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Abstract

This paper presents the case for the use of HF radar to provide wave, current and wind
measurements and maps during the surveying, resource and impact assessment, construction,
maintenance and performance assessment phases of an offshore fixed or floating wind farm
or other marine renewable project. The data presented are from the Celtic Sea which is
currently the focus of a lot of offshore wind interest. The data are from a dual radar system
deployed at the Wave Hub site off the Cornwall coast since 2011, a single radar system in
North Devon reactivated in 2017, and data from 2005 when the North Devon radar was
operated as a dual radar with a second site in South Wales. The accuracy of the wave and wind
data is discussed and examples of the sort of data that could be available are presented.
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1. Introduction

The UK is the world's largest generator of electricity from offshore wind. Surveying, resource and
impact assessment, construction, maintenance and performance assessment all require
information about winds, waves and currents in the region of interest. For example:

e "Resource and metocean assessment is carried out to provide atmospheric and
oceanographic datasets to inform the engineering design of a wind farm, the potential future energy
production, and to fully describe the likely operating conditions at the proposed wind farm location"
[1].

e "better weather monitoring together with the availability of vessels with lower metocean
limitations can help to reduce weather downtime" [2].

e The cost benefit will also differ between concepts, largely due to the met-ocean limitations
and conditions in which the structures can be towed back to shore and then back to site"[2].

Short-term forecasting is needed as discussed in [3] from which the following are extracted.

e "An accurate short-term prediction (few hours — one day) of the power output is needed
both to bid at energy auctions (where energy companies sell power) and to plan maintenance of
the energy harvesters. The power output is due to a combination of the weather forecast and the
control system of the farm. It requires advanced integrated modelling of the whole weather-farm
system."

e "Accurate forecasting of site met conditions and consequent plans and decisions about work
at site are typically based on a small number of in site devices coupled with algorithms to extrapolate
across the site. With a reduction in cost, many more sensors could be deployed leading to much
better information about the conditions at site (e.g. wind speed, wind direction, wave height, wave
period etc.)."

Accurate forecasts require accurate measurements and, as emphasised in the above quote,
accurate forecasts in coastal seas require measurements that reflect the spatial and temporal
variability of these seas due to local topography, orography and bathymetry. The spatial picture is
important for optimal siting of devices, for assessing safe passage from coast to site and also for
impact assessment which isn't necessarily limited to the immediate vicinity of wind farms. This can
be achieved using multiple in situ devices or using land- or satellite- based remote sensing. This
paper is aimed at presenting the advantages of land-based remote sensing using HF radar systems,
see section 3, but first in section 2 the other options are briefly reviewed.

2. Technology Options
2.1 Wind

The wind is of course the primary resource for offshore wind power and accurate measurements
are required to assess the resource and monitor performance. Wind measurement for offshore
wind applications have traditionally been made using tower based anemometers. In recent years
these are being replaced by lidars on platforms or metocean buoys which have been shown to
provide measurements of similar accuracy and are much cheaper [1]. These devices can make
measurements at the height of a proposed turbine and therefore provide reliable estimates of
resource at that location. The Carbon Trust [4] requires a linear regression slope of 0.98-1.02 and
R? > 0:98 for wind speed measured with LIDAR compared with mast data.
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Satellite scatterometer measurements are available to provide global and regional maps of wind
climate and estimated wind power resource [5-7]. The accuracy requirements (compared with buoy
measurements) for operational satellite scatterometer wind speeds are bias < 0.5 m/s and standard
deviation < 2 m/s on a monthly basis [8]. The latest results [9] show biases of 0.2-0.3 m/s and
standard deviations of 1.2-2.2 m/s. These measurements are not at mast height, modelling of the
vertical profile is required to extrapolate; are not as accurate as LIDAR; are not available
continuously at a specific location but do provide a spatial picture of wind fields when the satellite
is crossing the region of interest.

2.2 Wave

In the context of offshore wind, wave measurements are needed to inform the location and
design of structures, both platform-based and floating, and cables and to ensure safe conditions for
installation, maintenance and decommissioning operations. Wave buoys, in particular the Datawell
directional waverider, are considered to be the industry standard against which all other
measurements are assessed. While individual buoys are relatively cheap [1], they require suitable
weather windows and ship costs to deploy and maintain and can lose their moorings especially in
busy shipping and fishing areas. Multiple buoys to provide more detailed information soon increases
the cost of course.

