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Executive Summary

JASCO Applied Sciences undertook a sound source characterisation study of the Hywind Tampen
floating offshore wind farm, approximately 140 km northwest of Bergen, Norway. Four recording
instruments were deployed from the DOF Skandi Iceman to the seabed by remotely operated vehicle
in February 2024 at various positions both within and around the wind farm site. Two instruments were
set up in a single-hydrophone omnidirectional configuration and two with arrays of four hydrophones
to provide directional noise discrimination. Three of the four recorders (one directional system and the
two omnidirectional systems) were retrieved in June 2024. The remaining directional recording

system was configured with a 12-month recording schedule and was retrieved in March 2025.
Recording was conducted at a 64 kHz sample rate with 24-bit resolution, and the total volume of data
collected was approximately 13.3 TB.

Analysis of the recorded data was undertaken to determine the characteristics of the sound produced
by the turbines at Hywind Tampen and compare this to similar sound source characterisation study of
the Hywind Scotland floating system. The dominant sound emissions from the Hywind Tampen
turbines are narrowband tones, principally below 200 Hz, with two notable tones at around 25 and

75 Hz being the primary contributors to the recorded sound spectra . The sources of these tones are
directly related to the rotational rate of the rotor and the number of magnetic pole pairs in the
generator, one directly and the other by a factor of three. Consequently, the actual frequencies
generated by the rotating components of each turbine depend on the rotor RPM at any given time,
where the strong tones at around 25 and 75 Hz are the frequency limits of the rotor related tones
associated with the system maximum RPM.Other tones which were variously stable and unstable,
continuous and intermittent were found to contribute to the spectra to a lesser extent.

Positive correlations were determined between sound levels in the frequency bands containing the 25
and 75 Hz tones and wind speed, the strength of this correlation reducing with distance from the
turbines. The correlation analysis also displayed an approximate plateau of thesound levels in these
bands at wind speeds above 20 kn (10.3 m/s). Similar positive correlation was observed between
levels in these bands and rotor RPM, with the relationship reflecting the increase in frequency of the
fundamental and triplet tones with increasing rotor RPM. Other low-level tones were also observable
in the spectra, though at considerably lower intensity than those from the generator. Some of these
tones were stable and intermittent, characteristic of pumps or motors under irregular operation, while
others were continuous and unstable, possibly indicative of blade control systems responding to
fluctuations in wind speed.

The acoustic data were manually analysed for impulsesand transients caused by tension on the
mooring system, which were a frequent component of the Hywind Scotland recordings. Only a handful
of possible mooring transients were identified at higher wind speeds and further directional
assessment found these to originate to the East of the Tampen site and they were subsequently
dismissed as mooring noise. This confirmed a fundamental acoustic difference in noise signature
between Hywind Scotland and Hywind Tampen, the reasons for which may be related to differences in
the buoyancy of the spar structure, the mooring system, or both, rather than any difference in swell
height or other environmental factors. The exact mechanism generating the transient noises at Hywind
Scotland is unknown, but this mechanism appears to no longer exist in the new substructure and
mooring system utilised at Hywind Tampen. A quantitative analysis of the impulsiveness of the data
from all four recorders was undertaken by assessing empirical distribution function of the one -minute
kurtosis, which also confirmed that kurtosis at all recorder locations was very low, indicating a non-
impulsive soundscape. Based on this, daily cumulative SELsrecorded at the three shorter-term
recording stations, distances ranging from 717 m to 9.35 km to the nearest turbine, were compared to
non-impulsive impact criteria from Southall et al. (2019). All daily cumulative SELs recorded during
this study, at these three stations, were found to lie below the thresholds for both temporary and
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permanent hearing threshold shifts (i.e., hearing loss) for non-impulsive sounds for all functional
hearing groups.

One recorder with directional capabilities was positioned within the wind farm in such a position to
isolate the most southeasterly turbine in the array (HY06). Received levels from the direction of HY06
collected during relatively stable periods of wind were analysed for bins in 5 kn (2.6 m/s) increments
from 5 to 40 kn (2.6 to 20.6 m/s) and then backpropagated to obtain statistical decidecade source
levels for a single turbine operating under multiple wind speed conditions. Received levels were
compared to levels from the direction of a second turbine (HY07) which, once corrected for
propagation path differences, displayed no overall difference at wind speeds over 30 kn indicating no
or little directionality of the sound foot print. Median broadband source levels ranged between 156.52
163.8 dB re 1 pPa2mz2, while 95" percentile broadband source levels ranged between 159.12168.7 dB
re 1 pPam2. Source levels were noticeably lower for wind speeds below 20 kn (10.3 m/s),
corresponding to the turbine operating at less than its maximum rotor RPM. Using the
backpropagated source levels, a simple point source model was used to model the footprint of all
eleven wind turbines. The largest modelled distance was 60 m for very high-frequency cetaceans

(20 kn, 95" percentile) assuming an animal remains within this radius for a full 24-hour period at the
depth of the greatest sound level.

The recorded spectra from the Tampen WTGs displayed very similar tonal features to the turbines at
Hywind Scotland. Estimated source levels for Hywind Tampen are somewhat lower than those
determined for Hywind Scotland, and this may be a consequence of the concrete Tampen
substructure being less able to transfer vibrational energy combined with the lack of mooring
transients elevating the overall noise signature.
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1. Introduction

JASCO Applied Sciences (JASCO) was contracted by Equinor AS (Equinor) to undertake a sound

source characterisation (SSC) study for floating wind turbine generators (WTG) at the Hywind Tampen

Offshore Wind Farm (OWF), as well as soundscape analysis for the wider area Hywind Tampen is

located in the Norwegian Sea, approximately 140 km northwest of Bergen, Norway (Figure 1) and is

currently the world's largest floating OWF comprising 11 horizontal axis, permanent magnet direct

drive WTGs each with an 8.6 MW capacity, in a spar buoy/pillar structure. The spar substructure for

each WTG is made of concrete with a maximum diameter of 18 m and a total length of 107.5 m,
approximately 90 m of which is submerged. The WTGs are moored in a ~honeyco
flexible lines to shared anchors with each individual turbine connected to three separate anchors.

Norway

Legend

@ Wind park
® Producing field
@ Equinor office
(o] 25 km
———

Figure 1. Location of the Hywind Tampen offshore floating wind farm.

JASCO has previously conducted similar SSC studies on both the Hywind DEMO system off the coast
of Stavanger, Norway, (Martin et al. 2011) and the Hywind Scotland floating OWF off the coast of
Peterhead, Scotland (Burns et al. 2022). In both studies, a number of impulsive components of the
recorded sound signature were attributed to the mooring system. The principal aim of this study was
to record an operational noise profile for a single Hywind Tampen system such that this data can be
backpropagated to extract a source spectrum. Secondary aims were to determine whether the

sounds attributed to the mooring system from the previous studies were present in this new design,
and to assess the recorded acoustic data for indication of the presence of cod vocalisations.
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Figure 2. Concept image of a Hywind Tampen floating wind turbine (mooring system not shown).

