and water temperature and their differences (which have
been used in the analysis of the vertical wind speed profiles in Section 6.4). The figure
shows that the timeseries align and that there are a few WLR outliers. Both water and air
temperatures show a clear yearly cycle with the water temperatures varying in this period
between 4 and 24 ◦C and the air temperatures between -6 and 26 ◦C.


Figure 8.1: Temperature and temperature difference measured at HKZ.
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8.3 Validation of the HKZ data


8.3.1 Water Temperature


A timeseries comparison between the observations from both buoys and sensors and the
fixed stations is presented in Figure 8.2. The water temperature observations from the fixed
stations are all surface temperatures. The figure shows that there are also some outliers in
the fixed station temperature observations, these have not been removed because they are
so few that they do not affect the statistics.


Figure 8.2: Water temperature measurements from all locations.


A direct comparison of the measured surface water temperature at HKZA and HKZB against
the fixed stations is provided in Figure 8.3 and Figure 8.4, respectively. The agreements are
in all cases excellent.


Figure 8.3: Surface water temperature comparison at HKZA.


Figure 8.4: Surface water temperature comparison at HKZB.


8.3.2 Air Temperature


A timeseries comparison of the measured air temperature between the observations at HKZA
and HKZB and the fixed stations is shown in Figure 8.5. The data align but the closer to the
shore LEG data show a wider daily range, reaching higher temperatures.
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Figure 8.5: Air temperature measurements from all locations.


A direct comparison of the measured air temperature at HKZA is provided in Figure 8.6 and
in Figure 8.7 for HKZB. The agreement between the HKZ and the EPL data is excellent and
the agreement between the HKZ and the closer to the coast LEG data is good.


Figure 8.6: Air temperature comparison at HKZA.


Figure 8.7: Air temperature comparison at HKZB.
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8.4 Climate description


As already noted when presenting Figure 8.1, in HKZ both the water and air temperatures
follow a clear yearly cycle with the water temperatures varying in this period between 4 and
24 ◦C and the air temperatures between -6 and 26 ◦C and the differences between the air
and water surface temperatures ranging between -10 and 10 ◦C.
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9 Air Pressure


9.1 Introduction


The air pressure measurements from both buoys are presented and analyzed within this
chapter. The goal is to assess the reliability and accuracy of the retrieved data from both
HKZA and HKZB. This is completed by first intercomparing the HKZ data, followed by a
statistical validation against the observations form the fixed stations in the area.


9.2 Intercomparison of the HKZ data


A direct comparison between the HKZA and HKZB air pressure measurements is given in
Figure 9.1. The signals are identical and show a low pressure below 970 hPa in December
2017.


Figure 9.1: Air pressure measurement from HKZ.


9.3 Validation of the HKZ data


An overview of the available air pressure measurements (e.g. HKZA, HKZB, EPL, LEG, K13
and Q11) is shown in Figure 9.2. All signals show near-identical variations in time, as
expected, given their proximity with respect to macro-atmospheric forcings.


Figure 9.2: Air pressure measurements from all locations.


A direct comparison of the measured air pressure at HKZA and HKZB against the fixed
stations is included in Figure 9.3 and Figure 9.4, respectively. The agreement between the
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HKZA and HKZB observations with those from all fixed locations is excellent.


Figure 9.3: Air pressure comparison at HKZA.


Figure 9.4: Air pressure comparison at HKZB.


9.4 Climate description


As shown above, the pressure gradients in HKZ are in line with those observed elsewhere in
the considered North Sea stations, with pressures varying between 970 and 1050 hPa in the
considered two year period.
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10 Water Level


10.1 Introduction


This chapter focuses on validating and analyzing processed water levels from the WLRs. The
validation for water level requires additional work given the lack of data sources at the exact
location of the HKZ buoys. The previously described tidal wave propagation in the North
Sea limits the ability to validate with nearby fixed platforms (i.e. distinct tidal amplitudes and
phases). Thus, a previously set up hydrodynamic model by Deltares - running operationally -
is used for validation.