Microwave radar systems, of navigation radar [10] or altimeter [11] type, mounted on platforms
are also an option for wave measurement. These can measure wave parameters such as significant
waveheight, peak period and direction, as well as the directional spectrum. Like buoys these are
point measurements and multiple systems would be required to get a more complete spatial picture.

Waves can be measured from satellite using altimeters [12] and synthetic aperture radars (SAR)
[13] (note that these papers also refer to wind speed measurements). Altimeters only measure
limited non-directional wave parameters, significant waveheight and period; SARs measure the
directional spectrum of long waves. Coverage from both are of course limited by their orbits.

2.3 Current

Current measurements need to be accounted for similar reasons to those referred to in section
2.2 and also because wind farms may have an impact on the local dynamics which can have
environmental impacts in the immediate vicinity and downstream. Standard systems for current
measurement are current meters mounted below buoys and ADCPs (acoustic doppler current
meters) either mounted on buoys or at the sea bed. Microwave radars can also provide local surface
current measurements [10].

Satellites can measure large scale geostrophic currents using altimeters [14]. More detailed
measurements of currents in coastal areas are being developed using interferometric SAR
techniques [15] but these are not yet operational products.

2.4 The Alternative

HF radar located on the coast is the only technology that can provide continuous monitoring of
waves, winds and currents in coastal waters on a spatial scale (from the coast to over 120km
offshore) suitable for offshore wind. HF radars are now routinely used for surface current
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measurement in many parts of the globe with networks around most of the coast of the USA and
other countries aiming to achieve this [16-19]. In the next section this technology is reviewed and
examples of available data are presented.

3. HF radar
3.1 Theory and Methods

Metocean measurements are obtained from the radar signal scattered from ocean waves. The
motion of the waves, i.e their intrinsic phase speed and any underlying current, impose a Doppler
shift on the received signal and the amplitude of the signal is related to the energy in the wave field
which in turn is linked to the local wind plus any swell systems. The Doppler shift can be measured
very accurately from what is usually referred to as the first order return in the power spectrum of
the received signal which is due to waves with half the radio wavelength propagating towards
(producing a positive Doppler shift) and away from (negative) the radar. The current measurement
is obtained from the frequency asymmetry of these two signals since, for example, a current
propagating towards the radar will impose a positive Doppler shift in both cases [20]. The two waves
generating the first order signals are normally driven by the local wind and their relative amplitudes,
together with a wind wave directional model, allow wind direction to be measured [21-23].

Wave measurements are obtained from the so-called second-order part of the power spectrum
following the work of Barrick [24, 25]. A number of methods have been developed to solve the
Barrick equations. In this paper the method of Wyatt and colleagues [21, 26, 27], is used. This
method obtains the ocean wave directional spectrum up to a maximum frequency which depends
on radar operating frequency and includes both swell and wind waves unless the wind speed is very
low. Wave parameters such as significant wave height, peak and mean period and direction are
determined from the spectrum using standard methods. The method has been tested on hundreds
of hours of data from many different sites in the UK, Europe, USA, Australia, Canada, Taiwan and on
different radar systems establishing that where radar data quality is good, good quality wave
measurements are obtained [28].

Wind speed is a more difficult parameter to extract from the HF radar signal. The first order peaks
are generated by the local wind but the wind wave spectrum saturates as wind speed increases. The
full directional spectrum is contributing to the signal amplitude so could include waves that are not
generated by the local wind. A number of potential methods have been suggested which look for
regions of the radar power spectrum that are more likely to be locally wind related [29-31], relate
wind to the detided current [32] or which assume the impact of swell on the measured wave
parameter (or the features from which they are derived) is small so relationships can be found using
wave model [33] or neural network [34] methods. The Dexter and Theodorides method [33] is
currently implemented in the Seaview Sensing Ltd (SV) software package from which wave, current
and wind measurements are presented in Section 3.2. The wind speed results are not sufficiently
robust and this aspect of the package is not normally promoted. Research into the use of machine
learning methods is underway with encouraging early results (see Section 3.2.3). Another approach
currently being investigated involves partitioning the directional spectrum into swell and wind sea
fields [35] and applying the modeling approach to the wind-sea partition alone.
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Note that at least two radar systems are needed to make all of these measurements, unless other
information from models or other measurements is available, in order to resolve direction and
amplitude ambiguities inherent in the scattering process [28].