Four JASCO recording instruments were deployed on the seabed in February 2024 for this SSC study
at various positions provided by Equinor, both within and around the wind farm site. Two instruments
were set up in a single-hydrophone omnidirectional configuration and two were set up with arrays of
four hydrophones to provide directional discrimination.

Three out of four recorders (one directional system and the two omnidirectional systems) were
retrieved in June 2024. The remaining directional recording system was configured to record for 12
months and was retrieved in March 2025.
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2. Methods

2.1. Acoustic Data Acquisition

Underwater sound was recorded with four JASCO Autonomous Multichannel Acoustic Recorders
(AMARs) mounted on simple gravity baseplate moorings. Two moorings featured a single AMAR and
external battery housing with a four-hydrophone directional array on a static frame (Figure 3, left),
while the remaining two moorings comprised a single AMAR, external battery housing and a single
omnidirectional hydrophone (Figure 3, right).

2.1.1. Deployment

All four moorings were deployed from the DOF Skandi Iceman using a Triton XLS remotely operated
vehicle (ROV). The ROV grabber arm was attached to the lifting ring at the top of each mooring while
the manipulator arm was used to grip further down the frame for stability (Figure 3). The ROV and
baseplate were then deployed over the side of the vessel and the ROV descended to deploy each
baseplate directly on the seabed. Once on the seabed, the recorder location and orientation of the
tetrahedral array were documented using on the ROV compass, cameras and positioning system
(Figure 4). The orientation of the directional systems is important to enable bearing alignment and
accuracy. Therefore, in addition to the ROV orientation data, the vessel engine and cavitation noise
from the Skandi Iceman was post-processed and aligned to known positions from its AIS track as it
completed a circle around the deployed mooring position.

Figure 3. Baseplate moorings connected to the ROV: four-hydrophone directional array (left) and single
omnidirectional hydrophone system (right).
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Hywind Tampen

HDG  307.8
DPT 282.7
BIETE.. 1.6

Easting: 461700.97
Northing: 6797474.86

Time: 05:16:40
Date: 19.02.24

Unit # 855

Figure 4. ROV camera photograph used to confirm orientation of the tetrahedral array.

Four deployment locations were provided by Equinor and were chosen to capture different
components of the sound field as well as the sound levels at various distances from the wind farm
The deployment locations are presented in Table 1 and Figure 5, and distances from the recorders to
the individual turbines are presented in Table 2. One of the directional systems was placed within the
wind farm array such that a single wind turbine could be isolated by directional post-processing. The
other directional system (approximately 4 km from the wind farm array) and the two omnidirectional
systems (approximately 2 km and 10 km from the wind farm array) were selected to provide data
relating to the aggregate noise from the whole wind farm. The farthest recorder to the southeast
additionally provides an element of a control site to give an indication of ambient noise.

Table 1. AMAR deployment and retrieval dates and locations.

Deploymen Latitude Longitude | Water dept
Station GG p y Retrievdl RGO 9 P Directional?
number duration (°N) (°E) (m)

19 Feb 202¢ 07 Jun
04:14 2024 3 months | 61.30728 2.28337

19 Feb 202< 08 Mar

2 865 05:41 2025 12 months = 61.30068 2.35747 288 Yes
19 Feb 202¢ 07 Jun

3 860 07:03 2024 3 months = 61.31882 2.31368 291 No
19 Feb 202¢ 07 Jun

4 863 02:47 2024 3 months | 61.23882 2.40395 273 No

1 Recorders were retrieved by vessel crew without JASCO field team present; exact retrieval times were not
documented.
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Figure 5. Map showing the AMAR deployment locations as numbered in Table 1.

Table 2. Distances of each of the wind turbine generators (WTGs) from the four Autonomous Multichannel

Acoustic Recorders (AMARS) deployed.

Distance (m)

Location
Station 1 Station 2 Station 3 Station 4

HYO1 6803 9258 6255 16392
HY02 5299 7897 4841 14947
HYO03 3795 6598 3503 13514
HY04 2291 5407 2373 12099
HY05 788 4412 1874 10708
HY06 717 3770 2433 9351
HYO7 1281 5239 3275 10651
HY08 2002 5912 3253 11954
HY09 3302 6855 3868 13300
HY10 4724 7972 4885 14677
HY11 6185 9200 6107 16076

2.1.2. Recording Parameters

All AMARs were fitted with M36-V35-900 omnidirectional hydrophones from GeoSpectrum
Technologies Inc. (GTI). Each hydrophone was placed into a foam insert to mitigate against any flow
noise from bottom currents and enclosed by a metal cage for protection. For the directional systems,
the four hydrophones were fixed in a tetrahedral arrangement to allow determination of the time of
arrivals from different directions (Figure 6). The relative distance of each hydrophone on the support
structure was calculated to support post-processing directional calculations (Table 3).
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Table 3. Relative distancesbetween the four hydrophones (as labelled in Figure 6) mounted on the directional
monitoring systems deployed at Stations 1 and 2.

Hydrophone ~CEit ()

770 775
775 770
667 670
480 497
595 595
470 482

Figure 6. Photo of the tetrahedral hydrophone array set-up on a baseplate with fitted AMAR G4 (white tube) and
battery pack (grey tube). Hydrophones are labelled as in Table 3.

The AMARs were configured to record at a sample rate of 64,000 Hz to return a recorded bandwidth
of approximately 10 to 32,000 Hz. The recording channels had 24-bit resolution with a spectral noise
floor of 20 dB re 1 pPa?/Hz and a nominal ceiling of 165dB re 1 pPa. Acquired acoustic data from
each channel were stored on internal solid-state flash memory. The omnidirectional systems and the
directional system deployed for 3 months (Station 1) all recorded continuously with no duty cycle. The
directional system deployed for 12 months (Station 2) was set to record with a duty cycle of 900 s on
followed by 2700 s of sleep to preserve battery life and memory.
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The directional recorder at Station 1 recorded for the targeted duration of 100 days until 29 May 2024,
while the directional recorder at Station 2 and both omnidirectional recorders at Stations 3 and 4
recorded continuously for the full duration of the ir respective deployments: 384 days for Station 2 and
109 days for Stations 3 and 4. The total volume of data collected from all recording stations was
approximately 13.3 TB.

