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Executive Summary 

This report presents methods, observations, data analyses, results, and conclusions from passive acoustic 

monitoring (PAM) surveys conducted during the operational phase of Coastal Virginia Offshore Wind 

Pilot Project (referred to as CVOW in this report). The monitoring was conducted under the United States 

(U.S.) Department of the Interior (DOI), Bureau of Ocean Energy Management’s (BOEM) Real-Time 

Opportunity (RODEO) for Development Environmental Observations Program.  

PAM data were recorded over approximately 40 days during the operational phase of CVOW to measure 
underwater sound levels within the water column and seafloor sediment vibrations generated by the 

revolving turbines. Data were collected using one Geosled; two Ocean Bottom Seismometers; and one 

RBRconcerto conductivity, temperature, and depth logger deployed approximately 1.3 kilometers from 

Turbine A01 and 352 meters (m) from Turbine A02.  

Underwater noise levels recorded during turbine operations ranged from 120 to 130 decibels referenced to 

a pressure of 1 micropascal (dB re 1 µPa) except during storms, when the received levels increased to 
145 dB re 1 µPa. Recorded particle acceleration levels were compared to published behavioral 

audiograms of selected fish species (e.g., Atlantic salmon [Salmo salar], dab [Limanda limanda], Atlantic 

cod [Gadus morhua], and plaice) and were found to be below the respective hearing thresholds for these 
species. Additionally, all recorded measurements at CVOW were below the temporary threshold shift 

(TTS) and permanent threshold shift (PTS) onset criteria for marine mammals recommended by the 

National Marine Fisheries Service1.  

Operational phase sound levels recorded at CVOW were higher (10 to 30 decibels [dB]) than those 

previously recorded at the Block Island Wind Farm (BIWF) at frequencies below approximately 120 hertz 

(Hz). It is hypothesized that the higher operational noise recorded at CVOW is due to vibrations in the 
monopile structures. The BIWF foundations are lattice-jacket structures with four legs and have no 

detectable structural vibrations. It is possible that the CVOW monopile foundations vibrate when the 

turbines are operating, and the vibrational energy is transmitted into the water column and seabed. This 
hypothesis needs additional investigation, both for the structural vibration mechanisms and potential 

biological effects. 

At frequencies above 120 Hz, CVOW’s operational phase monitoring results were broadly consistent with 

operational phase acoustic monitoring previously conducted at wind farms in the U.S. (BIWF) and 

Europe. At the BIWF, for example, underwater sound levels recorded at 50 m from operational turbines 

were near background (ambient) levels, and often not measurable due to other natural and anthropogenic 
noise (waves or boat sounds). Recorded sound levels at BIWF were also below the underwater TTS and 

PTS onset criteria for marine mammals. It should also be noted that lattice-jacket foundations were 

employed at BIWF, whereas monopile foundations were used at CVOW.  

The data, results, conclusions, and recommendations presented in this report were generated for the U.S. 

DOI, BOEM, by the HDR RODEO Program Team under IDIQ Contract M15PC00002, Task Order 

140M0118F0006. 

 

 

1 the behavioral harassment threshold for non-impulsive sound is 120 dB, and the TTS and PTS thresholds 

mentioned are above 150 dB (metric is the weighted cumulative sound exposure level). 
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1 Introduction 

This report presents methods, observations, data analyses, results, and conclusions from passive acoustic 
monitoring (PAM) surveys conducted under the United States (U.S.) Department of the Interior Bureau of 

Ocean Energy Management’s (BOEM) Real-Time Opportunity for Development Environmental 

Observations (RODEO) Program. The monitoring was conducted during the operational phase of the 

Coastal Virginia Offshore Wind Pilot Project2 (referred to as CVOW in this report). PAM was conducted 
within the project area under the RODEO Program. Lessons learned from monitoring conducted under the 

RODEO Program will guide future commercial wind energy development in the U.S. 

1.1 RODEO Program  

The purpose of the RODEO Program is to make direct, real-time measurements of the nature, intensity, 
and duration of potential stressors during the construction and initial operations of selected proposed 

offshore wind facilities. The purpose also includes recording direct observations during the testing of 

different equipment types that may be used during future offshore development to measure or monitor 

activities and their impact-producing factors (stressors).  

BOEM conducts environmental reviews, including National Environmental Policy Act analyses and 

compliance documents, for each major stage of energy development planning, including leasing, site 
assessment, construction, operations, and decommissioning. These analyses include 1) identification of 

impact-producing factors and receptors such as marine mammals and seafloor (benthic) habitats; and 

2) evaluation of potential environmental impacts from the proposed offshore wind development activities 
on human, coastal, and marine environments. The analyses require estimations of impact-producing 

factors such as noise and the effects of the stressor on the ecosystem or receptors. Describing the impact-

producing factors requires knowledge or estimates of the duration, nature, and extent of the impact-

generating activity.  