3.2 Data and Validations
3.2.1 The Celtic Sea

The Celtic Sea between Ireland and the south-west of Great Britain is one area around the UK
being considered for offshore wind exploitation and in particular floating wind [36, 37]. The
exploitation of wave and current power is also being considered in this region [37]. It is also an area
where the original UK work on ground-based HF radar was carried out [38] and is currently the only
site in the UK where there are HF radar installations: a Pisces radar [39] is located in North Devon
and operated by Neptune Radar Ltd and two WERAs [40] are located in North Cornwall operated by
the University of Plymouth (UoP) (see Figure 1). The Seaview Sensing software metocean
measurement package is used with both these installations. The wave and wind direction
measurements have been validated in a number of different deployments [22, 23, 41-45], as well
as at these sites [46, 47]. This paper will show results from the Celtic Sea.

Celtic Sea Hs and peak direction

30' |-

51° N}

30'

N
8" W 30' 7°W 30° 6° W 30° 5° W 30°

Figure 1 Map of the Celtic Sea showing radar coverage and offshore wind and wave
power sites. Radar sites are shown with red diamonds. Sample measured wave maps
are shown with the colour-coding scale on the right. + mark positions of a potential
measurement grid for future work. Sites earmarked for offshore wind and/or wave
power exploitation are shown with magenta outlines (Pembrokeshire and Cornwall
Wave Hub) and the symbol N (Erebus). See text for more details.

The measurements in Wyatt et al [46] were made using the North Devon Pisces together with a
second Pisces which was located on the South Wales coast. The second site was removed after the
operational trial was completed in 2005. From 2017, the Devon site was put back into operation to
test a new version of Pisces capable of operating simultaneously on two different frequencies which
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would provide more robust measurements over a wider range of wave conditions and, it was hoped,
would provide the additional information needed to resolve the ambiguities in single radar wave
measurement. The results showed promise [39] but more work was needed before a full trial of the
system and this work is ongoing. The aim is to install a second site for a thorough test of the new
system. Such a test would also provide operational data using already proven methods.

The UoP radars were installed in 2011 with the aim of providing wave measurements to support
the Wave Hub site being developed for wave power device testing [37]. This system has been
operating continuously since that time, has been used for wave validations [47] over extensive
periods, for testing new methods [48], and has recently begun supplying data to the EU HFR Node
for inclusion in CMEMS-INSTAC.

A map of the radar sites in the Celtic Sea is shown in Figure 1. The UoP radar sites are at Pendeen
(PEN) and Perranporth (PER). Pisces is located at Nabor Point (NP) and the S. Wales site used for the
operational trial is shown with EB. A sample UoP radar waveheight/peak direction measurement is
shown with directions sub-sampled for clarity. The wind was blowing towards the radar but there
was also some swell from the west. The shaded region under the red grid shows a waveheight map
from the Pisces operational trial using single radar data from both sites to show maximum coverage.
A sample of the more recent single radar dual-frequency measurements for a case when winds were
blowing towards the NP radar is shown. Measurements were made along a single radar beam. These
are not at the same time as the UoP measurements. The red + mark positions of a potential grid for
future testing of this system with just one radar at NP and possibly with a second radar in South
Wales. Sites that have been earmarked for initial offshore wind and/or wave power exploitation are
marked with magenta outlines and the symbol .

3.2.2 Validations

Figure 2 shows a significant waveheight comparison for three months of the Pisces deployment.
Unfortunately the buoy had lost its mooring in Dec 2004 and was not recovered and replaced until
after the stormy period in early January. The radar storm waveheights are consistent with wave
model data for this period. Figure 3 shows significant waveheight, energy period and peak period
and direction measured with the UoP WERA system during a one month period in 2012.