10.2 Model description


The water levels (and later currents in Chapter 11) representative for the HKZA and HKZB
locations are taken from the Dutch Rijkswaterstaat operational hydrodynamic model, known
as the Dutch Continental Shelf ZUidelijke NOordzee model (DCSMv6-ZUNOv4) (Zijl et al.,
2013), see Figure 10.1.


Figure 10.1: DCSMv6-ZUNOv4 model bathymetry (via Google Earth).


The DCSMv6-ZUNOv4 has a horizontal resolution of variable grid size up to approximately
200 m – 400 m in Dutch estuaries and in the Wadden Sea. It was set up by Deltares for the
Dutch Government as an operational base model for - amongst others - storm surge warnings
along the Dutch coast. The model is driven by boundary water levels and spatially varying
pressure and wind fields. The water levels imposed at the open boundaries can be split into
a tidal and non-tidal (surge) part. The tide is properly defined in the frequency domain (38
constituents), while surge is taken into account with an inverse barometer correction (IBC).
The IBC varies in time and space (dependent on the local atmospheric pressure) and is
added to the tidal water level variation along the open boundary. The model is of sufficient
resolution to represent the water level variations and flow patterns around the Hollandse Kust
(zuid) project site. The underlying bathymetry of the model is based on the most detailed
and accurate data available (i.e. in-house). Furthermore, the model benefits from real-time
data assimilation in the form of steady-state Kalman filter. The DCSMv6-ZUNOv4 model
is extensively validated against measurements around the entire North Sea and has been
shown to deliver accurate output along the Dutch coastline (Zijl et al., 2015). Furthermore,
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in all HKZ data validation monthly reports the DCSMv6-ZUNOv4 have been validated against
observations from the EPL, LEG, K13 and IJmuiden and in all months excellent correlations
and bias close to zero have been shown.


10.3 Intercomparison of the HKZ data


Figure 10.2 shows the intercomparison of the measured water levels at both HKZA and
HKZB. The figures show that there are some time-varying biases between the data probably
indicating movements of the WLRs leading to the wrong water depth being applied in the
determination of the water level.


Figure 10.2: HKZA and HKZB raw water level.


10.4 Model Validation


Figure 10.3 shows the HKZ data against the model data. The figure shows that there are also
time-varying biases between the HKZ and the model data.


Figure 10.3: Validation of HKZA and HKZB raw water levels with DCSMv6-ZUNOv4
model output.


In an attempt to correct the HKZ data, we have computed the monthly biases between the
HKZ and the model data and corrected the HKZ data using these biases. Note that these
biases can only lead to an approximate correction of the data since calendar months do not
coincide with the apparent time-varying location of the WLRs. Figure 10.4 shows the bias
corrected HKZ data against the model data and Figure 10.5 shows the intercomparison of the
bias corrected HKZ water levels. The figures show water levels varying between -2 and 2 m
MSL at HKZ.
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Figure 10.4: Validation of HKZA and HKZB bias corrected water levels with DCSMv6-
ZUNOv4 model output.


Figure 10.5: HKZA and HKZB bias corrected water level.


10.5 Climate description


Although due to the uncertainties on the depth at which the WLRs are located it is not possible
to obtain accurate absolute water level observations from HKZ, the validation of the data
against the model data indicate that the water levels at HKZ should be expected to vary
between -2 and 2 m MSL.
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11 Currents


11.1 Introduction


The measured current velocities from both buoys are presented and analyzed within this
chapter. The goal is to assess the reliability and accuracy of the retrieved current data from
both HKZA and HKZB. This is completed by first intercomparing the HKZ data, followed by a
statistical validation against the data from the DCSMv6-ZUNOv4 model.