BOEM may use the RODEO Program monitoring data as inputs to analyses or models that evaluate the 

effects of future offshore wind turbine construction and operations, as well as facilitate operational 
planning that would reduce potential impacts to the greatest extent possible. The understanding and 

insights gained from the RODEO Program data analyses will help BOEM identify, reduce, and mitigate 

environmental risks in the future, and significantly increase the efficiency and efficacy of BOEM’s 
regulatory review process for offshore wind development in the U.S. Finally, RODEO Program data will 

support the prioritization of future monitoring efforts and risk retirement. For example, if the RODEO 

Program monitoring data indicates the likelihood of impacts from a particular project development phase 

is low or inconsequential, then such phases may not be monitored during future projects. 

It is important to note that the RODEO Program is not intended to duplicate or substitute for any 

monitoring that the developers of the proposed projects may otherwise require to be conducted. 
Therefore, RODEO Program monitoring is limited to selected parameters only. Also, RODEO Program 

monitoring is coordinated with the industry and is not intended to interfere with or result in a delay of 

industry activities.  

 

2 Methods, observations, data analyses, results, and conclusions from environmental monitoring surveys conducted 

during the construction phase of CVOW were previously reported in Volume 1 (HDR 2020). 
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All RODEO Program field activities were conducted in accordance with a BOEM-approved Field 

Sampling Plan, which included a project-specific Health and Safety Plan3. 

1.2 Coastal Virginia Offshore Wind Pilot Project  

Dominion Energy, Inc. (Dominion) operates CVOW, which is located 27 miles off the coast of Virginia 

Beach, Virginia, on an 8.6-square-kilometer (2,135-acre) site leased by the Virginia Department of Mines, 
Minerals, and Energy (DMME). This is the first offshore wind farm within federal waters and the second 

to become operational within the U.S.  

Dominion had an agreement with the Virginia Department of Energy (formerly known as the DMME) to 
build and operate two 6-megawatt (MW) wind turbines on monopile foundations at this site during the 

first (pilot) phase of the project. The turbine location (Figure 1) coordinates are: 

• Turbine A01: Latitude 36 degrees (°) 53.7772 North (N); Longitude 75° 29.4980 West (W)  

• Turbine A02: Latitude 36° 53.2100 N; Longitude 75° 29.4943 W 

During the pilot phase of this project, two monopile turbine foundations were installed by pile driving on 

25 and 30 May 2020. Each monopile has a 7.8-meter (m) diameter and an approximately 67-m length. A 
34-kilovolt submarine power distribution line that runs from the turbines to a connection point in 

Dominion’s electrical system near Camp Pendleton was subsequently installed. The transmission line is 

buried approximately 2 m under the seabed for much of its length, and it comes ashore through a 1,000-m 

conduit installed under the beach.  

Initial operations and testing of the turbines were completed in October 2020. The two turbines generate 

12 MW of energy.  

1.3 Report Organization 

Key results, observations, and conclusions from environmental monitoring conducted during the 

construction of offshore wind structures at the two sites are summarized in individual sections of this 

report. Selected raw data and detailed discussions are contained in technical reports, which are provided 

as digital appendices to this summary report. This report is organized as follows:  

• Section 1 presents an overview of the RODEO Program and includes a summary description of 

CVOW.  

• Section 2 contains methods, results, and conclusions from CVOW’s operational phase of PAM. 

• Section 3 lists the references cited in this report. 

• Appendix A includes the hydrophone and geophone sensitivity curves. 

  

 

3 See Volume 1 (HDR 2020) for a copy of the Field Sampling Plan and Health and Safety Plan.  
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Figure 1. Location of the two CVOW Pilot Project monopile turbines 
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2 CVOW Operational Phase Passive Acoustic Monitoring  

Noise from operational turbines is caused by the rotation of the wind-powered components, which 

generate mechanical vibrations in the nacelle that are transmitted down to the turbine foundation and into 

the surrounding water column and seabed. The correlation of mechanical vibrations of the turbine tower 

with sound pressure and particle motion measurements within the water column has been reported by 
several studies, including Lindell (2003) and Sigray and Andersson (2011), and is supported by model 

simulations (Marmo et al. 2013). 

Under BOEM’s RODEO Program, PAM data were recorded over approximately 40 days during the 

operational phase of CVOW to measure and analyze underwater sound levels within the water column 

and seafloor sediment vibrations generated by the revolving turbines. 