Each AMAR was calibrated before deployment and after retrieval with a pistonphone type 42AC
precision sound source (G.R.A.S. Sound & Vibration A/S, Figure 7). The pistonphone calibrator
produces a constant tone at 250 Hz at a fixed distance from the hydrophone sensor in an airtight
space with known volume. The recorded level of the reference tone on the AMAR yields the system
gain for the AMAR and hydrophone. To determine absolute sound pressure levels, this gain is applied
during data analysis. Typical calibration variance using this method is less than 0.7dB absolute

pressure.
E;h-;.,:iﬂ%_ﬂ

Figure 7. GRAS 42 AC Pistonphoneg sleeve coupler and hydrophone

2.1.3. Retrieval

The retrieval process was carried out by ROV deployed from the DOF Skandi Iceman, professionally
conducted by the vessel crew and ROV operators without the need for JASCO field staff presence.
JASCO provided guidance on how to retrieve and handle the moorings safely, and once the
equipment was ashore, a JASCO field engineer was sent to conduct the post-deployment calibration,
download the data and disassemble the moorings. The three recorders at Stations 1, 3, and 4 were
retrieved on 07 June 2024, while the recorder at Station 2 was retrieved on 08 March 2025.

2.2. Acoustic Data Management

The data acquisition process on each acoustic instrument continued uninterrupted throughout the
three-month planned recording process and the anticipated volume and duration of data was
captured. However, after retrieval of the instruments, an unrelated, external technical oversight matter
arose which raised the requirement to redact a period of data from the total dataset. This period is
therefore unavailable for analysis in this report. The redacted period was from 25 April to midnight on
22 May 2024, a duration of 28 full days. Within this redacted period, a short window from 08 May 2024
23:20 to 09 May 2024 02:20 was extracted for investigation based on meteorological conditions at the
time but was ultimately rejected from further analysis due to contamination (see Section 3.2.6). The
redacted window is evident in several of the following analysis results, typically as a blackedout
temporal period with the brief window of extracted data visible in the middle.
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3. Results

The acoustic data analysis methods for basic metrics are contained in Appendix A. Acoustic
terminology and analysis are in accordance with ISO standard 18405 (ISO 2017a).

3.1. Total Sound Levels

This section presents the total omnidirectional sound levels from each of the stations to verify the
quality of the recordings and as a summary of the received sound levels. Results are presentedin four
ways:

1. Band-level plots : These strip charts show the average hourly received sound levels as a function
of time within a given frequency band. Sound levels are shown for the full recorded frequency
range (10232000 Hz) and the decade bands for 8.9289.1, 892891, 89128913, and 8913232000 Hz.
The 8.9289.1 Hz band is associated with fin, sei, and blue whales, large shipping vessels, seismic
surveys, and flow and mooring noise. The 892891 Hz band is generally associated with
environmental noise from wind and wave action, but can also include sounds from minke, right,
and humpback whales, nearby vessels, and seismic surveys. Sounds above 1000Hz include
humpback whale sounds, toothed whale and dolphin whistles and clicks, wind and wave noise,
nearby vessels, seismic surveys, and sonars

2. Long-term Spectral Averages (LTSAs) : These plots use colour to show power spectral density
levels as a function of time (x-axis) and frequency (y-axis). The LTSAs areuseful summaries of the
temporal and frequency variability in the data.

3. Decidecade band box-and-whisker plots : These plots show the average and extreme sound
levels in each decidecade band. The whiskers represent the maximum and minimum sound levels
in each band, while the box represents the interquartile range between the 25th percentile (Lzs)
and 75th percentile (L7s). The 50th percentile (median, Lso) and mean sound levels are also
represented on the plots as horizontal lines.

4. Power Spectral Densities (PSDs) : These plots show lines corresponding to various statistical
sound levels in 1 Hz frequency bins. These levels can be directly compared to the Wenz curves.
Shading on these plots represent the spectral probability density to assess whether the
distribution is multi-modal. Spectral probability density presents the empirical probability density
of levels in each 1 Hz frequency bin (Merchant et al. 2013) and is therefore an indication of the
distribution of the spectra across the recorded duration.

Figures presented in this section for the directional recorder at Stations 1 and 2 are for a single
hydrophone channel (i.e., omnidirectional) for ease of comparison with the other recorders. The data
recorded on all four channels of the directional recorders produced very similar results. Individual
results for all channels are presented in Appendix B.1.

Band levels and LTSAs are shown in Figures8 to 11 for Stations 1 to 4. Stations 1 and 3 are closest to
the Hywind Tampen array, and both show similar trends in their spectrograms and band level plots.
Both feature prominent tones at around 25 and 75 Hz throughout, visible as horizontal lines on the
spectrogram, with several harmonics also faintly visible at various points. These plots also feature
transient broadband energy increases, typical of vessel passes. The tones at 25 and 75 Hz are also
faintly visible in Figures 9 and 11 for the more distant directional recorder at Station 2 and the control
recorder at Station 4, but the transient broadband features appear more prominently in the
spectrograms than in Figures 8 and 10. A noticeable increase in broadband sound levels occurs at all
stations from the start of the second period of recorded data on 23 May. This elevated noise level is
associated with a relatively close seismic survey airgun source which is thought to have commenced
at some point during the redacted period and was joined by a second survey source at a different
location at a later date, creating elevated levels in the 8.%289.1 Hz band. The 12 month spectrogram in
Figure 9 shows this period of elevated noise lasted until late August, at which point a third seismic
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survey, even closer than the previous two, caused a further increase in levels in the 8.2 89.1 and
89.12891.3 Hz bands, lasting (excluding a brief drop in levels for a few days) until late September.

Analysis of the long-term recording at Station 2 gives an overview of how the overall levels in the
wider Tampen area vary throughout the year. Table 4 shows the median hourly broadband sound
pressure level (SPL) during each month of the study. The median hourly SPL noticeably increases
during the months with significant seismic survey activity and is considerably lower and relatively
similar in the months preceding and following. In months with seismic survey activity the median
hourly broadband SPL was at least 10 dB higher than median hourly levels in months with none.
Seismic survey activity was captured in at least 5 of the 12 complete months covered by the recording
campaign, though it is not clear whether this is representative of typical activity in the area over a
longer period.

Table 4. Median hourly broadband SPL in each month of deployment at Station 2.

Median hourly broadband SPL (dB re 1 pPa)

Feb Mar Apr May | Jun Jul Aug Sep Oct Nov Dec NE Feb | Mar
2024 | 2024 | 202#& | 2024 | 2024 | 2024 | 2024 | 2024 | 2024 | 2024 | 2024 | 2025 | 2025 | 2025
115.3 | 115.0 1155 129.1 128.4 127.2 | 1259 1275 1155 114.8 1156 1151 1154 115.2

1 Partial month
2 Some data redacted
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Figure 8. Long term acoustic summary for the AMAR at Station 1 (channel D).
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Figure 9. Long term acoustic summary for the AMAR at Station 2 (channel D).
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Figure 10. Long term acoustic summary for the AMAR at Station 3.
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Figure 11. Long term acoustic summary for the AMAR at Station 4.

