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ACRONYMS AND ABBREVIATIONS 

BOEM Bureau of Ocean Energy Management  

dB decibel 

dB re 1 µPa decibels referenced at one micropascal 

dB re 1 μPa2∙s decibels referenced at one squared micropascal-second 

dBSea Software for the prediction of underwater noise in a variety of environments 

dB/km decibels per kilometer 

DP dynamic positioning 

DSPT Direct Steerable Pipe Tunneling 

DSTBM direct steerable tunnel boring machine 

ft foot 

HF high frequency 

Hz Hertz 

kHz kilohertz 

kJ kilojoule 

km kilometers 

kN kilonewton 

Lease Area BOEM-designated Renewable Energy Lease Area OCS-A 0483 

LF low frequency 

Lpk peak sound pressure 

m meter 

m/s meters per second 

MF mid-frequency 

MMPA Marine Mammal Protection Act 

NGDC National Geophysical Data Center 

nm nautical mile 

NOAA National Oceanic and Atmospheric Administration 

NOAA Fisheries National Oceanic and Atmospheric Administration’s National Marine Fisheries Service 

OSS offshore substation 

Project Coastal Virginia Offshore Wind Commercial Project 

Offshore Project Area The area where the Project facilities are physically located 

PTS permanent threshold shift 

PW Phocids in Underwater 

rms root-mean-square 

SEL sound exposure level 

SELcum cumulative sound exposure level 

SPL sound pressure level 

Tetra Tech Tetra Tech, Inc. 

TTS temporary threshold shift 

USFWS U.S. Fish and Wildlife Service 

UTM Universal Transverse Mercator 

WTG wind turbine generator 

μPa micropascal 

λ wavelength 
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Z.1 INTRODUCTION 

The Virginia Electric and Power Company, doing business as Dominion Energy Virginia (hereinafter 

referred to as Dominion Energy), is proposing to construct, own, and operate the Coastal Virginia Offshore 

Wind Commercial Project (hereinafter referred to as the Project). The Project will be located in the 

Commercial Lease of Submerged Lands for Renewable Energy Development on the Outer Continental 

Shelf Offshore Virginia (Lease Number OCS-A-0483) (Lease Area), which was awarded through the 

Bureau of Ocean Energy Management (BOEM) competitive renewable energy lease auction of the Virginia 

Wind Energy Area offshore of Virginia in 2013. The Lease Area covers approximately 112,799 acres 

(45,658 hectares) and is approximately 27 statute miles (23.5 nautical miles [nm], 43.5 kilometers [km]) 

off the Virginia Beach coastline (Figure Z-1). 

The Offshore Project Components, including the Wind Turbine Generators (WTGs), Offshore Substations 

(OSSs), and Inter-Array Cables, will be located in federal waters within the Lease Area, while the Offshore 

Export Cable Route Corridor will traverse both federal and state territorial waters of Virginia. During 

construction, the Project will additionally involve temporary construction laydown area(s) and construction 

port(s). The operation stage of the Project will include an onshore operations and maintenance facility with 

an associated Operations and Maintenance Port.  

This Underwater Acoustic Assessment report has been prepared in support of the Project Construction and 

Operations Plan. As discussed in the Construction and Operations Plan, construction and operation of the 

Project have the potential to cause acoustic harassment to marine species, in particular, marine mammals, 

sea turtles, and fish populations. This report presents the acoustic modeling methodologies, as applied, to 

estimate the expected underwater noise levels generated during construction and operation of the proposed 

Project. The objective of this modeling study was to predict the ranges to acoustic thresholds that could 

result in injury (Level A Take) or behavioral disruption (Level B Take) of marine mammals, sea turtles, 

and fish during construction and operation of the Project. Primary noise-generating activities during 

construction have been identified as impact and vibratory pile-driving during WTG and OSS installation. 

Noise generated during other activities has been evaluated, including cofferdam installation and goal post 

installation. Up to nine cofferdams may be installed using vibratory pile driving and one cofferdam was 

modeled as representative to the proximity of the nine candidate locations. Goal post installation is 

associated with nearshore trenchless installation and will require the use of impact pile driving. Lastly, 

noise associated with vessel activity related to cable laying and WTG operation is also qualitatively 

discussed. During the decommissioning stage of the Project, all activities are anticipated to be similar to or 

less than those described for construction; therefore, impacts from decommissioning are not addressed 

specifically in this report.  

The revised Underwater Acoustic Assessment and modeling analysis reflects feedback received during 

recent consultations with the National Oceanic and Atmospheric Administration’s (NOAA’s) National 

Marine Fisheries Service (NOAA Fisheries) and BOEM, where further detail was requested regarding pile 

driving sound source development and sound propagation modeling. Additional assumptions and 

information pertaining to pile driving sound source development and sound propagation modeling have 

been provided as Attachments Z-1, Z-2, and Z-3 in this revised Underwater Acoustic Assessment. 
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Figure Z-1. Offshore Project Area 
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Z.1.1 Acoustic Concepts and Terminology 

This section outlines some of the relevant concepts in acoustics to help the non-specialist reader best 

understand the modeling assessment and results presented in this report. Sound is the result of mechanical 

vibration waves traveling through a fluid medium such as air or water. These vibration waves generate a 

time-varying pressure disturbance that oscillates above and below the ambient pressure.  

It is important to note that underwater sound levels are not equivalent to in-air sound levels, with which 

most readers would be more familiar. An underwater sound pressure level (SPL or Lp) of 150 decibels (dB) 

referenced to 1 micropascal (re 1 μPa) is not equivalent to an in-air sound pressure level of 150 dB re 20 

μPa due to the differences in density and speed of sound between water and air, and the different reference 

pressures that are used to calculate the dB levels, i.e., 1 μPa for water and 20 μPa for air. Underwater sound 

levels can be presented either as overall broadband levels or as frequency-dependent levels showing the 

frequency content of a source. Broadband values present the total sound pressure level of a given sound 

source within a specified frequency bandwidth. Sometimes it is preferable to use frequency-dependent 

sound levels to characterize spectral content of a sound source and/or identify narrowband sources such as 

one-third octave band levels, which are one-third of an octave wide, wherein octave refers to a factor 2 

increase in sound frequency. 