2.1 Monitoring Objectives 

PAM was conducted to measure and analyze underwater sound levels within the water column and 

seafloor sediment vibrations generated by the operating turbines. Data were collected over an 

approximately 40-day period from 13 December 2021 to 24 January 2022.  

2.2 Methods and Data Recording Systems 

Data were collected using one Geosled; two Ocean Bottom Seismometers; and one RBRconcerto 

conductivity, temperature, and depth (CTD) logger deployed approximately 1.3 kilometers (km) from 

Turbine A01 and 352 m from Turbine A02. Additional details on the data recording systems are presented 

below:  

1. Geosled 

a. Two Several Hydrophone Recording Units (SHRU) data acquisition systems (four 
channels each) housed in a Geosled  

b. One tetrahedral hydrophone array and one geophone (three-axis particle velocity and a 

hydrophone). The spacing of the hydrophones in the tetrahedral array was 52 centimeters. 
c. Seascan clocks 

d. Geo SHRU: 256 gigabytes (GB), approximately 10-kilohertz (kHz) sampling rate with 

pseudo-24-bit data 

e. Three-axis geophone with a co-located hydrophone connected to the geo SHRU 
f. Tetrahedral SHRU: 256 GB, approximately 20-kHz sampling rate with true 24-bit data   

g. Fixed 26-decibel (dB) gain on all SHRUs  

h. High-sensitivity (-170 dB referenced to 1 volt per micropascal [V/µPa]) hydrophones on 
tetrahedral  

2. Two ocean bottom seismometers (Ocean Bottom Recorders Geophone and Hydrophone Sensor 

Systems [OBX] 14396 and 4010)  

a. Sampling rate of 2 kHz for 50 days, limited by batteries  
b. 128 GB, true 24-bit data on all channels 

c. Pre-amp gains set to 24 dB on all channels 

d. Chip-scale atomic clocks 
3. One RBRconcerto CTD logger  

a. One on Geosled  

b. 30-second sampling rate 

All stationary moorings were deployed on 14 December 2021 at 13:00 Coordinated Universal Time 

(UTC) using the research vessel (R/V) Virginia; the scientific party included scientists and engineers from 
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the University of Rhode Island and Woods Hole Oceanographic Institution. The moorings were recovered 
using the same vessel on 2 February 2022 at 19:00 UTC. The batteries powering the recording units lost 

power on 22 to 24 January 2021, at which point data collection stopped.  

Sound speed profiles (SSPs) were measured using a CTD device during both deployment and recovery 

cruises. Specifically, a CTD logger was attached to the Geosled to 1) obtain a water column CTD and 

SSP during the sled deployment, 2) monitor the environment over the entire deployment cycle, and 3) 

obtain a water column profile at the sled recovery. Wind and turbine rotational speed data for the duration 

of deployment were obtained from the project owners and used for data analysis.  

The Geosled and two OBX moorings were deployed approximately 1.3 km from Turbine A01 and 352 m 
from Turbine A02 (Table 1, Figure 2). All sensors were deployed to the east of the turbines to avoid 

contact with the submarine cable. Figure 3 shows the data coverage of the Geosled geophone (top panel) 

and tetrahedral hydrophone (bottom panel).  

Figure 4 shows the Geosled mooring showing the nominal positions of the three-axis geophones and two 

OBXs. The orientation of the OBXs were available through the heading sensor. Based on the heading 

sensor readings, the OBX 14010 and 14396 were oriented such that the angle between the propagation 
path and the inline axis were 18 degrees and 32 degrees (northern turbine), respectively. These angles 

were 3 degrees and 11 degrees for the southern turbine, respectively. Figure 5 shows the OBX with the 

inline, cross line, and vertical axes. Appendix A presents hydrophone and geophone sensitivity curves. 
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Table 1. PAM data recording systems deployed at CVOW 

Systems 
Data Collection 

Objective  

Sampling 
Rate 
(kHz) 

Location 

Distance 
from 

Turbine 
A01 (km) 

Distance 
from 

Turbine 
A02 (m) 

Water Column 
Depth (m) 

Comments 

Geosled with 
Tetrahedral 
Hydrophone Array 
and a Three-Axis 
Geophone 

Short-range particle 
velocity within the 
water column and 
at the seabed; 
pressure signal at a 
fixed range 

10 
36° 53.062 N 
75° 29.345 W 

1.3 352 26 

The SHRU data disks filled up 
and stopped sampling on 
21 January 2022 (for the 
tetrahedral array hydrophones) 
and 24 January 2022 (for the 
three-axis geophone) 