PSD and decidecade box-and-whisker plots are shown in Figures 12 to 15 for Stations 1 to 4. The
shapes of the spectra are broadly similar for all four stations, and the most noticeable features in the
PSDs are the peaks in the spectra at 25 and 75 Hz(see also Figure 16). These peaks are present at all
four stations, most prominently the peak at 25 Hz, though they are far more pronounced compared to
the adjacent frequencies at the two AMARSs closest to the Tampen site (Stations 1 and 3). These are
the same frequencies which were present in the analysis for the Hywind Scotland systems (Burns et
al. 2022), although in that report these tones were not evident in the control recordings. It is noted
however that there are more than twice the number of WTGs at the Hywind Tampen site (11)
compared to the Hywind Scotland site (5), and the control recorder was located closer to the Hywind
Tampen site (approximately 9 km) than at Hywind Scotland (approximately 13 km).

All four stations show elevated levels at frequencies below 100 Hz, which can be seen in the spectral
probability density shading and the 95" percentile levels (Lgs). This is a result of the presence of
relatively high levels of seismic survey noise starting from the second period of recorded data on 23
May which abruptly elevated the sound levels in this frequency range, leading to the distinct separate
shaded line in the spectral probability density rather than an even distribution. This effect is most
noticeable in the spectrum of the long-term recorder at Station 2 in Figure 13. The 75" percentile
levels (Ls) in the Station 2 spectrum are distinctly flatter in shape and elevated above the median
spectrum, which reflects the fact that noise from seismic surveys was present in the data for a
considerable proportion of the overall recording period, i.e. 4 out of 12 months. Additionally, a second,
fainter line is visible in the spectral probability density shading above the one present in Figures 12, 14
and 15 as a result of the additional closer seismic survey operating from late August to late
September.
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Figure 12. Power spectral density levels (bottom) and decidecade band box-and-whisker plots (top) for the AMAR
at Station 1 (channel D).
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Figure 13. Power spectral density levels (bottom) and decidecade band box-and-whisker plots (top) for the AMAR
at Station 2 (channel D).
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Figure 14. Power spectral density levels (bottom) and decidecade band box-and-whisker plots (top) for the AMAR
at Station 3.
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Figure 15. Power spectral density levels (bottom) and decidecade band box-and-whisker plots (top) for the AMAR
at Station 4.
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Figure 16. Waveform and spectrogram from Station 3 showing the dominant 25 and 75 Hz tones.

3.2. Acoustic Analysis of Omnidirectional Noise

Acoustic analysis of the WAV files was carried out using a combination of high-speed auto-processing
and event detection, manual spectral analysis of individual time periods, and Passive Aural Listening.
Operational logs were provided by Equinor which provided information about WTG operational state
and other useful performance rates such as rotor speed in revolutions per minute (RPM). In addition to
turbine related parameters, Equinor also provided 10-minute averaged wind speed recorded at each
turbine nacelle, and wave and swell data in hourly intervals from the ERA5 dataset(Hersbach et al.
2023).

In Burns et al. (2022), the types of noise found in the recorded data were broadly divided into three
separate categories based on likely origin. These categories
were:

9  Turbine related mechanical and electrical noise,
I Noise originating from the mooring system, and
I Other noises of indeterminate origin.

This report aims to similarly assess noise within these categories.Analysis in this section is focused on
an analysis of the characteristics, frequency distribution and intensity of turbine-related noise and the
likely source of each tone or family of related tones, based on omnidirectional recordings. A detailed
analysis and comparison of turbine related noise from the more specific directional processing is
presented in Section 3.4.

Windows for analysis were selected based on the reported wind speed at the turbine nacelles. The
World Meteorological Organization (WMO) recommends reporting wind speed in m/s, but
acknowledges other units are in common use (WMO 2023). The unit of knots (kn) for wind speed has
been used throughout this report for comparability with the analysis of the sound levels generated at
Hywind Scotland (Burns et al. 2022). The chosen wind speeds were from 5 to 40 kn in 5 kn intervals,
and the window selected for analysis was chosen as the longest consecutive period where the
reported wind speed remained within £1 kn of the target wind speed. The equivalent wind speed
intervals in units of m/s are presented in Table 5.
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Table 5. Wind speed bins for analysis in knots and metres per second.

Knots (kn) Metres per second (m/s

Bin centre | Bin interval| Bin centre | Bin interval

5 4-6 2.6 2.1-:3.1
10 9-11 5.1 4.65.7
15 14-16 7.7 7.2-8.2
20 19-21 10.3 9.810.8
25 24-26 12.9 12.313.4
30 2931 154 14.915.9
35 34-36 18.0 17.518.5
40 3941 20.6 20.1-21.1

The dominant operational noise from the Hywind Tampen turbine system appears to consist primarily
of multiple, distinct, low frequency tonal sounds (i.e., narrowband, continuous sounds), some of which
are very stable, regardless of changes in WTG performance, and others that are very unstable and
have a significant frequency range over which they vary. The most dominant tones, in terms of
intensity, are evident below 100 Hz and are directly related to rotor speed (see Section 3.2.1) but
there are several related and unrelated tones at higher frequencies.

Very stable tonal sounds are common for electrical generators with a steady source of energy input
such as an engine or steam turbine, and it is typically the case that the more dominant tones directly
related to the generator, its pole configuration and the rotor RPM. Other tonal sets unrelated to the
generator or rotating energy source can be present and are often associated with separate motors,
pumps or transformer components of the system. Wind turbine generator and drive shaft related
rotational tones are, however, typically less stable as the WTG rotor speed usually fluctuates over
short periods of time due to changes in wind speed or gusts. In many systems, there is an upper limit
to the frequency of these tones as the rotor RPM is limited to a maximum speed to prevent over
speeding of rotor tips or other potentially damaging effects of high shaft speeds.

The Hywind Tampen system is understood to be a Permanent Magnet Direct Drive (PMDD),
Horizontal Axis Wind Turbine (HAWT) design with the hub and attached blades directly linked by a
drive shaft to the generator rotor. As expected for a direct driven system, there is no intermediate
gearbox in the design and the acoustic signature found in the recorded data accordingly reflects the
lack of additional gearing tones that usually contribute significantly to the noise signature of geared
WTGs. Reported 10-minute average operational rotation speeds are found up to but never exceeding
10.5 RPM, which is the governed maximum rotation speed for this turbine, though lower rotational
speeds were routinely recorded at lower wind speeds. Each generator has 144 pole pairs, which at
the systems maximum operating rotational rate of 10.5 RPM corresponds to atheoretical fundamental
generator frequency of 25.2 Hz.

There are two principal families of tones evident in the data. The first set are variable in frequency,
which are typically visible from below 10 Hz to a maximum of around 75 Hz and have a direct
relationship with rotor speed. The second set of tones are much more stable in nature, less intense
than the rotor-related tonal noise, and do not fluctuate with rotor speed.