The sound level estimates presented in this modeling study are expressed in terms of several metrics and 

apply the use of exposure durations to allow for interpretation relative to potential biological impacts on 

marine life. NOAA Fisheries issued a Technical Guidance that provides acoustical thresholds and defines 

the threshold metrics (NOAA Fisheries 2018). The ISO 18405 Underwater Acoustics – Terminology (ISO 

2017) provided a dictionary of underwater bioacoustics for standardized terminology. Table Z-1 provides 

a summary of the relevant metrics from both NOAA Fisheries (2018) and ISO (2017) that are used within 

this report. 

Table Z-1. Summary of Acoustic Terminology  

Metric 

NOAA 
Fisheries 

(2018) 

ISO (2017) 

Reference 
Value Main Text 

Equations and 
Tables 

Sound Pressure Level SPL SPL Lp dB re 1 μPa 

Peak Sound Pressure Level PK Lpk Lp,pk dB re 1 μPa 

Cumulative Sound Exposure Level  SELcum a/ SEL LE dB re 1 μPa2∙s 

Note: 
a/ NOAA Fisheries (2018) describes the SELcum metric over an accumulation period of 24-hour period. Following the ISO 
standard, this will be identified as SEL in the text and LE will be used in tables and equations of this report with the accumulation 
period identified. 

This report follows the ISO (2017) standard terminology and symbols for the sound metrics unless stated 

otherwise. Below are descriptions of the relevant metrics and concepts that should help frame the discussion 

of acoustics in this document. The majority of the information in the following sections provides further 

insight into how data and modeling results have been presented in accordance with regulatory reporting 

requirements and established criteria.  

Peak sound pressure (Lpk or Lp,pk; dB re 1 μPa) is the maximum instantaneous noise level over a given 

event and is calculated using the level of the squared sound pressure from zero-to-peak within the wave. 

The peak sound pressure level is commonly used as a descriptor for impulsive sound sources. At high 
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intensities, the Lpk can be a valid criterion for assessing whether a sound is potentially injurious; however, 

since it does not take into account the pulse duration or bandwidth of a signal, it is not a good indicator of 

loudness or potential for masking effects. The Lpk can be calculated using the formula below. Impulses are 

characterized by a relatively rapid rise from ambient pressure to a maximal pressure value followed by a 

decay period that may include a period of diminishing, oscillating maximal and minimal pressures. 

 𝐿𝑝,𝑝𝑘 = 10 𝑙𝑜𝑔10 [
𝑚𝑎𝑥(|𝑝2(𝑡)|)

𝑝0
2 ]  𝑑𝐵 (1) 

Sound pressure level (SPL or Lp; dB re 1 μPa) is the root-mean-square (rms) sound pressure level in a 

stated frequency band over a specified time window. It is important to note that SPL always refers to an 

rms pressure level and therefore not instantaneous pressure. The SPL is calculated by taking the square root 

of the average of the square of the pressure waveform over the duration of the time period. The SPL is also 

known as the quadratic mean and is a statistical measure of the magnitude of a varying quantity. Given a 

measurement of the time-varying sound pressure from a given sound source, the SPL is computed according 

to the following formula where p2 is the mean squared sound pressure and p0
2 is the reference value of 

mean-square sound pressure, which is 1 µPa2.  

 𝐿𝑝 = 10 𝑙𝑜𝑔10 (
1

𝑇
∫ 𝑝2(𝑡)𝑑𝑡

𝑇
𝑝0

2⁄ )   𝑑𝐵 (2) 

Sound exposure level (SEL or LE; dB re 1 μPa2∙s) is similar to the SPL but further specifies the sound 

pressure over a specified time interval or event, for a specified frequency range. The SEL for a single event 

is calculated by taking the time-integral of the squared sound pressure, Ep, over the full event duration: 

 𝐿𝐸 =  10 𝑙𝑜𝑔10 (∫ 𝑝2(𝑡)𝑑𝑡
𝑇100

𝑇0𝑝0
2⁄ )   𝑑𝐵 (3) 

The SEL represents the total acoustic energy received at a given location. Unless otherwise stated, sound 

exposure levels for impulsive noise sources presented in this report, i.e., impact hammer pile-driving, refer 

to a single pulse. In addition, SEL can be calculated as a cumulative metric over periods with multiple 

acoustic events. In the case of impulsive sources like impact piling, SEL describes the summation of energy 

for the entire impulse normalized to 1 second and can be expanded to represent the summation of energy 

from multiple pulses. For non-impulsive sources like vibratory pile driving, the SEL accounts for the 

duration of the vibratory pile driving event. The latter is written SELcum denoting that it represents the 

cumulative sound exposure level. Sound exposure level is often used in the assessment of marine mammal 

and fish injury/physiological impacts over a 24-hour time period. The SELcum (dB re 1 µPa2·s) can be 

computed by summing (in linear units) the SEL of N individual events:  

 𝐿𝐸,𝑁 =  10 𝑙𝑜𝑔10 (∑ 10
SEL𝑖

10𝑁
𝑖=1 )   𝑑𝐵 (4) 

Z.1.1.1 Sound Propagation in Shallow Waters 

Seawater Absorption  

Absorption in the underwater environment involves conversion of acoustic energy into heat and thereby 

represents a true loss of acoustic energy to the water. The primary causes of absorption have been attributed 

to several processes including viscosity, thermal conductivity, and chemical reactions involving ions in the 

seawater. The absorption of sound energy by water reduces the sound level linearly with range and is given 

by an absorption coefficient in units of decibels per kilometer (dB/km). The attenuation coefficient is 
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calculated from empirical equations and increases with the square of frequency. For example, for typical open-

ocean values (temperature of 50 degrees Fahrenheit (°F) [10 degrees Celsius (°C)], pH of 8.0, and a salinity 

of 35 practical salinity units, the equations presented by Francois and Garrison (1982a and 1982b) yield the 

following values for attenuation due to seawater absorption: 0.001 dB/km at 100 Hertz (Hz), 0.06 dB/km at 1 

kilohertz (kHz), 0.96 dB/km at 10 kHz, and 33.6 dB/km at 100 kHz. Thus, low frequencies are favored for 

long-range propagation. Seawater absorption was accounted for in the acoustic modeling according to the 

Fisher and Simmons (1977) calculation methodology. Site-specific sound speed profile information was used, 

resulting in a site-specific sound attenuation rate. 