OBX Geophone 
and Hydrophone 
Sensor System 

Range dependence 
of short-range 
particle velocity 
within the water 
column and at the 
seabed; pressure 
signal 

2 
36° 53.062 N 
75° 29.345 W 

1.3 352 26 

The OBXs stopped recording 
on 21 January 2022 (since they 
had been switched on the day 
before, they were shipped to 
the site during the last week of 
November 2021) 
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Figure 2. Geosled and OBX mooring locations 
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Figure 3. Data coverage of the Geosled geophone (top) and tetrahedral hydrophone (bottom) 

Note: Y-axis shows the successful receptions in minutes per every hour of deployment. The geophone SHRU had more dropouts compared to the tetrahedral 
hydrophone SHRU. 
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Figure 4. Mooring diagram for the Geosled, showing the sensor spacings 
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Figure 5. OBX with the inline, cross line, and vertical axes defined (left); OBX after recovery on the 
deck of the research vessel (right) 

2.3 Data Analyses and Key Results  

Key results from analyses of data collected using the 1) RBRconcerto CTD logger (associated with the 

Geosled), 2) OBX, and 3) tetrahedral array are presented in Subsections 2.3.1, 2.3.2, and 2.3.3, 

respectively.  

2.3.1 RBRconcerto CTD Logger Data Analysis 

Figures 6 and 7 show temperature, salinity, sound speeds, and pressure (depth) data recorded by the 
RBRconcerto CTD logger mounted on the Geosled. Data indicated a reduction in water temperature of 

approximately 5 degrees Celsius (°C) over the deployment period. In-water sound speeds decreased by 

approximately 20 meters per second (m/s) over the same period. The average water depth recorded was 

26.25 m, with a tidal range of more than 1 m (Figure 7).  
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Figure 6. Temperature, salinity, and sound speed data  

Note: Deg = Degree; PSU = Practical Salinity Unit  
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Figure 7. Mean water depth and the tidal variation data 

The left and right panels of Figure 8 show the temperature, salinity, and SSPs as a function of depth 

measured during deployment and recovery, respectively. The February profile (right panel) is iso-velocity 

in nature, and the December profile (left panel) shows surface cooling. 
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Figure 8. Temperature, salinity, and SSPs measured during the 14 December 2021 deployment at 13:00 UTC (left panel) and 2 February 
2022 recovery at 19:00 UTC (right panel) 

Notes: Deg = Degree; PSU = Practical Salinity Unit 
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2.3.2 OBX Data Analysis 

In addition to compressional wave (P-wave) and shear wave (S-wave), the sea bottom, depending on the 

rigidity of the sediments, may support other types of waves. An example are interface waves, which travel 
along the boundaries of two media. For an interface between water and sediment, two types of interface 

waves are possible: Love waves and Scholte waves. Scholte waves result from a combination of P and SV 

(vertically polarized shear wave) motions, while Love waves result from SH (horizontally polarized shear 

waves trapped near the interface). The energy carried by interface waves decays with distance r from the 
source as 1/r. These waves are slightly slower than the shear waves, and they arrive at a receiver after the 

P- and S-waves arrive. Scholte waves have maximum amplitude at the interface, and the amplitude 

reduces exponentially with distance away from the interface on both media.  

Increasing evidence suggests that anthropogenic substrate-borne energy is likely to adversely affect 

benthic invertebrates (Roberts and Elliot 2017). The results of experiments conducted by Roberts and 
Elliot (2017) indicate that animals are sensitive to, and respond directly to, anthropogenic stimuli 

propagating within the sediment. The Roberts and Elliot (2017) study concluded that in the aquatic 

environment, management and consenting procedures concerning anthropogenic sources should not only 

consider water-borne acoustic energy but should also include the potential impact of sediment vibration. 
Measurement of seabed vibration in our study using OBX is an important step toward understanding the 

impact on benthic invertebrates. 

Figure 9 shows the root mean square (rms) values calculated from the OBX data for the deployment 

duration. The rms values are calculated over 1-minute time windows for the three particle velocity 

components (vertical, inline, and cross line) and acoustic pressure (hydrophone data) starting on 
15 December 2021 at 00:00:00 UTC. The left panel in Figure 9 corresponds to OBX 14010, and the right 

panel corresponds to OBX 14396. The rms particle velocity and pressure values measured on the two 

OBXs seem to be very similar on both OBXs, and some of the peaks correspond to increased wind/wave 

activity.  