3.2.1. Rotor Speed Related Aerodynamic and Mechanical Tones

The range of rotor RPM for the Tampen WTG is an important consideration when assessingthe noise
sources related to it. From analysis of the operational data provided for the recording period, below
3 kn of wind, the rotors do not appear to turn, and onset of rotation occurs at approximately 3.5 kn. At
10 kn rotor RPM reaches approximately 5.5 RPM and at 15 kn it is 8 RPM. Critically, at 20 kn of wind
the rotor RPM reaches a governed upper limit of 10.5 RPM which is not seen to be exceeded at any
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time in the supporting Tampen operational data. Figure 33 shows a statistical correlation of wind
speed and rotor RPM in a further analysis of wind related noise levels.

The source and conditions required for the generation of extremely low frequency (ELF)- i nf r asoni ¢ ®
modulated noise below 20 Hz, referred to as bl ade -t isbelepe®@tober - swi sh
caused by interaction between the blades and the supporting tower (van den Berg 2005). Other forms

of aerodynamic noise from the blades are known to generate higher frequency broadband noise, often

audible to humans in air, but against the levels of background noise in the water at the Tampen site, it

was difficult to discern as a significant contributor to the overall noise. Some effort was expended in

reviewing the recorded data for the ELF blade swish noise based on the rotor speed of the Tampen

WTG which, at its highest regulated limit of 10.5 RPM, is relatively slow Given that the system

employs a three-bladed rotor, the maximum blade rate frequency is therefore 0.525 Hz. This

frequency of noise is considerably below the roll off frequency for a standard hydrophone and so

qguantifying the intensity of this noise is problematic for a wide band recording system and would

require a more dedicated recording approach. There is apparent ELF energy in some of the time

periods assessed, but it is not present throughout and the frequencies are so low that it is not possible

to compare any variation in tone with rotor speed. Whilst inconclusive, the evidence suggests,

therefore, that there is occasional ELF noise below 1 Hz, that it is loud enough to exceed the

background noise at the recording distance from the WTG, but that it is not a constant feature of the

noise signature. This noise can be seen inFigure 17 at the very bottom of the spectrogram but it is

absent in many of the other spectrograms presented.

The most dominant, rotor speed related tone appears to be the main generator fundamental tone. The
frequency of this tone appears directly related to the rotor RPM and the number of generator pole
pairs (144) by the following relationship:

9 20- 2" (1)
QT

where f is the tone frequency in Hz, RPM is the rotational rate of the turbine in revolutions per minute,
and pp is the number of pole pairs present in the generator. At the maximum rotor RPM, it displays a
relatively stable tone at the expected 25.2 Hz, and this is the dominant noise source within the overall
system signature (Figure 17).
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Figure 17. Recording from Station 1 showing generator fundamental tone at approximately 25 Hz, with related
rotational tone at approximately 75 Hz and evidence of extremely low frequency energy.
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This fundamental tone is never seen to be perfectly stable, but given the nature of the driving force,
this is not unexpected. This tone can be seen intermittently or not at all at lower wind speeds when
some of the audible turbines are showing slower rotation rates, but the omnidirectional noise data
does not provide the fidelity to determine which turbine and which rotation rate is related. What is
clear is that this fundamental generator tone is much less apparent and does not dominate the overall
noise signature in lighter wind speeds which may reflect periods when generators revert to an idle
mode.

In addition to the generator fundamental, there is a second important mechanical tone (also seen in
Figure 17) which appears to have a slightly more complex relationship with the generator parameters.
This tone also appears directly related in frequency to the rotor RPM and the number of generator
pole pairs, this time by a multiple of three. The frequency association is unwavering and the tone, seen
in the same spectrogram from a number of different WTGs, rises and falls directly with the rotor RPM
of each one and conforms precisely with the following relationship:

0 ¢ 20- 2" )
QT

It is unclear, whether this factor of three is associated with the number of blades (unlikely), a three-
phase power output or some other feature of the design such as the direct drive bearings. Hence from
acoustic analysis alone, it remains uncertain exactly how this tone is being created but the relationship
to the number of pole pairs is evident. Since this tone is directly related to the rotor RPM, at RPM rates
below the system maximum in lower wind speeds the tone can be somewhat unstable as the rotor
rate responds to the changing wind speed. A set of these highly unstable tones from multiple WTGs is
presented in Figure 18, at relatively light wind speed and rotor rates below the maximum 10.5 RPM. A
generator fundamental tone from one of the WTGs, at 25.2 Hz, is evident at the beginning of the
period but it is weak and fades in intensity, which is typical of its nature.
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Figure 18. Spectrogram from Station 3 showing unstable rotational generator related tones from multiple WTGs at
low rotation rates with weak, intermittent generator fundamental at 25 Hz.

At wind speeds above 20 kn, when the rotor RPM is consistent at its limit of 10.5, the instability in the
tones diminishes, and they remain at their maximum of 75 Hz as defined by Equation 2 (Figure 19).
Additionally, this tone regularly exhibits a second harmonic, particularly when the generator is
operating at higher wind speeds and occasionally a third at the highest power outputs. In addition, the
generator fundamental at 25.2 Hz also increases in intensity to become the dominant noise source.
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Figure 19. Spectrogram from Station 3 in 20 kn wind speed, 10.5 RPM, stabilityin the secondary generator tones
at 75 Hz and elevated levels of the generator fundamental tone at 25.2 Hz.A diffuse second harmonic of the 75
Hz tone is seen ataround 150 Hz.

3.2.2. Tones Not Related to Rotor RPM

There is a further family of tones, which display a classic harmonic structure often seen in many types
of motor and has no apparent association with the main WTG rotor RPM. These tones are much more
stable regardless of variability in the wind, with a fundamental fractionally above 15 Hz. This source is
significantly quieter than the main generator related tones but does manifest a series of harmonics
which at times reach as high as the eleventh harmonic (Figure 20). This noise is thought to be related
to either a smaller multi-pole motor or other electrical system in the WTG which operates at a more
constant rotational rate than the main generator itself. The consistent stability of these tones suggests
that the source is powered by a stable electrical input rather than being a feature of variable power
generation itself. There is occasional evidence of abrupt, but small frequency shift which may point to
the system being under a switchable load. Passive acoustic listening does not reveal any audible
emissions even at 1/10th playback rate which indicates that, whilst being an important contributor to
the spectrum, this is not a major source of noise from the WTG. Speculation, based on the acoustic
evidence, suggests that this noise may be related to an auxiliary system such as ablade pitch or yaw
control server, pump or cooling fan, or similar, that operates from a conditioned power supply.