Scattering and Reflection 

Scattering of sound from the surface and bottom boundaries, and from other objects, is difficult to quantify 

as it is site-specific. However, it is valuable in characterizing and understanding the received sound field. 

Reflection, refraction, and diffraction from gas bubbles and other inhomogeneities in the propagating 

medium serve to scatter sound and will affect propagation loss, even in relatively calm waters. If boundaries 

are present, whether “real” like the surface of the sea or “internal” like changes in the physical 

characteristics of the water, sound propagation is affected. The received acoustic intensity depends on the 

losses due to the path length as well as the amount of energy reflected from each interface. Multiple 

reflections may occur as the sound reflects alternately from the sea floor and the sea surface, resulting in 

constructive and/or destructive interference patterns. Reflections occurring between the sea floor and sea 

surface are accounted for in the Project acoustic modeling analysis. The model is described further in 

Section Z.4.1, Sound Propagation Model.  

Changes in direction of the sound due to variation in sound speed are known as refraction. The speed of 

sound is not constant with depth and range but depends on the temperature, pressure, and salinity. Of the 

three factors, the greatest impact on sound velocity is temperature. The change in the direction of the sound 

wave due to changes in sound speed can produce many complex sound paths. When there is a negative 

temperature gradient, sound speed decreases with depth, and sound rays bend sharply downward. At some 

horizontal distance from the sound source, there are regions of low sound intensity where sound rays do 

not reach, which are known as shadow zones. Variability in sound speed can also produce surface ducts 

and sound channels that can trap acoustic energy and enable long-distance propagation with minimal losses; 

for example, the Sound Fixing and Ranging channel, also known as the deep sound channel, acts as an 

acoustic waveguide and has been used for ocean surveillance and attributed toward increased 

communication ranges for marine mammals such as fin whales. 

Since the inhomogeneities in water are very small compared to the wavelength of the sound signals, this 

attenuation effect will mostly contribute when the signals encounter changes in bathymetries and propagate 

through the sea floor and the subsurface. For variable bathymetries, the calculation complexity increases as 

individual portions of the signal are scattered differently. However, if the acoustic wavelength is much 

greater than the scale of the seabed non-uniformities, as is most often the case for low-frequency sounds, 

then the effect of scattering on propagation loss becomes somewhat less important than other factors. Also, 

scattering loss occurring at the surface due to wave action increases at higher sea states. For reflection from 

the sea surface, it is assumed that the surface is smooth. While a rough sea surface would increase scattering 

and transmission loss at higher frequencies, the scale of surface roughness is insufficient to have a 

significant effect on sound propagation in the near field relative to the source. 
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Seabed Absorption 

Seabed sediment characteristics influence propagation loss in shallow water due to the repeated reflections 

and scattering at the water/sea floor interface. For underwater acoustic analysis, shallow water is typically 

defined as water depths less than 656 feet (ft; 200 meters [m]). Depending on the sediment properties, sound 

may be absorbed or reflected. For example, fine-grained silt and clay absorb sound efficiently, while sand, 

gravel, and bedrock are more reflective. To model these effects, the most important parameters to consider 

are the sediment density, sound speed, and acoustic attenuation. 

The acoustic properties of different sediment types display a much greater range of variation than the 

acoustic properties of seawater. A good understanding of these properties and their spatial variation is useful 

for accurate modeling. Oftentimes it is challenging to obtain site-specific data characterizing the sea floor; 

however, geotechnical studies performed by Dominion Energy presented in the Marine Site Investigation 

Report (MSIR) submitted for the Coastal Virginia Offshore Wind Commercial Project were used in the 

modeling analysis up to a depth of approximately 285 ft (87 m).  Further details pertaining to sediment 

characteristics are provided in Section Z.4.2.2, Sediment Characteristics and in Attachment Z-1, 

Underwater Sound Propagation Modeling Methodology. 

Cut-off Frequency 

Sound propagation in shallow water is essentially a normal mode where a sound wave moves sinusoidally 

and has its own frequency and the sound channel is an acoustic waveguide. Each mode is a standing wave 

in the vertical direction that propagates in the horizontal direction at a frequency-dependent speed. Each 

mode has a cutoff frequency, below which no sound propagation is possible. The cutoff frequency is 

determined based on the type of bottom material and water column depth. This limiting frequency can also 

be calculated if the speed of sound in the sediment (Csediment) is known (Au and Hastings 2008) and seasonal 

temperature variation of the speed of sound of the seawater (Cwater) is known using the following equation:  

 𝑓c =  
𝐶𝑤𝑎𝑡𝑒𝑟

4ℎ
/√1 −  (𝐶𝑤𝑎𝑡𝑒𝑟)2/(𝐶𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡)2  (5) 

Where:   fc = critical frequency 

Cwater = speed of sound of water 

Csediment = speed of sound in sediment 

h = water depth in the direction of sound propagation 

The speed of sound in sediment is higher than in water. In water, it is approximated at 1,500 meters/second 

(m/s). Values for speed of sound in sediment in the Offshore Project Area range from 1,500 m/s in clayey 

sand, 1,650 m/s in sandy silt, to 1,800 m/s in predominantly sandy areas. Sound traveling in shallower 

regions of the Offshore Project Area will be subject to a higher cutoff frequency and a greater attenuation 

rate than sound propagating in deeper regions.  