There are current speed and direction observations at depths 4, 6, 8, 10, 12, 14, 16, 18 and
20 m available from HKZA and HKZB. 1


11.2 Intercomparison of the HKZ data


Figure 11.1, Figure 11.2 and Figure 11.3 show the timeseries of the observed surface (4 m),
10 m and 20 m current speeds, respectively. Figure 11.4 and Figure 11.5 show the observed
current speeds and directions, respectively, as a function of depth. The figures show a general
alignment between the current speeds from both buoys.


Figure 11.1: Timeseries of surface currents at each buoy. The oceanographic convention
is used for the current directions, so all current directions are going to,
clockwise from North.


1The current speed and direction are also measured at a depth of 22 m but not considered in this report
because, due to the water level variations, data at this level are not always available or of lower quality (given that
it is practically at the bottom).
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Figure 11.2: Timeseries of 10 m depth currents at each buoy. The oceanographic
convention is used for the current directions, so all current directions are
going to, clockwise from North.


Figure 11.3: Timeseries of 20 m depth currents. The oceanographic convention is used
for the current directions, so all current directions are going to, clockwise
from North.
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Figure 11.4: Timeseries of HKZA (top) and HKZB (bottom) current speeds (by depth) at
each buoy.


Figure 11.5: Timeseries of HKZA (top) and HKZB (bottom) current directions (by depth).
The oceanographic convention is used for the current directions, so all
current directions are going to clockwise from North.


In order to further quantify the differences between the two buoys, the slope, bias,
correlations and square correlations between the HKZA and HKZB current speed
observations at all depths and the bias, correlations and square correlations between the
HKZA and HKZB current direction observations at all depths have been computed and are
given in Table 11.1. The correspondence in terms of current speed is excellent at all levels,
except for the level closer to the bottom where it is good. Depending on the level, the
correspondence in terms of current direction varies from poor to good. These lower
correlations in terms of current direction have in our opinion more to do with local effects and
the nature and variability of the current direction signal than the accuracy of the instruments.
Due to the rotating nature of the currents, especially when they rotate towards offshore
(directions close to 350) the timing can be off. This occurs, however, during short time
periods and mostly when the current speeds are low.
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Table 11.1: Statistical comparison between LiDAR buoy current measurements with
depth.


Current Speed Current Direction
Depth
(m)


r2 (-) r (-) Bias
(m/s)


Symm.
Slope (-)


n (-) r2 (-) r (-) Bias
(◦N)


n (-)


4 0.84 0.92 0.03 1.07 65557 0.42 0.65 1.4 65557
6 0.83 0.91 0.03 1.06 65599 0.41 0.64 -0.3 65599
8 0.86 0.93 0.03 1.05 65579 0.36 0.60 0.0 65579
10 0.90 0.95 0.01 1.02 65597 0.43 0.66 -0.4 65597
12 0.91 0.95 0.01 1.02 65575 0.54 0.74 -0.5 65575
14 0.90 0.95 0.01 1.02 65569 0.63 0.79 -0.7 65569
16 0.90 0.95 0.01 1.03 65559 0.66 0.81 -0.8 65559
18 0.88 0.94 0.01 1.02 65508 0.67 0.82 -1.1 65508
20 0.73 0.85 -0.03 0.91 65410 0.50 0.71 -4.7 65410


11.3 Validation of the HKZ data


A direct comparison of the depth-averaged current at HKZA and HKZB against the
hydrodynamic model is included in Figure 11.6 and Figure 11.7, respectively. The
comparisons are excellent in terms on current speed and poor in terms of current direction.
These low correlations between the current directions have again in our opinion more to do
with local effects and the nature and variability of the current direction signal than the
accuracy of the data.


Figure 11.6: Depth-averaged current comparison at HKZA.
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Figure 11.7: Depth-averaged current comparison at HKZB.


11.4 Climate description


In this section we present some characteristics of the current velocity climate at HKZ using
the validated HKZB data which has a data return above 93%. The statistics from the HKZA
data are not presented given that the main characteristics of these data are similar to those
of the HKZB data and the HKZA data return (68.5%) is lower.