15 Hz
Fundamental
with harmonics

Frequency
(Hz)

00:54:40 00:58:40 01:02:40
Time
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Figure 20. Spectrogram from Station 3 showing 15 Hz fundamental tone with ascending related harmonics and
coincident overlap at 75 Hz with the generator secondary tone.
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At the upper limit of rotor RPM, the fifth harmonic of this 15 Hz fundamental coincides with the
dominant ~75 Hz rotational tone described above, and this leads to a minor enhancement of the
intensity in this part of the spectrum. In most cases, however, the motor stable tone is usually lost
beneath the slightly unstable but more dominant rotor-related tones. As wind speed increases, the
number of harmonics visible in the spectrogram also increases.

Additional tonal elements are seen further up the frequency scale but, without exception, they display
a lower intensity than the dominant generator tones; these tones are evident as lower intensity and
less pronounced peaks in the spectra in Figures 12 to 15. There are several higher frequency tones
that show no direct association with the 15 Hz motor fundamental or the primary generator tones
described above. Some display intermittent operation, with abrupt stop and start events which would
be expected of a hydraulic accumulator pump or nacelle yaw control event, whereas others show
continuous, unstable behaviour suggestive of an input device such as blade pitch actuator. Figure 21
shows an example of these tones at 25 kn of wind, when pitch actuation is likely to be active. It is
notable that these tones are less evident at lower wind speeds when blade adjustment may be less
dynamic or frequent. The first tone centred at approximately 900 Hz, is continuous and highly unstable
with no observable pattern to the instability and this tone is thought to be related to pitch actuation.
The second tone at 1,118 Hz is remarkably stable and displays both an abrupt stop and abrupt start
event; the grey line between these events in Figure 21 is that of an analysis comb and not a
continuation of the noise. These are characteristics expected of a hydraulic pump system maintaining
pressure in an accumulator, such as one potentially used by the pitch control system.

Unstable ~900 Hz Extremely Stable
Continuous 1118 Hz tone (+ 2"
Discrete Tonal - and 3 Harmonic)
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Pitch Control and Start Events
Actuators

>
O
C——\
QN
>
oL
o

L

P ———— S TEoon il SIS Sens
21:02:39 UTC  21:06:39 21:10:39 21:14:39 21:18:39 21:22:39
2024-04-08 Time

O [0 <4 | ) ) |
P Yor o8, 3o T

Ape o8, 2824 2

Figure 21. Higher frequency tonals visible in 25 kn wind speed at Station 3.

3.2.3. Combhined Overall Omnidirectional Tonal Noise

Considering the omnidirectional noise from multiple Tampen WTGs, the aggregate spectrum is
characterised by elevated levels of discrete narrowband frequencies related to rotor speed or installed
machinery, but there are no noticeable broadband noise sources; this is confirmed by the long-term
power spectral density levels at all four stations (Figures 8 to 11). The dominant noise is at the very
bottom of the spectrum, mainly below 100 Hz, with less dominant tones occurring intermittently up

into the low KHz. Figure 22 shows an omnidirectional spectrogram of the total Tampen noise field from
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Station 1, from 10 Hz to 4,500 Hz at 35 kn. As described, the most intense noise is clearly below 100
Hz with only a limited number of weaker control system tonals evident above 500 Hz.
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Figure 22. Relative intensity and spectral contribution of the Tampen wind farm to the soundscape (Station 1).

3.2.4. Mooring System Noise

Previous analysis of the Hywind Demo(Martin et al. 2011) and Hywind Scotland recordings (Burns et

al. 2022) revealed multiple transient sounds attributed to tension release caused by vertical heave

motion on the floating structure itself. In those recordings, mooring transient sounds were identified as

typically broadband with varying degrees of impulsiveness. The sounds were then categorised
gualitatively by their audible charactTeHywsindi cs as -
Tampen dataset was, similarly, manually analysed for such transientsin wind speed bins of 5 kn.

However, where in the previous Hywind datasets mooring transients were apparent as high intensity

peaks in both the pressure signal and spectrograms, barely any such signals were found in the

Hywind Tampen recordings.

Audible events that were identified in the Tampen data as potential mooring transients had little
resemblance to the -snaps®, -Scotlamdarécerdings. Thbenly g s ®, and
candidate noises that emerged from early analysis were temporally impulsive, with frequency content
predominantly below 1 kHz, but qualitatively sounded | i k e a f aAn example &kf soone &f thiese
suspected mooring transients is shown in Figure 23. Very few such events were discovered in the

data, and those that were identified were only found in periods where wind speed was greater than 30

kn. Due to the relative paucity of transients identified through impulse auto-detection, there were not
enough events to adequately tune JASCO®s automated
mooring transients present within the entire dataset.
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Figure 23. Spectrogram showing suspected mooring transients (vertical lines) from Station 1 among tonal turbine
related noise (horizontal lines).

The water depth and swell fetch at the Tampen site are conducive to the propagation of even greater
swell heights than at the Hywind Scotland site and yet, despite this, transients at Hywind Scotland
were frequent and evident at much lower wind speeds than in this study. This suggests that the
relative lack of mooring noise at Tampen is related to differences in either the floating structure, the
mooring system, or both, rather than any difference in exposure to swell or other environmental
factors. It is possible that the buoyancy performance of the Tampen spar is such that it reduces the
structure ® sesponse to swell and elicits less vertical heave, placing less tension on the mooring
system. It may also be the case that thesmall-scale components of the Tampen mooring system
simply generate less noise, despite managing equal or greater magnitudes of spar heave.In one
period where a small number of possible mooring transients was highlighted, two sperm whales were
also audible at relatively close range, identified by two extensive click trains (Figure 24)

Sperm whale
clicks

Unstable tone
with harmonics {

Possible mooring

noise

Tonal noise from
generators / rotors

Figure 24. Log scale spectrogram, at 40 kn wind speed, showing possible Tampen mooring transients in the
presence of two echolocating sperm whales.

Document 04044 Version 2.0 23



JASCO Applied Sciences Hywind Tampen Floating Offshore Wind Farm

To further explore the mooring noise issue, directional analysis was then conducted on the potential
mooring noises shown in Figure 23 and Figure 24 to try to establish whether this noise could be
directly attributed to a particular Tampen structure or location in the honeycomb mooring layout. On
processing, the transients were clearly visible in the directogram (Figure 25) but it was immediately
apparent that the source of the noise was from an Easterly direction from Station 1 and therefore most
unlikely to be attributable to the Tampen mooring system.
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Figure 25. Directogram of suspected mooring noise 2 showing the origin of the impulses from outside the wind
farm. Colours indicate the likely direction of origin of sounds according to the displayed colour wheel, orientated
conventionally with north at the top.

To provide an alternative investigative approach to the number of transients in the recorded data, the
overall impulsiveness of the data wasinterrogated. This method has a wider utility as it is also
important to characterise the impulsiveness of the overall noise field from the Tampen site to
determine which hearing threshold shift regulatory criteria are most appropriate to apply for impact
assessment Impulses are, by definition, acoustic events that are both broadband and of short duration
(<1 s) with high peak sound pressures and short rise times (NIOSH 1998, NMFS 2018).