Figure Z-2 graphically presents the cut-off frequency for different bottom material types (represented as 

separate lines on the figure) plotted as a function of water depth (x-axis) and cut-off frequency (y-axis). As 

shown, at an approximate water depth of 138 ft (42 m) and a sea bottom consisting of predominantly sand, 

which represents the deeper region of the Lease Area, the cut-off frequency would be expected to occur at 

approximately 0.03 kHz. Greater low-frequency attenuation rates would occur at shallower locations within 

the Lease Area. For the Project acoustic modeling analysis, the concept of cut-off frequency is incorporated 

into the modeling calculations through the characterization of sediment properties within the seabed. 
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Figure Z-2. Cut-off Frequencies for Different Bottom Materials (Au and Hastings 2008) 

Z.2 REGULATORY CRITERIA AND SCIENTIFIC GUIDELINES 

Z.2.1 Underwater Acoustic Criteria 

The Marine Mammal Protection Act (MMPA) of 1972 provides for the protection of all marine mammals. 

The MMPA prohibits, with certain exceptions, the “take” of marine mammals. The term “take,” as defined 

in Section 3 (16 U.S.C. § 1362 (13)) of the MMPA, means “to harass, hunt, capture, or kill, or attempt to 

harass, hunt, capture, or kill any marine mammal”. NOAA Fisheries has jurisdiction for overseeing the 

MMPA regulations as they pertain to most marine mammals; however, the U.S. Fish and Wildlife Service 

(USFWS) has jurisdiction over a select group of marine mammals including manatees, otters, walruses, and 

polar bears. Since manatees are present within the Offshore Project Area, the USFWS’s jurisdiction over 

manatees is pertinent to the Project; however, manatee presence offshore is considered rare. Generally, 

NOAA Fisheries is responsible for issuing take permits under MMPA, upon a request, for authorization of 

incidental but not intentional “taking” of small numbers of marine mammals by U.S. citizens or agencies 

who engage in a specified activity (other than commercial fishing) within a specified geographical region. 

The USFWS issues take permits for manatees, but criteria evaluating potential acoustic impacts to manatees 

has not yet been developed by the agency. “Harassment” was further defined in the 1994 amendments to 

the MMPA, with the designation of two levels of harassment: Level A and Level B. By definition, Level A 

harassment is any act of pursuit, torment, or annoyance that has the potential to injure a marine mammal or 

marine mammal stock, while Level B harassment is any act of pursuit, torment, or annoyance which has 

the potential to disturb a marine mammal or marine mammal stock in the wild by causing disruption of 

behavioral patterns, including, but not limited to, migration, breathing, nursing, breeding, feeding, or 

sheltering. NOAA Fisheries defines the threshold level for Level B harassment at 160 dB SPL for impulsive 
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sound, averaged over the duration of the signal and at 120 dB SPL for non-impulsive sound, with no relevant 

acceptable distance specified. 

NOAA Fisheries provided guidance for assessing the impacts of anthropogenic sound on marine mammals 

under their regulatory jurisdiction, which includes whales, dolphins, porpoises, seals, and sea lions, and 

updated this guidance in 2018 (NOAA Fisheries 2018). The guidance specifically defines marine mammal 

hearing groups; develops auditory weighting functions; and identifies the received levels, or acoustic 

threshold levels, above which individual marine mammals are predicted to experience changes in their 

hearing sensitivity (permanent threshold shift [PTS] or temporary threshold shift [TTS]) for acute, 

incidental exposure to underwater sound. Under this guidance, any occurrence of PTS constitutes a Level 

A, or injury, take. The sound emitted by man-made sources may induce TTS or PTS in an animal in two 

ways: (1) peak sound pressure levels (Lpk) may cause damage to the inner ear, and (2) the accumulated 

sound energy the animal is exposed to (SEL) over the entire duration of a discrete or repeated noise exposure 

has the potential to induce auditory damage if it exceeds the relevant threshold levels. 

Research showed that the frequency content of the sound would play a role in causing damage. Sound 

outside the hearing range of the animal would be unlikely to affect its hearing, while the sound energy 

within the hearing range could be harmful. Under the NOAA Fisheries 2018 guidance, recognizing that 

marine mammal species do not have equal hearing capabilities, five hearing groups of marine mammals are 

defined as follows: 

• Low-frequency (LF) Cetaceans—this group consists of the baleen whales (mysticetes) with a 

collective generalized hearing range of 7 hertz (Hz) to 35 kilohertz (kHz);  

• Mid-frequency (MF) Cetaceans—includes most of the dolphins, all toothed whales except for 

Kogia spp., and all the beaked and bottlenose whales with a generalized hearing range of 

approximately 150 Hz to 160 kHz (renamed High-frequency cetaceans by Southall et al. [2019] 

because their best hearing sensitivity occurs at frequencies of several tens of kHz or higher); 

• High-frequency (HF) Cetaceans—incorporates all the true porpoises, the river dolphins, plus Kogia 

spp., Cephalorhynchid spp. (genus in the dolphin family Delphinidae), and two species of 

Lagenorhynchus (Peale’s and hourglass dolphins) with a generalized hearing range estimated from 

275 Hz to 160 kHz (renamed very high-frequency cetaceans by Southall et al. [2019] since some 

species have best sensitivity at frequencies exceeding 100 kHz); 

• Phocids Underwater—consists of true seals with a generalized underwater hearing range from 50 

Hz to 86 kHz (renamed Phocids carnivores in water by Southall et al. [2019]); and 

• Otariids Underwater —includes sea lions and fur seals with a generalized underwater hearing range 

from 60 Hz to 39 kHz (termed “other marine carnivores” in water by Southall et al. [2019]) and 

includes otariids, as well as walrus [Family Odobenide], polar bear [Ursus maritimus], and sea and 

marine otters [Family Mustelidae]).  

Within these generalized hearing ranges, the ability to hear sounds varies with frequency, as demonstrated 

by examining audiograms of hearing sensitivity (NOAA Fisheries 2018; Southall et al. 2019). To reflect 

higher noise sensitivities at particular frequencies, auditory weighting functions were developed for each 

functional hearing group that reflected the best available data on hearing ability (composite audiograms), 

susceptibility to noise-induced hearing loss, impacts of noise on hearing, and data on equal latency (NOAA 

Fisheries 2018). These weighting functions are applied to individual sound received levels to reflect the 
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susceptibility of each hearing group to noise-induced threshold shifts, which is not the same as the range of 

best hearing (Figure Z-3). 