10

— buoy
—— radar

Hs m

15/01 01/02 15/02 01/03 15/03
2005

Figure 2 Pisces significant waveheight comparison between buoy (red) and radar (blue).
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Figure 3 WERA wave parameter comparisons between buoy (red) and radar (blue).
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Both data sets show good agreement. There are differences, usually in periods of low
waveheights when other signals such as ships or sidelobe impacts [49] corrupt the sea signal. Peak
period and direction have more variability with any measurement system (as can be seen in both
buoy and radar data in Figure 3) because they do not involve any integration over frequency. The
statistics of the UoP radar wave comparisons are presented in Table 1. These are similar to those
presented in Lopez et al [47] where a longer data set of 8 months was used and validations were
carried out at more than one location.

Table 1 Statistics of the UoP wave parameters. rms - root mean square difference; SI -
scatter index; cc- correlation coefficient, vc - vector correlation; diff - mean difference;
95% ci is the 95% confidence interval for the mean difference; conc - is an inverse
measure of the spread of the directional difference.

parameter  buoy mean/std  radar mean/std bias rms Sl cc N

Hs, m 2.59/0.87 2.43/0.87 0.15 0.37 0.14 0.93 488

Te, s 8.25/1.55 8.54/1.45 -0.29 0.73  0.09 0.9 477

Tp, s 9.8/2.56 9.69/2.68 0.1 1.79 0.18 0.77 477
Vc Diff 95%ci conc

Thm 95.38/28.74 93.61/29.78 0.93 3.03 21.29 7.96 477

Thp 99.98/29.84 94.7/31.82 0.92 6.19 25.26 6.83 477
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Note that there are more Hs (N) cases for comparison. The spectral parameters of period and
direction are flagged and not included in the statistics if kOHs < 0.32 where kO is the radar
wavenumber [50]. A lower limit of 0.12 is used for significant waveheight. Very low values of kOHs
are cases where the spectral peak is close to the first order Bragg peak frequency where the
theoretical underpinning of the inversion process fails. There are more low waveheight cases in the
Pisces measurements shown in Figure 2, many are close to the kOHs limits consequently the
statistics are not quite as good for the spectral parameters (they are reported in [46, 50]). Pisces
can operate at a number of different frequencies and during that trial these were optimised to
minimise external interference: low frequencies in the day, higher at night. They can also be
optimised to wave conditions, i.e. to keep kOHs high enough. The availability now of simultaneous
operation on two frequencies will also help in this respect.

3.2.3 Wind Speed and Direction

It was noted in Section 3.1 that wind speed is not yet an operational parameter although an
estimate is provided in the SV software package. SV has begun to investigate machine learning
methods. The work is in its early stages and details of the methods being tested are not included
here although we do show some preliminary and encouraging results. To develop an effective
algorithm for wind speed we need wind measurements at the position of the radar measurements.
To date this has not been available in the Celtic Sea although we have obtained wind data from a
coastal station at Perranporth through the Channel Coastal Observatory [51] and this is being used
for algorithm development.

We are currently working with only one month of UoP radar data and have established that this
is not really enough to provide a sufficiently reliable model using the machine learning methods we
have tested. However, we do obtain results that are much better than our wave model based
approach. Figure 4 shows scatter plots of wind speed for the model generated by one of the
methods we are testing using 90% of the data on the left and the prediction using the remaining 10%
on the right. The correlation coefficients of over 0.9 in both cases, over wind speed ranges from 1
to over 20m/s, are huge improvements on 0.46 which is obtained with the currently SV-
implemented wave model method at this location due to the ubiquitous presence of swell often
dominating the wave spectrum. It is worth noting that we have obtained an rms figure of < 1.5m/s
(compared to about 2m/s here) for a different data set (not in the Celtic Sea) for which, although
radar data quality was not as good, we do have some local wind speed data. We expect an rms of <
1 m/s to be achievable when we have completed this work. This will not reach the accuracy expected
for lidar measurements, nor is the measurement location nominally at turbine height although a
model could be used to scale it, but the data will provide a large-scale complementary spatial map
of wind speed and direction. Figure 5 shows a scatter plot of wind direction for all the UoP data set
colour-coded with radar-measured wind speed. Bearing in mind that the radar measurements are
not at the same location as the anemometer which is at the coast, the agreement is good with
largest direction differences at low wind speeds. The statistics for the wind vector comparisons are
presented separately for the 90% model development data and the 10% test data. These are very
encouraging results.
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Figure 5 Direction scatter plot colour-coded by radar wind speed and vector statistics.