Kurtosis is one approach which has been suggested to quantify the impulsiveness of an acoustic
signal (Martin et al. 2020). Kurtosis ([ ) is defined as the ratio of the fourth moment to the squared
second moment of the instantaneous sound pressure:

P n 7

Y n n

i - 3)
EB a7

where pi is the ith sample of instantaneous sound pressure, Dis the arithmetic mean of sound
pressure, and N is the number of data samples in the analysis window that affects resulting value forZ.
As suggested in Martin et al. (2020), a one-minute analysis window was used for this project. Kurtosis
of 3 represents random Gaussian noise, while kurtosis of 40 is used as a threshold for determining if a
soundscape is impulsive for purposes of determining if an impulsive or non-impulsive hearing
threshold shift threshold is exceeded (Southall et al. 2019). Kurtosis for wind driven underwater
ambient noise is also ~3.

A comparison of the distribution of one-minute kurtosis of the unweighted acoustic data from each
recorder up to 25 April is presented in Figure 26. The empirical cumulative distribution functions for
one-minute kurtosis are very similar for all recorders, with the shape of the curves indicating the data
at the two recorders farther from the array (Stations 2 and 4) may be fractionally more impulsive than
either of the recorders closer to the turbines. The kurtosis at all four recorders is extremely low,
however; at all recorders a minimum of 97% of observations had a kurtosis of 4 or below, which is well
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below the threshold of 40 for fully impulsive data. Additionally, the occurrence of highly impulsive
minutes (Z > 40) is exceptionally rare at all recorders. Use of the non-impulsive thresholds from
Southall et al. (2019) is therefore recommended.

Based on this and the manual analysis of the windows selected based on consistent wind speed, it
appears there are far fewer transients originating from the Hywind Tampen mooring system than the
Hywind DEMO or Hywind Scotland systems.
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Figure 26. Empirical cumulative distribution functions for the one-minute kurtosis of unweighted signals at
Stations 1 to 4.

Consequently, manual and kurtosis analysis failed to reveal the presence of any significant transient
mooring noise that was being generated at levels exceeding the background noise, even at wind
speeds exceeding 30 kn. This marks a significant departure from previous Hywind floating WTG
designs and is a significant factor in reducing the overall system underwater noise.

3.2.5. Cod Vocalisation Detection

One secondary aim of this study was to assess the presence ofspawning North Atlantic Cod (Gadus
morhua) vocalisation noise in the data. A combination of automated detector-classifiers (referred to as
automated detectors) and manual review was used to identify cod sounds in the acoustic data. In
addition to automated detectors for cod, automated detectors were also run to detect the presence of
marine mammals; results for the marine mammal detectors are presented in Appendix D.

Cod grunt detectors were applied to the full data set in the first instance. The automated tonal signal

detector identified continuous contours of elevated energy and classified them against a library of cod

grunt frequency and time characteristics. I n addition
published fish detector (Mouy et al. 2024) was run against the data. This detector is comprised of a

convolutional neural network that was trained to recognize a variety of fish sounds occurring in the 0-

1200Hz band. Automated detectors are developed, trained, and tested to be as reliable and broady

applicable as possible. However, the performance of automated detectors varies across acoustic

environments (e.g., Hodge etal. 2015 ©i r ov i h gErbs et &..2012 Delabue et al. 2018).
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Therefore, automated detector results must always be supplemented by some level of manual review

to evaluate automated detector performance. Here, a subset of acoustic files was manually reviewed

for the presence/absence of cod acoustic signals viaspectrogr am revi ew i n JASCO®s
software. The subset, representing 100 sound files per station (~33 h worth of 20 min 64 kHz sound

files), was selected based on automated detector results viaJ A S C @\@amatic Data Selection for
Validation (ADSV) algorithm (Kowarski et al. 2021).

No cod grunts were confirmed during the manual review of acoustic data. Although acoustic detection
does indicate presence, an absence of detections does not necessarily indicate absence of cod. An
animal may be present but not detected if no individuals were vocalizing near the recorder, their
signals were masked by environmental and/or anthropogenic noise sources, or a combination of these
factors. Different sound propagation environments and different seasonal effects will impact the
detection range of a given signal over time and, therefore, influence the number of detectable signals.
Seasonal variations in vocalizing behaviour can also influence the detectability of a species.

Since detection of cod vocalisation was only a secondary aim of this analysis, the placement of
acoustic recorders and other decisions related to study design were not considered with this purpose
in mind. A more comprehensive study designed explicitly for this purpose would be required to infer
the presence of cod. For this and the reasons outlined above, the lack of cod grunt detections in this
study should not be used to conclude the absence of in the Hywind Tampen area.

3.2.6. Other Anthropogenic Noise

In addition to the Tampen WTG and mooring system noise, several other sources of noise contributed
to the overall soundscape. One significant and contaminating source unrelated to the Tampen wind
farm was seismic survey airgun signatures, particularly towards the end of the first recording period,
continuing into late September in the long-term recorded data. It is unknown exactly when the seismic
survey began as that start event occurred during the data outage period, but regular seismic airgun
pulses were observed in a small window of data on 8 May 2024 so the onset must have been before
that date. It is not known whether the seismic survey started before then or if it was in constant
operation throughout the data redaction period.

Evidence of this noise, characterised as a continuous series of low frequency, repetitive, impulses, can
be seen in the elevated levels present at the corresponding times for all stations in Figures 8 to 11. A
second, louder period of seismic activity can be seen in the Station 2 LTSA (Figure 9) beginning in
late August. The seismic surveys increased noise levels below 100 Hz at all Stations masking all tonal
noise from the turbines during this time. A waveform and spectrogram showing a short period of
seismic activity is shown in Figure 27. The seismic airgun signal can be seen to totally dominate the
waveform and the low frequency energy in the spectrogram in Figure 27. Closer inspection reveals
multiple seismic sources: one with a shorter gap between pulses with energy predominantly below

50 Hz, and a second with a longer inter-pulse interval with more energy above approximately 250 Hz.
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Figure 27. Spectrogram and waveform showing assumed seismic survey noise at Station 1.

Directional analysis (see Section 3.4.1 for details) of the seismic survey activity at Station 1 clearly
identifies the two separate events. One survey is located to the south of the Tampen area and the
second survey to the northeast, the survey to the south being somewhat closer to the Tampen site
(Figure 28). Similar directional analysis of the louder period of seismic activity at Station 2 identified at
least five distinct seismic sources operating concurrently from different directions with individual
temporal and frequency characteristics (Figure 29), including one source apparently much closer than
the others which further dominated the total sound levels. The closest, and hence loudest source,
appears to be north of the station, with the corresponding peaks in the waveform much higher than
the other sources. Other apparent sources include one to the west with a comparatively rapid inter-
pulse interval (shown in purple), one to the south east with a narrow pulse and energy above 100 Hz
(dark blue), one to the south only faintly visible in the directogram with energy predominantly between
100 and 300 Hz (light blue), and one to the northeast with only faint, indistinct pulses and energy
primarily below 100 Hz (yellow).
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Figure 28. Directional processing at Station 1 reveals two separate seismic surveys to the North and to the South.
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Figure 29. Directional processing at Station 2 reveals at least five distinct seismic sources.