 

Figure Z-3. Auditory Weighting Functions for Cetaceans (Low-frequency, Mid-frequency, and High-frequency 
Species), Pinnipeds in water (PW), and Sea Turtles (NOAA Fisheries 2018, U.S. Navy 2017) 

NOAA Fisheries (2018) defined acoustic threshold levels at which PTS and TTS are predicted to occur for 

each hearing group for impulsive and non-impulsive signals (Table Z-2), which are presented in terms of 

dual metrics; SEL and Lpk. The Level B harassment thresholds are also provided in Table Z-2.  

NOAA Fisheries anticipates behavioral response for sea turtles from impulsive sources such as impact pile-

driving to occur at SPL 175 dB, which has elicited avoidance behavior of sea turtles (Table Z-3; Blackstock 

et al. 2017). There is limited information available on the effects of noise on sea turtles, and the hearing 

capabilities of sea turtles are still poorly understood. In addition, the U.S. Navy introduced a weighting 

filter appropriate for sea turtle impact evaluation in their 2017 document titled “Criteria and Thresholds 

for U.S. Navy Acoustic and Explosive Effects Analysis (Phase III).” The U.S. Navy weighting has been 

applied to impulsive criterion for PTS (204 dB SEL and 232 dB Lpk), impulsive criterion for TTS (189 dB 

SEL and 226 dB Lpk), and non-impulsive criteria for TTS (200 dB SEL) and PTS (220 dB SEL). The 

weighting for sea turtles is presented in Figure Z-3. 

In a cooperative effort between federal and state agencies, interim criteria were developed to assess the 

potential for injury to fishes exposed to pile-driving sounds. These noise injury thresholds have been 

established by the Fisheries Hydroacoustic Working Group, which was assembled by NOAA Fisheries with 

thresholds subsequently adopted by NOAA Fisheries. The NOAA Fisheries Greater Atlantic Regional 

Fisheries Office (GARFO) has applied these standards for assessing the potential effects of ESA-listed fish 

species exposed to elevated levels of underwater sound produced during pile-driving, which were just 
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recently updated (NOAA Fisheries 2019) These noise thresholds have been adopted by GARFO and are 

based on sound levels that have the potential to produce injury or illicit a behavioral response from fishes 

(Table Z-3). 

A Working Group organized under the American National Standards Institute-Accredited Standards 

Committee S3, Subcommittee 1, Animal Bioacoustics, also developed sound exposure guidelines for fish 

and sea turtles (Table Z-4; Popper et al. 2014). They identified three types of fishes depending on how they 

might be affected by underwater sound. The categories include fishes with no swim bladder or other gas 

chamber (e.g., flounders, dab, and other flatfishes); fishes with swim bladders in which hearing does not 

involve the swim bladder or other gas volume (e.g., salmonids); and fishes with a swim bladder that is 

involved in hearing (e.g., channel catfish). 
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Table Z-2. Acoustic Threshold Levels for Marine Mammals 

Hearing Group 

Impulsive Sounds Non-Impulsive Sounds 

Permanent Threshold 
Shift Onset 

Temporary Threshold 
Shift Onset Behavior 

Permanent Threshold 
Shift Onset 

Temporary Threshold 
Shift Onset Behavior 

Low-frequency 
cetaceans 

219 dB (Lp,pk) 

183 (LE, LF, 24h) 

213 dB (Lp,pk) 

168 dB (LE, LF, 24h) 

160 dB (Lp)  

199 dB (LE, LF, 24h) 179 dB (LE, LF, 24h) 

120 dB (Lp) 

Mid-frequency 
cetaceans 

230 dB (Lp,pk) 

185 dB (LE, MF, 24h) 

224 dB (Lp,pk) 

170 dB (LE, MF, 24h) 
198 dB (LE, MF, 24h) 178 dB (LE, MF, 24h) 

High-frequency 
cetaceans 

202 dB (Lp,pk) 

155 dB (LE, HF, 24h) 

196 dB (Lp,pk) 

140 dB (LE, HF, 24h) 
173 dB (LE, HF, 24h) 153 dB (LE, HF, 24h) 

Phocid pinnipeds 
underwater 

218 dB (Lp,pk) 

185 dB (LE, PW, 24h) 

212 dB (Lp,pk) 

170 dB (LE, PW, 24h) 
201 dB (LE, PW, 24h) 181 dB (LE, PW, 24h) 

Sources: Southall et al. 2019; NOAA Fisheries 2018 

LE, 24h = cumulative sound exposure over a 24-hour period (dB re 1 μPa2∙s);  

Lp,pk = peak sound pressure (dB re 1 μPa);  

Lp = root mean square sound pressure (dB re 1 μPa)  

 

 
Table Z-3. Acoustic Threshold Levels for Fishes and Sea Turtles 

Hearing Group 

Impulsive Signals Non-Impulsive Signals 

Behavior (Impulsive 
and Non-impulsive) Injury 

Temporary Threshold 
Shift Onset Injury 

Temporary Threshold 
Shift Onset 

Fishes 
206 dB (Lp,pk) 

187 dB (LE, 24h) 
-- -- -- 150 dB (Lp) 

Sea turtles 
232 dB (Lp,pk) 

204 dB (LE, TUW, 24h) 

226 dB (Lp,pk) 

189 dB (LE, TUW, 24h) 
220 dB (LE, TUW, 24h) 200 dB (LE, TUW, 24h) 175 dB (Lp) 

Sources: Stadler and Woodbury 2009; NOAA Fisheries 2019; Blackstock et al. 2017; Department of the Navy 2017 

LE, 24h = cumulative sound exposure over a 24-hour period (dB re 1 μPa2∙s);  

Lp,pk = peak sound pressure (dB re 1 μPa);  

Lp = root mean square sound pressure (dB re 1 μPa)  
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Table Z-4. Acoustic Threshold Levels for Fishes and Sea Turtles 

Hearing Group 

Impulsive Sounds Non-Impulsive Sounds 

Mortality and Potential 
Mortal Injury Recoverable Injury 

Temporary 
Threshold Shift 

Recoverable 
Injury 

Temporary 
Threshold Shift 

Fishes without swim 
bladders 

> 213 dB (Lp,pk) 

> 219 dB (LE, 24h) 