Figure 10 shows an example time series of particle velocity components (in millimeters per second 

[mm/s]) and acoustic pressure (in pascals [Pa]) of 10-minute duration (left panel). The data corresponds to 
12 January 2022, starting at 08:02:00 UTC. The waves during this time were approximately 0.7 to 0.75 m 

(significant wave height), and the wind speed was 5 to 6 m/s. The two turbines were rotating at 9 to 

10 revolutions per minute (rpm) during this period. The range of values for the particle velocity 
amplitudes (u ) and pressure (p) (y-axis range) is related through the characteristic impedance of water 

(ρc) (assuming plane propagating waves) as follows: 𝑝𝑝 = 𝜌𝜌𝜌𝜌𝒖𝒖 

Based on the plane wave assumption, assuming sound speed and density of 1,500 m/s and 1,000 

kilograms per cubic meter (kg/m3), for an acoustic pressure magnitude of 5 Pa, the particle velocity 

should be equal to 3.3 micrometers per second (µm/s). It should be noted that this is an approximation 

since the plane wave assumption is not entirely correct. This check is only meant to be an order of 

magnitude comparison. 

Therefore, the range of particle velocity values seems reasonable. The right panel in Figure 10 shows the 

spectrogram of a portion of the data, of 1 minute duration, shown on the left panel. Tonals can be seen in 

all channels. 

The tonals present in the particle velocity and pressure data can be clearly seen in the power spectral 

density diagrams (Figure 11). The left panel in Figure 11 shows the power spectral density calculated 
using Welch’s periodogram methods for the three-particle velocity components, and the right panel shows 
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the same for acoustic pressure. The low frequencies appear to contain considerable energy, both in the 

pressure and particle velocity components. 

Figure 12 is similar to Figure 10 and shows the time series (left panel) and spectrogram (right panel). 
The data correspond to a different day (3 January 2022; 17:19:00 UTC). The left panel (time series) is 

plotted for a duration of 10 minutes and the spectrogram (right panel) is for a duration of 1 minute. Note 

that the range of pressure and particle velocity amplitudes are much higher for this day (approximately 20 

times). This period corresponds to very strong wave activity, with significant wave heights reaching 

approximately 4 m.  

The right panel of Figure 13 shows the sound pressure level (SPL) in dB referenced to 1 micropascal (dB 

re 1 µPa). The data from two OBXs (shown in red and black) overlap as they were separated by only 5 m. 

The left panel in Figure 13 is published data from Tougaard et al. (2020), showing the SPL as a function 
of turbine size. Note that, in this figure, the measurements have been normalized to a distance of 100 m 

and a wind speed of 10 m/s. Solid lines represent best fitting straight lines, and broken lines indicate the 

standard error. Based on the trend line and the standard errors, for a 6 MW turbine, the SPLs will be 

approximately in the range 110 to 125 dB re 1 µPa. CVOW measurements seem to be within the range of 
values shown in the historical data. Note that this is only a very approximate comparison as the effect of 

many other parameters (e.g., wind speed, range, environmental and bottom conditions) needs to be 

considered to make an apt comparison.  
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Figure 9. Rms values calculated from the OBX data (OBX 14010 [left panel] and OBX 14396 [right panel]); the four panels (from top to 
bottom) are the vertical, inline, and cross line particle velocity components and acoustic pressure, respectively. 

Note: The rms values are calculated over 1-minute time windows for the three particle velocity components (vertical, inline, and cross line) and acoustic pressure. 
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Figure 10. Particle velocity (top three subplots) and acoustic pressure (bottom subplot) measured on OBX 14396 on 12 January 2022, 
starting at 08:02:00 UTC (left panel) 

Note: The right panel shows the spectrogram of the signals shown on the left. 
µm/s = micrometers per second; min = minute(s); vert = vertical; xline = cross line 
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Figure 11. Power spectral density calculated using Welch’s periodogram methods for the three-particle velocity components (left panel), 
with the same for acoustic pressure (right panel) 

Note: The data correspond to 12 January 2022, 08:02:00 UTC. 
Hz = hertz; nm/s = nautical mile per second   
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Figure 12. Three-particle velocity components and the acoustic pressure measured on the OBX (left panel) from 3 January 2022 at 17:09 
UTC 

Note: The right panel shows the spectrogram of the acoustic pressure and particle velocity. The x- axis on the right panel shows a total duration of 1 minute, while 
the left panel shows a total duration of 10 minutes. Data correspond to 3 January 2022, 17:19:00 UTC. 
Hz = hertz; µm/s = micrometers per second; min = minutes; vert = vertical; xline = cross line   
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Figure 13. SPLs produced by wind turbines of different sizes measured at 100 m and at a wind speed of 10 m/s  

Source: Tougaard et al. 2020 
Note: Solid lines represent best fitting straight lines, and broken lines indicate the standard error. The right panel shows the data from the two OBXs. 
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To understand the impact of interface (Scholte) waves, a technique used extensively in geophysical 
community called Random Decrement (RayDec) was applied to the data collected by the OBX. RayDec 

is a fast and simple method to identify interface waves and determine the azimuth of these arrivals. It 

suppresses Love and other body waves efficiently. The azimuth angles are searched for in such a way that 

it maximizes the correlation between vertical and horizontal particle motion components of the Scholte 
waves. The correlation is performed after shifting the horizontal components by a quarter period to 

compensate for the natural phase shift between vertical and horizontal components of interface waves 

(Hobiger et al. 2009).  