Occasional evidence of vessel activity was also present in the sound files, with one example shown in
Figure 30. The vessel engine signature is apparent before it starts its drive train, which is seen as a
sudden onset of cavitation noise which lasts for approximately 20 minutes before the drive train is
stopped. Noise levels are instantaneously and visibly increased at frequencies below 15kHz, and
tones that are associated with the Tampen WTGs appear masked during this period. The vessel is
either stationary, or station keeping and does not appear to be transiting through the area as there is
no clear doppler change to any of the engine tones, nor a characteristic passing vessel broadband
pattern to the cavitation. This may be a maintenance or guard vessel operating within or close to the
wind farm and the broadband cavitation could be associated with thrusters in a dynamic positioning
system. A more detailed and annotated spectrogram of this event, highlighting the components of the
signal is presented in Figure 31.
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Figure 30. Spectrogram and waveform of suspected vessel on dynamic positioning. The period of high intensity

sound starts and stops abruptly and lasts for approximately 20 minutes.
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Figure 31. Annotated spectrogram showing onset of high-power dynamic positioning (DP).

Other, more distant vessel activity was observed in certain sound files with one example shown in

Figure32. The vessel ®s cavitation noise is Vvisible as ref(¢
2-3 seconds each, fading in and out of audibility. The signal shows characteristics of propeller

cavitation for a vessel underway in higher sea states, where the propeller(s) depth increases and

decreases as the stern of the vessel rises and falls on the waves.As the propeller comes up towards

the surface, cavitation occurs but as it moves deeper into the water, the ambient water pressure rises

and suppresses cavitation. Engine and drive train tones are also evident.

When selecting periods to highlight the tonal elements of the Tampen noise signature, there was a
minor degree of contamination from vessel noise which introduced unrelated engine tones to the
noise field and occasionally cavitation noise. Every effort was made to reject these periods, but it is
evident in one or two spectrograms that there are faint engine tones from distant vessels.
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Figure 32. Spectrogram and waveform showing vessel noise at Station 1.
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3.3. Comparison of Sound Levels with Ambient Conditions

This section presents correlation analyses between sound levels in representative decidecade bands
(also called third-octave bands, see Appendix A.2) at all recording stations, wind speed reported at
the turbine nacelles, and WTG rotor RPM.Wind speed and rotor RPM values presented in this section
were averaged over all turbines in the array. The decidecade bands chosen were the same as those
used to compare noise levels to environmental conditions in the analysis of sound levels at Hywind
Scotland (Burns et al. 2022), with the addition of the 25 Hz decidecade band which contains the
prominent tone identified in Sections 3.1 and 3.2. Data from the beginning of the recording campaign
up to 25 April 2024 was considered to avoid contamination from the seismic survey noise.

The correlation coefficient, g, presented above each figure in this section indicates the strength and
direction of any monotonic correlation, i.e. a check if the data series is entirely non-decreasing or non-
increasing. The magnitude of correlation coefficient indicates the strength of correlation, while the sign
indicates direction of correlation, i.e. a value of 1 indicates perfect positive correlation, -1 indicates
perfect negative correlation, and 0 indicates no correlation.

A comparison of wind speed with the rotor RPM averaged across all turbines is shown in Figure 33,
with an evident strong positive correlation between the two parameters. A prominent upper governed
limit of the rotor, at 10.5 RPM, is evident as the wind approaches 20 kn, with this limit never exceeded
regardless of the increase in wind speed above this. There is also an apparent lower limit of the rotor
at approximately 3.5 RPM, though it is not clear whether this is a true minimum RPM of the system or
if wind and rotor speeds below this are not reported in the software. The rotor RPM appears to
increase approximately linearly from the minimum to the maximum RPM between approximately 8 kn
and 20 kn.

p= 0.792759
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Figure 33. Correlation between average wind speed and rotor RPM across all turbines.

3.3.1. Correlation With Wind Speed

Results of correlation analysis between wind speed and the sound levels in the selected decidecade
bands are shown in Figures 34 to 37. The plots indicate a strong positive correlation between wind
speed and levels in the 25 Hz band (associated with the strong tone seen throughout many
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recordings), and weak to moderate positive correlation in the 20 Hz band, as evidenced in Figures 34
to 37. The test for correlation only considers a monotonic relationship, while the relationship between
wind speed and levels in these bands appears to be somewhat more nuanced, particularly at Stations
1 and 3 closer to the turbines. In these plots, there appears to be an increase then decrease in levels
in the 20 Hz band centred on a wind speed of approximately 15 kn, before a more gradual increase in
levels with wind speed. Similarly, in the 25 Hz band there appears to be reduction in levels centred on
this same wind speed, before a rapid increase in levels with wind speed and an apparent plateau.
Given the relationship between wind speed and rotor RPM observed in Figure 33, this supports the
observation that the fundamental tone described by Equation 1 is related to the generator rotation rate
rather than wind speed directly; the relationship with RPM is explored in more detail in Section 3.3.2.
Correlation between levels in the 80 Hz decidecade band (which contains the tone at approximately
75 Hz; Figures 34 to 37) varies from strong to weak with increasing distance from the wind turbines.
This 75 Hz tone is also rotationally related to the turbines by a factor of three as described in Equation
2, but does not appear to be as strongly discernible as the fundamental tone at distance.

All four stations show moderate to strong positive correlation between average wind speed and levels
in the 3,150 and 12,500 Hz decidecade bands (Figures 34 to 37). Levels in this frequency range are
known to increase with increasing surface agitation as caused by increasing wind speed (Wenz 1962).
Conversely, all four stations show only very weak correlation between wind speed and sound levels in
the 630 Hz band (Figures 34 to 37), indicating there is little turbine related noise or wind agitation
related noise in this band.
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Figure 34. Station 1 2 Comparison of wind speed with levels in selected decidecade bands. Strength and
direction of correlation between average wind speed in knots across all turbine nacelles compared to levels in the
stated decidecade bands.
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Figure 35. Station 22 Comparison of wind speed with levels in selected decidecade bands. Strength and
direction of correlation between average wind speed in knots across all turbine nacelles compared to levels in the

stated decidecade bands.
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Figure 36. Station 3 2 Comparison of wind speed with levels in selected decidecade bands. Strength and
direction of correlation between average wind speed in knots across all turbine nacelles compared to levels in the
stated decidecade bands.
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