> 213 dB (Lp,pk) 

> 216 dB (LE, 24h) 
> 186 dB (LE, 24h) -- -- 

Fishes with swim bladder 
not involved in hearing 

207 dB (Lp,pk) 

210 dB (LE, 24h) 

> 207 dB (Lp,pk) 

203 dB (LE, 24h) 
> 186 dB (LE, 24h) -- -- 

Fishes with swim bladder 
involved in hearing 

207 dB (Lp,pk) 

207 dB (LE, 24h) 

> 207 dB (Lp,pk) 

203 dB (LE, 24h) 
186 dB (LE, 24h) 170 dB (Lp) 158 dB (Lp) 

Sea turtles 

> 207 dB (Lp,pk) 

210 dB (LE, 24h) 

 

(N) High 

(I) Low 

(F) Low 

(N) Moderate 

(I) Low 

(F) Low 

-- -- 

Eggs and larvae 
> 207 dB (Lp,pk) 

> 210 dB (LE, 24h) 

(N) Moderate 

(I) Low 

(F) Low 

(N) Moderate 

(I) Low 

(F) Low 

-- -- 

Sources: Popper et al. 2014 

LE, 24h = cumulative sound exposure over a 24-hour period (dB re 1 μPa2∙s);  

Lp,pk = peak sound pressure (dB re 1 μPa);  

Lp = root mean square sound pressure (dB re 1 μPa)  

PTS = permanent threshold shift;  

N = near (10s of meters);  

I = intermediate (100s of meters);  

F = far (1000s of meters);  

-- = not applicable 
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Z.3 EXISTING AMBIENT CONDITIONS 

Noise in the ocean associated with natural sources is generated by physical and biological processes and 

non-natural sources such as shipping. Examples of physical noise sources are tectonic seismic activity, 

wind, and waves; examples of biological noise sources are the vocalizations of marine mammals and fish. 

There can be a strong minute-to-minute, hour-to-hour, or seasonal variability in sounds from biological 

sources. The ambient noise for frequencies above 1 kHz is due largely to waves, wind, and heavy 

precipitation (Simmonds et al. 2004). Surface wave interaction and breaking waves with spray have been 

identified as significant sources of noise. Wind-induced bubble oscillations and cavitation are also near-

surface noise sources. Major storms can give rise to noise in the 40 Hz to 50 kHz frequency band due to 

intense wind forcing, which can propagate over long distances at low frequencies, and comparable to noise 

from distant shipping. At areas within distances of 4 to 5 nm (8 to 10 km) of the shoreline, surf noise will 

be prominent in the frequencies ranging up to a few hundred Hz (Richardson et al. 2013).  

A considerable amount of background noise may also be caused by biological activities. Aquatic animals 

generate sounds for communication, echolocation, prey manipulation, and as byproducts of other activities 

such as feeding. Biological sound production usually follows seasonal and diurnal patterns, dictated by 

variations in the activities and abundance of the vocal animals. The frequency content of underwater 

biological sounds ranges from less than 10 Hz to beyond 150 kHz. Source levels show a great variation, 

ranging from below 50 dB to more than 230 dB SPL. Likewise, there is a significant variation in other 

source characteristics such as the duration, temporal amplitude, frequency patterns and the rate at which 

sounds are repeated (Wahlberg 2012). Typical underwater noise levels show a frequency dependency in 

relation to different noise sources; the classic curves are given in Wenz (1962). 

Anthropogenic noise sources can consist of contributions related to industrial development, offshore oil 

industry activities, naval or other military operations, and marine research. A predominant contributing 

anthropogenic noise source is generated by commercial ships and recreational watercraft. Noise from these 

vessels dominates coastal waters and emanates from the ships’ propellers and other dynamic positioning 

(DP) propulsion devices such as thrusters. The sound generated from main engines, gearboxes, and 

generators transmitted through the hull of the vessel into the water column is considered a secondary sound 

source to that of vessel propulsion systems, as is the use of sonar and depth sounders which occur at 

generally high frequencies and attenuate rapidly. Typically, shipping vessels produce frequencies below 1 

kHz, although smaller vessels such as fishing, recreational, and leisure craft may generate sound at 

somewhat higher frequencies (Simmonds et al. 2004). 

There is limited publicly available site-specific ambient sound information collected within the Offshore 

Project Area. NOAA’s SoundMap (NOAA Fisheries 2012), which is a mapping tool that provides maps of 

the temporal, spatial, and frequency characteristics of man-made underwater noise resulting from various 

activities, was consulted. Pressure fields associated with different contributors of underwater sound (i.e., 

shipping and passenger vessels) were summed and the sound pressure level values at frequencies ranging 

from 50 to 800 Hz were presented for various water column depths. Within the lower 50 Hz frequency 

range, underwater sound pressure levels were greatest, varying between approximately 80 to 100 dB 

depending on water depth and proximity to the coastline. The sound contribution and magnitude decreases 
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with increasing frequency, indicating that the noise from shipping and passenger vessels is largely focused 

within the low-frequency range.  

Z.4 ACOUSTIC MODELING METHODOLOGY 

Underwater acoustic model simulations were conducted for primary noise-generating activities occurring 

during Project construction and operation. The following subsections describe the modeling calculations 

approach, modeled scenarios, and model input values. Please refer to Attachment Z-1 for additional details 

on the modeling principles and assumptions. 

Z.4.1 Sound Propagation Model 

Underwater sound propagation modeling was completed using dBSea, a software developed by Marshall 

Day Acoustics for the prediction of underwater noise in a variety of environments. The model is built by 

importing bathymetry data and placing noise sources in the environment. Each source can consist of 

equipment chosen from either the standard or user-defined databases. Noise mitigation methods may also 

be included. The user has control over the seabed and water properties including sound speed profile, 

temperature, salinity, and current. Noise levels are calculated to the extent of the bathymetry area. To 

examine results in more detail, levels may be plotted in cross sections, or a detailed spectrum may be 

extracted at any point in the calculation area. Levels are calculated in third octave bands from 12.5 Hz to 

20 kHz. Please refer to Attachment Z-1 for additional details on the modeling principles and assumptions.  