Figure 14 (left panel) shows the direction of arrival of Scholte waves estimated using the RayDec 

technique. Arrivals having high correlation between the vertical and horizontal particle motion 
components of the Scholte waves only are shown in this figure. Figure 14 shows significant Scholte wave 

arrivals in the low frequencies (less than 40 hertz [Hz]). They seem to come from approximately 300° 

azimuths. The exact direction can be calculated based on the orientation of the OBX, which will provide 

information about the potential source of the Scholte wave energy. Figure 14 (right panel) shows the 
acoustic pressure spectral density after filtering out the Scholte wave arrivals. The tonals can be very 

clearly seen. The data correspond to 12 January 2022 (shown in Figure 11).  

The particle acceleration was also calculated from the measured particle velocity, and Figure 15 shows an 

example (data corresponds to 12 January 2022 at 08:02:00 UTC). The particle acceleration is expressed in 

dB referenced to 1 micrometer per second squared (µm/s2) so it can be compared to published behavioral 
audiograms of fish (e.g., Atlantic salmon [Salmo salar], dab [Limanda limanda], Atlantic cod [Gadus 

morhua], plaice). These hearing sensitivity curves can be compared to the particle acceleration levels for 

the vertical, inline, and cross line components.  

It can be seen that the particle acceleration levels are below the hearing threshold of all fish considered 

here. This result is similar to what was observed near the operating wind turbines in the Block Island 

Wind Farm (BIWF) (HDR 2019). Figure 15 (right panel) shows the result from the BIWF (note that only 
the vertical particle acceleration component is shown for the BIWF). It should also be noted that lattice-

jacket foundations were employed at BIWF, whereas monopile foundations were used at CVOW. 
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Figure 14. Direction of arrival of Scholte waves (left panel) estimated using the RayDec technique 

Note: The right panel shows the acoustic pressure spectral density after filtering out the Scholte wave arrivals. 
s = second(s) 
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Figure 15. Particle acceleration level compared to behavioral audiograms of some fish (left panel). 12 January 2022 at 08:02:00 UTC 

Note: The right panel shows the similar comparison for BIWF vertical acceleration data.  

 

BIWF Project CVOW Project 
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2.3.3 Tetrahedral Array Data Analysis 

Acoustic particle accelerations were computed from the gradient of the acoustic pressures using the 

following equation: 

 

Where 

p is the acoustic pressure,  

u is the acoustic particle velocity, and  

ρ is the density of the medium.  

The pressure gradient, ∇p, was calculated using data provided by four hydrophones arranged at the 

vertices of a tetrahedral array. The particle velocity was estimated by numerical integration of the 

estimated acceleration. A second-order digital integrator with fractional delay was used to implement 
polynomial integration (i.e., Simpson’s Rule) of the acceleration time series (Crocker and 

Fratantonio 2016). 

The tetrahedral array measurements provide an estimate of the particle motion in the water column (at 

1 m from the seabed), whereas the OBXs measured the particle velocity at the water-sediment interface. 

The OBX measures shear and interface waves (Scholte) in addition to compressional waves, whereas the 

water column measurements consist mostly of compressional waves. Interface waves (Scholte waves) 
have maximum amplitude at the water-sediment interface and decay exponentially with distance away 

(both in the sediment and water) from the seabed. Vibrations in the sediment are particularly important 

for benthic invertebrates (Roberts and Elliot 2017) in addition to fishes. The presence of Scholte waves 
can be explored using the OBX data (since these waves will be stronger in the OBX data compared to 

tetrahedral data) by investigating the three components of particle motion.  

Figure 16 shows sample spectrograms (2-minute duration) from the hydrophones on the tetrahedral array 

(right panel) and the geophone channels (left panel). Few tonals are present in the hydrophone and 

geophone data. 