3.2.4 Metocean Maps

Having established the validity of the measurements the maps in Figure 6 show the spatial
coverage potential of the radar systems in the Celtic Sea. The UoP measurements cover the Wave
Hub site in the southern Celtic Sea; Pisces (with a second site in S Wales) could cover offshore wind
sites in the northern Celtic Sea. The Pisces measurements are from the operational trial on 8/4/2005
@ 00:00 and the UoP measurements are from 24/11/2012 @22:05 so at different times, different
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metocean conditions and different phases of the tide although wind directions are roughly the same.
The arrows are scaled according to the spatial resolution of the measurements and thus the scaling
is different for the two radar systems. The details are not important. They have been combined here
toillustrate coverage and spatial variability not to describe a particular event. The UoP wave, current
and wind vectors and spectral data have been sub-sampled for clarity. For the same reason not all
Pisces wave spectra are shown. Note that the wind speeds shown here are obtained with the
standard SV method. The new method has not yet been extended to all locations. In the wave plot,
the lighter shading, beyond the area containing arrows, shows the extent of single radar
measurements.

Celtic Sea surface currents 5 Celtic Sea wind speed and direction
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Figure 6 Maps of metocean measurements in the Celtic Sea: (a) surface current, (b) wind
speed and direction, (c) waveheight and peak direction, (d) directional wave spectra, to
illustrate potential coverage. Note that the measurements from the UoP and Pisces
radars are at different times, different metocean conditions, different phases of the tide
and with different spatial resolutions.

The Pisces operational trial was focussed on validating wave measurements at one location,
approximately 60km from both radar sites, and high spatial resolution was not required. Pisces is a
more powerful radar than WERA and can measure waves, currents and winds to over 100km as seen
here. The UoP radar provides measurements over a more limited range but with high spatial
resolution. It is normally that case that wave and wind speed measurements have a more limited
range than current and wind direction, because signal to noise requirements are more strict, and
this can be seen in the UoP plots.
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4. Concluding Remarks

We have demonstrated that wave measurements can be obtained with good accuracy and
mapped over wide areas of the coastal ocean. New wind speed algorithms are being developed that
show great promise. These will never be as accurate as lidar or mast data but they have the
advantage of providing a spatial picture which is particularly important in coastal regions such as
the Celtic Sea. Surface current measurement with HF radar is now well accepted and used in
operational networks. We expect that the accuracy and coverage will be of value to the offshore
wind sector.

HF radars will therefore provide very useful data for resource assessment, and the planning,
operation and maintenance stages for wind farms. Once the wind farms are in operation the turbine
motion produces identifiable signals in the radar return that do impact on wave and wind
measurement accuracy in the immediate vicinity of the farms; less so on current measurement
accuracy [52]. Removing these signals is an area of active and promising research. In the USA this is
coordinated by the Wind Turbine Radar Interference Mitigation Working Group, a consortium of
federal agencies together with interested research groups and radar operators both in the US and
elsewhere including the UK where the issue was first identified. Success in this research effort will
make it possible to measure metocean parameters accurately within wind farms.

At present there are just three radar systems on the Celtic Sea coast all on the north coast of the
SW of England (PEN, PER and NP in Figure 6). The vision is to re-install a radar on the Welsh coast to
provide coverage of the whole of the Eastern sector of the Celtic Sea combining information from
all 4 radars. To obtain full coverage of the region, to meet the longer term aspirations of floating
offshore wind developers radars will also be needed on the South-East coast of Ireland. Such a
network of radars could also provide valuable data for many other applications such as shipping,
fisheries, meteorological services and ground-truthing of satellite missions. The lifetime cost of a
radar is equivalent to a small number of in-situ systems without the need for ship-time to deploy,
maintain and recover. The cost of a radar will reduce over time if the offshore wind sector takes up
this technology in the UK and the rest of the world.
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