Z.4.2 Modeling Environment 

The accuracy of underwater noise modeling results is largely dependent on the sound source characteristics 

and the accuracy of the intrinsically dynamic data inputs and assumptions used to describe the medium 

between the path and receiver, including sea surface conditions, water column, and sea bottom. Depending 

on the sound source under review, it was approximated as a point source or a line source, composed of 

multiple points, extending downward into the water column. Furthermore, determining sound emissions for 

the various sources are based on a combination of factors, including known properties (e.g., hammer 

energy) as well as consulting empirical data. The exact information required can never be obtained for all 

possible modeling situations, particularly for long-range acoustic modeling of temporally varying sound 

sources where uncertainties in model inputs increase at greater propagation distances from the source. 

Model input variables incorporated into the calculations are further described in the following subsections. 

Z.4.2.1 Bathymetry 

Bathymetry data represent the three-dimensional nature of the subaqueous land surface and were obtained 

from the National Geophysical Data Center (NGDC) and a U.S. Coastal Relief Model (NOAA Satellite and 

Information Service 2020); the horizontal resolution of this dataset is 3 arc seconds (90 m). NGDC's 3 arc-

second U.S. Coastal Relief Model provides the first comprehensive view of the U.S. coastal zone, 

integrating offshore bathymetry with land topography into a seamless representation of the coast. The 

Coastal Relief Model spans the U.S. east and west coasts, the northern coast of the Gulf of Mexico, Puerto 

Rico, and Hawaii, reaching out to, and in places even beyond, the continental slope. The Geophysical Data 

System is an interactive database management system developed by the NGDC for use in the assimilation, 
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storage, and retrieval of geophysical data. Geographical Data System software manages several types of 

data including marine trackline geophysical data, hydrographic survey data, aeromagnetic survey data, and 

gridded bathymetry/topography. The bathymetry is imported into the model and sets the extents for 

displaying modeled received sound levels; therefore, prior to selecting the bathymetry, coverage test model 

runs are conducted to determine the anticipated distance to the lowest relevant underwater acoustic 

threshold values. Additional information regarding bathymetry can be found in Attachment Z-1. 

Z.4.2.2 Sediment Characteristics 

Sediment type (e.g., hard rock, sand, mud, clay) directly impacts the speed of sound since it is a part of the 

medium in which the sound propagates. For the immediate Offshore Project Area encompassing the entire 

Lease Area, the sea floor is expected to be predominantly sand. The geoacoustic properties with information 

on the compositional data of the surficial sediments were informed by site-specific geophysical and 

geotechnical data collected by Dominion Energy. The sediment layers and the geoacoustic properties used 

in the modeling analysis of the monopile and OSS within the lease area are defined in Table Z-5. The term 

“compressional” refers to the fact that particle motion of the sound wave is in the same direction as 

propagation. The term “compressional sound speed” refers to the speed of sound in the sediment along the 

direction of acoustic propagation. The term “compressional attenuation” refers to how much sound (dB) is 

lost per wavelength (λ) of the signal. Finally, density is the physical density (ρ) of the sediment. Ranges are 

provided for the different geoacoustic properties because the values vary depending on the location 

specifically being modeled for a given scenario. 

Table Z-5. Geoacoustic Properties of Sub-bottom Sediments as a Function of Depth, Monopile and OSS Modeling 
Scenarios 

Seabed Layer (meters) Material Geoacoustic Properties 

0 to 12 Sand Cp = 1650 m/s; αs (dB/λ) = 0.8 dB/ λ; ρ = 1900 kg/m3 

12 to 15 Clay Cp = 1500 m/s; αs (dB/λ) = 0.2 dB/ λ; ρ = 1500 kg/m3 

15 to 22 Dense Silty Sand Cp = 1650 m/s; αs (dB/λ) = 1.1 dB/ λ; ρ= 1800 kg/m3 

22 to 31 Stiff Sandy Clay Cp = 1560 m/s; αs (dB/λ) = 0.2 dB/ λ; ρ = 1600 kg/m3 

31 to 37 Clay Cp = 1500 m/s; αs (dB/λ) = 0.2 dB/ λ; ρ = 1500 kg/m3 

37 to 42 Silty Sand Cp = 1650 m/s; αs (dB/λ) = 1.1 dB/ λ; ρ = 1800 kg/m3 

42 to 53 Clay, Fine Sand Cp = 1598 m/s; αs (dB/λ) = 0.5 dB/ λ; ρ = 1575 kg/m3 

53 to 87 Sandy Silt Cp = 1605 m/s; αs (dB/λ) = 1.0 dB/ λ; ρ = 1700 kg/m3 

> 87 Dense Sand Cp = 1800 m/s; αs (dB/λ) = 0.9 dB/ λ; ρ = 2000 kg/m3 

 

A similar table was produced for the nearshore area and used for the acoustic modeling analysis of the 

cofferdam installation (Table Z-6).  

Table Z-6. Geoacoustic Properties of Sub-bottom Sediments as a Function of Depth, Cofferdam Installation 

Seabed Layer (meters) Material Geoacoustic Properties 

0 to 2 Silty Sand Cp = 1650 m/s; αs (dB/λ) = 1.1 dB/ λ; ρ = 1800 kg/m3 

2 to 6 Medium Dense Sand Cp = 1725 m/s; αs (dB/λ) = 0.8 dB/ λ; ρ = 1950 kg/m3 

6 to 9 Lean Clay Cp = 1485 m/s; αs (dB/λ) = 0.1 dB/ λ; ρ= 1300 kg/m3 

9 to 15 Silty Sand Cp = 1650 m/s; αs (dB/λ) = 1.1 dB/ λ; ρ = 1800 kg/m3 

15 to 26 Sandy Lean Clay Cp = 1560 m/s; αs (dB/λ) = 0.2 dB/ λ; ρ = 1600 kg/m3 

26 to 32 Medium Dense Sand Cp = 1725 m/s; αs (dB/λ) = 0.8 dB/ λ; ρ = 1950 kg/m3 
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Z.4.2.3 Seasonal Sound Speed Profiles 

The speed of sound in sea water depends on the temperature T (oC), salinity S (ppt), and depth D (m), and 

can be described using sound speed profiles. Oftentimes, a homogeneous or mixed layer of constant velocity 

is present in the first few meters. It corresponds to the mixing of superficial water through surface agitation. 