Figure 17 shows an example of the particle velocity calculated using the hydrophone data for the same 

time period as in Figure 10.
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Figure 16. Spectrograms (2-minute duration) from the tetrahedral array (right panel) and the geophone channels (left panel) 

Note: CH = Channel
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Figure 17. Particle velocity components calculated using the acoustic pressure measured on the 
tetrahedral array from 12 January 2022 at 08:02 UTC 

Figure 18 shows the rms values of the velocity data shown in Figure 17. Therms values were calculated 

from the velocity and pressure data calculated for the tetrahedral array data for the time period of 12 

January 2022, starting at 08:02:00 UTC. The rms values are calculated over 1-second time windows for 

the three particle velocity components (x, y, and z) and acoustic pressure. 
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Figure 18. Rms values of the particle velocity and pressure for the data shown in Figure 17 
starting at 08:02 UTC on 12 January 2022  

Note: The rms values were calculated for a time window of 0.42 sec.  

Figure 19 shows the power spectral density of the particle velocity data shown in Figure 18. Figure 20 

shows the acoustic pressure spectra calculated for the data shown on 12 January 2022 (08:02:00 UTC) for 

0.42-second-long segments. The average of these segments is shown as the white curve. This figure also 

shows the power spectral density during operation from the BIWF data (red curve). Note that the BIWF 
data were measured at 50 m from the turbine, whereas CVOW data are measured at 350 m. The dashed 

red line in Figure 20 shows the BIWF data extrapolated to 350 m by accounting for cylindrical spreading 

and absorption (0.025 dB per m).  
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Figure 19. Spectra of the velocity data shown in Figure 17 (12 January 2022; 08:02:00 UTC) 

Note: nm/s = nautical mile per second  



 

29 

 

 

Figure 20. Comparison of power spectral density of acoustical pressure data from tetrahedral data from CVOW and BIWF  

Note: The white and dashed red curves are the average values from CVOW and BIWF, respectively. The BIWF data (measured at 50 m) is adjusted for cylindrical 
spreading and absorption to extrapolate to 350 m. Spectra were calculated over 0.42-second-long intervals. The average spectra are shown as the white curve. 
Note that the time series for CVOW is plotted for a duration of 10 minutes and the spectrogram for BIWF is for a duration of 1 minute. 
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The noise data in Figure 20 show that CVOW levels are substantially (10 to 30 dB) higher than BIWF 
levels in the frequency below approximately 120 Hz. It is hypothesized that the higher operational noise 

is due to vibrations in the CVOW monopile structure. The BIWF foundations are lattice-jacket structures 

with four legs, and no detectable structural vibration was measured. The CVOW foundations are 

monopiles, and it is probable that the structures are vibrating and transmitting this vibrational energy into 
the water column and seabed. This subject needs more study, both for the structural vibration mechanisms 

and the potential biological effects. 

Figure 21 shows the particle acceleration spectral level calculated from the pressure data from the 

tetrahedral array (data correspond to 12 January 2022, 08:02:00 UTC). The particle acceleration is 

expressed in dB referenced to 1 µm/s2 so it can be compared to published behavioral audiograms of fish 
(e.g., Atlantic salmon, dab, Atlantic cod, plaice). These hearing sensitivity curves can be compared to the 

particle acceleration levels for the x, y, and z components. It can be seen that the particle acceleration 

levels are below the hearing threshold of all fish considered here. This finding is consistent with 

observations made during similar operational phase monitoring conducted for the BIWF Project 

(HDR 2019). 
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Figure 21. Particle acceleration levels compared with behavioral audiograms of four fish species  

Note: These data are from the tetrahedral array showing the acceleration levels at 1 m above the seafloor. The right panel shows the similar comparison for BIWF 
vertical acceleration data. 

 

CVOW Project BIWF Project 
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2.4 Conclusion, Discussion, and Recommendations for Future Monitoring 

Data analysis indicated that underwater sound levels recorded (approximately 350 m from Turbine A02) 

during turbine operations at CVOW were relatively low (the received levels ranged between 120 and 
130 dB re 1 µPa, except during storms when the received levels increased to 145 dB re 1 µPa). Recorded 

particle acceleration levels were also low. These were compared to published behavioral audiograms of 

selected fish (e.g., Atlantic salmon, dab, Atlantic cod, plaice) and found to be below the hearing threshold 

of these fish. Overall, all recorded measurements were below the temporary threshold shift (TTS) and 
permanent threshold shift (PTS) onset criteria recommended by the National Marine Fisheries Service 

(NMFS) Marine Mammal Guidance4 (NMFS 2018).  

Operational phase sound levels recorded at CVOW were measurably higher than those previously 

recorded at the BIWF at frequencies below approximately 120 Hz. It is hypothesized that the higher 

operational noise recorded at CVOW is due to vibrations in the monopile structures. The BIWF 
foundations are lattice-jacket structures with four legs and have no detectable structural vibrations. It is 

possible that CVOW monopile foundations vibrate when the turbines are operating, and the vibrational 

energy is transmitted into the water column and seabed. This hypothesis needs additional investigation, 

both for the structural vibration mechanisms and potential biological effects. 