Figure 11.8 shows all observed HKZB vertical current profiles (grey lines) and the mean profile
(red line). Note that, due to the water level variations, the distance between the deepest
measuring level and the bottom varies and this leads to a less reliable description of the profile
close to the bed using the relative current velocity approach we have applied to compute the
profile. Nevertheless, the shown mean profile appears realistic.
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Figure 11.8: Normalized current speed vertical profiles.


Figure 11.9 shows the roses of the surface (4 m), 10 m and 20 m current speeds at HKZB.
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Figure 11.9: Roses of the surface (top), 10 m (middle) and 20 m (bottom) currents at
HKZB. The current direction is the direction the piles point to away from the
centre of the rose.
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12 Final remarks


Two SEAWATCH Wind LiDAR Buoys, HKZA and HKZB, were deployed by Fugro at the
Hollandse Kust (zuid) Wind Farm Zone between June 2016 and June 2018. The two buoys
were operational from June 4th, 2016 at 10:20 UTC with the intention of measuring winds,
waves, temperatures, air pressure, water levels and currents for at least a full year period.
The goal was surpassed with this report marking two full years of measurements and the
end of the campaign.


It is expected that the data will allow stakeholders to carry out more accurate calculations of
the annual energy yield and improve/validate metocean models that have been made as input
for the overall wind farm design.


The campaign is described and the campaign data presented and validated in this report.
Furthermore, some characteristics of the metocean conditions at HKZ are presented using
the validated HKZB data.


The following conclusions ensue from the analysis and validation of the data.


• The data return is very high, especially for HKZB. If the gaps in the data collected at HKZB
(the location with the higher data return) are filled with the data collected at HKZA in order
to compile a complete HKZ dataset, the resulting data return is above 99% for the wind
and current data and of 100% from the wave data.


• The comparisons between the HKZA and HKZB wind velocities show at all levels and
in terms of both wind speed and direction low biases and correlations and slopes close
to 1. The agreement between the wind observations from HKZ and from the reference
stations is relatively high, especially when considering the differences in the location of
the stations.


• The agreement between the wave data from the two buoys is excellent for all parameters
except for the peak wave period and the mean wave period of swell which is good and
the mean wave direction of swell which is poor. These poorer agreements are as
expected, given that these parameters depend more strongly on the sampling variability
(randomness of the sea surface elevation) and discreteness of the wave spectra. The
agreement between the wave observations from HKZ and from the reference stations is
relatively high, especially when considering the distances between the stations.


• The validation of the temperature data shows that there is a general agreement between
HKZ temperature observations and those from the fixed stations.


• The validation of the air pressure data shows, as expected given their proximity in terms of
macro-atmospheric forcings, an excellent agreement between the HKZ observations and
those from the fixed stations.


• The HKZ water level observations contain time-varying biases, which need to be
addressed or kept in mind when using the data.


• The agreement between the current speed observations and model results is high. There
are mismatches between the current directions, which are partly due to the nature and
variability of the current direction signal.


During the measurement campaign the available data was validated on a monthly basis. In
this study afterwards recovered data are also considered and in some cases, for instance
in terms of solving the directional ambiguity, a better post-processing has been applied to
the data. Consequently the full campaign dataset is more complete than the compilation of
all monthly datasets. Furthermore, the quality of the full campaign dataset considered in
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the validation is higher or equal to that of the compilation of all monthly datasets. This can be
verified by for instance comparing Figure 3.9 of Deltares (2016c) with Figure 6.9 of this report.


The overall conclusion of the validation is that the quality of the full campaign HKZ dataset is
high and the dataset, especially when keeping in mind validation comments above,
trustworthy. This makes the dataset, which is rather comprehensive—including vertical wind
and current profiles and directional wave spectra— useful and of interest for site study
analyses. For instance, for wind assessment studies, morphodynamics and metocean desk
studies and in particular for the Hollandse Kust (zuid) Wind Farm Zone.
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