At frequencies above 120 Hz, CVOW’s operational phase monitoring results are broadly consistent with 

operational phase acoustic monitoring previously conducted at wind farms in the U.S. (BIWF) and 
Europe. At the BIWF, for example, underwater sound levels recorded at 50 m from operational turbines 

were near background (ambient) levels, and often not measurable due to other natural and anthropogenic 

noise (waves or boat sounds) (HDR 2019). There are, however, some important caveats to note when 
making such a comparison, including the differences in size and structure of European turbines versus 

those used at BIWF and CVOW. Additionally, CVOW and BIWF results are not directly comparable due 

to differences in foundation type and other key variables. Recorded operational sound levels at the BIWF 

(approximately 100 dB re 1µPa rms measured at a distance of 50 m at a frequency of 70 Hz) were below 

the TTS and PTS onset criteria recommended by the NMFS Marine Mammal Guidance (NMFS 2018).  

Similar studies conducted in Europe indicate that operational noise from wind farms is continuous in 
nature and is characterized by tonal components at frequencies below 1,000 Hz (Degn 2000; Betke et 

al. 2004; Madsen et al. 2006; Wahlberg and Westerberg 2005; Tougaard et al. 2009; Sigray and 

Andersson 2011). Although operational wind farms produce broadband low-frequency noise, operational 
noise tends to be of low amplitude and is relatively localized (Madsen et al. 2006; Evans 2008; 

Wilhelmsson et al. 2010; Scheidat et al. 2011; Mooney et al. 2020). As a result, the risk of negative 

impacts to protected marine species such as marine mammals are expected to be minor, as low noise 

levels make injury or masking highly unlikely (Madsen et al. 2006; Bailey et al. 2014; Verfuss et 

al. 2015; Tougaard 2018).  

2.4.1 Recommendations for Future Monitoring 

Because of the low sound levels recorded during operational monitoring conducted under the RODEO 

Program at CVOW and BIWF, and the very low probability of these sounds causing potential harm to 
fish and marine mammals, operational phase underwater acoustic monitoring may not provide significant 

additional value for future facilities. As part of a risk mitigation plan, this monitoring may be curtailed. 

Note that to date, operational noise and particle motion monitoring for offshore wind farms in the U.S. 

 

4 The behavioral harassment threshold for non-impulsive sound is 120 dB, and the TTS and PTS thresholds 

mentioned are above 150 dB (metric is the weighted cumulative sound exposure level). 
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has only been conducted adjacent to relatively smaller wind farms (five turbines at the BIWF and two 
turbines at CVOW). It is possible that when the number of turbines present is significantly higher 

(hundreds of turbines arranged in a complex geometrical pattern), the cumulative impact from operational 

sounds could be different than what has been reported for smaller facilities. It is therefore recommended 

that operational phase sound monitoring be conducted for at least one or two larger future planned 
facilities to determine the combined effects of many simultaneously operating turbines and any possible 

azimuthal variation due to wind farm geometry. 

The issue of monopile foundations versus lattice-jacket foundations should also be investigated further. 

One possible approach is to model the two foundations using finite element methods and confirm the 

higher noise radiated from the monopiles. 

2.4.2 Recommendations for Additional Data Analysis 

In addition to the analysis and results reported in this volume, data collected during the operational phase 

may be used in the future for conducting additional data analysis, such as: 

1. Identifying:  
a. ambient noise spectrum and determining how it changed over time,  

b. when and what portions of the operational noise is in the ambient noise, and 

c. harmonics in particle motion and pressure data;  
2. Quantifying the spectrum and levels of operational noise as a function of wind speed and rpm;  

3. Comparing particle motion and pressure;  

4. Assessing how the operational noise can be demodulated and analyzed; and  
5. Evaluating how some of the oscillatory components of supporting data (e.g., water depth and 

others) can be identified and quantified. 
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Appendix A: Hydrophone and Geophone Sensitivity Curves 

 

Geosled hydrophone sensitivity  
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Geophone sensitivity 

 

 

Ocean Bottom Recorders Geophone and Hydrophone Sensor System (OBX) 15-hertz GS-One 
Geophone on each axis 
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OBX Deepender Hydrophone 

Notes:  Converting 4 V/bar to dB re volt per micropascal (V/µPa). 
1 bar is 1011 µPa so max sensitivity is 4x10-11 V/µPa or -208 dB re V/µPa. 
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