There can also be other features such as a surface channel, which corresponds to sound velocity increasing 

from the surface down. This channel is often due to a shallow isothermal layer appearing in winter 

conditions but can also be caused by water that is very cold at the surface. In a negative sound gradient, the 

sound speed decreases with depth, which results in sound refracting downward, which may result in 

increased bottom losses with distance from the source. In a positive sound gradient as predominantly 

present in the winter season, sound speed increases with depth and the sound is, therefore, refracted upward, 

which can aid in long-distance sound propagation. The construction timeframe for WTG and Offshore 

Substation Foundations with underwater noise impact is expected from May to October. For the 

construction modeling scenarios, the average sound speed profile for this construction period was selected. 

The speed of sound profile information was obtained using the NOAA Sound Speed Manager software 

incorporating the World Ocean Atlas 2009 extension algorithms. Pile driving is not planned for the months 

of November through April; therefore, the speed of sound profile information for those months was not 

evaluated. The average sound speed sound profile was directly inputted into the dBSea model to be more 

representative of the anticipated construction timeframe. Additional details pertaining to the sound speed 

profile sensitivity analysis conducted for the Project can be found in Attachment Z-1. 

Z.4.2.4 Threshold Range Calculations 

To determine the ranges to the defined threshold isopleths, a maximum received level-over-depth approach 

was used. This approach uses the maximum received level that occurs within the water column at each 

calculation point. Both the Rmax and the R95% ranges were calculated for each of the regulatory thresholds. 

The Rmax is the maximum range in the model at which the sound level was calculated. The R95% excludes 

major outliers or protruding areas associated with the underwater acoustic modeling environment. The R95% 

range is determined by calculating the radius based on 95% of the area of the threshold isopleths. This is 

conducted by generating a circle approximating the extent of the sound contour isopleths and then 

calculating the associated radius using the following equation: 

 𝑅95% 𝑅𝑎𝑑𝑖𝑢𝑠 (𝑚) = √
𝐴𝑟𝑒𝑎∗0.95

𝜋
 (6) 

The intent is to determine the predicted range encompassing at least 95 percent of the threshold isopleth 

area that would be exposed to sound from the source at or above the specified threshold level. All distances 

to injury thresholds presented in this Underwater Acoustic Assessment Report are presented in terms of the 

R95% range. Based on the site-specific conditions and review of the resultant acoustic model output, even 

though this methodology for evaluating threshold ranges may differ from other acoustic models and may 

result in some slight irregularities in data trends (i.e., inconsistences in predictions in the near-field relative 

to pile driving activities), this methodology is representative of expected Project-related underwater 

acoustic impacts. 



Coastal Virginia Offshore Wind Commercial Project Construction and Operations Plan 
 Appendix Z: Underwater Acoustic Assessment 
 

June 2023 Page Z-17 

Z.4.2.5 Goal Post Pile Installation Calculation Methodology 

For the goal post pile installation two separate calculation methodologies were used to calculate distances 

to Level A (PTS onset) and Level B acoustic harassment thresholds, both following prescriptive guidance 

provided by NOAA Fisheries. The Level A harassment cumulative PTS criteria were applied to the 

formulaic spreadsheet provided by NOAA Fisheries, which has been updated to reflect NOAA Fisheries’ 

2018 Revisions to Technical Guidance (NOAA Fisheries 2018). PTS onset acoustic thresholds estimated 

in the NOAA Fisheries User Spreadsheets rely on overriding default values, calculating individual 

adjustment factors, and using the difference between levels with and without weighting functions for each 

of the five categories of hearing groups. The new adjustment factors in the spreadsheets allow for the 

calculation of SEL and Lpk distances and account for the accumulation (Safe Distance Methodology) using 

the source characteristics (duty cycle and speed) after Silve et al. (2014). The impact pile driving evaluated 

was input using the impact pile driving specific tab within the NOAA Fisheries User Spreadsheet as 

appropriate. 

The Level B harassment distance was calculated using a simple spread calculation to estimate the horizontal 

distance to the 160 dB re 1 μPa isopleth:  

 𝑆𝑃𝐿(𝑟) = 𝑆𝐿 − 𝑃𝐿(𝑟) (7) 

Where:   SPL = sound pressure level (dB re 1 μPa) 

r = range (m) 

SL = source level (dB re 1 μPa m) 

PL = propagation loss as a function of distance 

Propagation loss is calculated using: 

 𝑃𝐿(𝑟) = 20 log10(𝑟) + 𝑎(𝑓) ∗ 𝑟/1000 (8) 

Z.5 ACOUSTIC MODELING SCENARIOS 

The representative acoustic modeling scenarios were derived from descriptions of the expected construction 

activities and operational conditions through consultations between the Project design and engineering 

teams. The scenarios modeled were ones where potential underwater noise impacts of marine species were 

anticipated, including impact and vibratory pile-driving associated with WTG and OSS Jacket Foundation 

as well as cofferdam installation required in the nearshore environment for Trenchless Installation. The 

majority of modeling scenarios occur at representative WTG locations, which will be monopile 

foundations; one at a shallow water depth of 69 ft (21 m) (Universal Transverse Mercator [UTM] 

Coordinates: 459,846 m, 4,075,324 m) within the Lease Area and another at a deep-water depth of 121 ft 

(37 m) (UTM Coordinates: 480,666 m, 4,089,018 m) within the Lease Area. Jacket pin pile installation was 

modeled at a third location associated with the OSSs with a water depth of 92 ft (28 m) (UTM Coordinates: 

474,075 m, 4,085,595 m). These locations were selected so that the effects of sound propagation at the 

range of water column depths occurring within the Lease Area could be observed. The Project Area showing 

the modeled locations and bathymetry are displayed in Figure Z-4. 
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Figure Z-4. Project Area and Bathymetry 
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Modeling requires understanding of the sound source level or theoretical sound level. Impact pile-driving 

of offshore wind energy facilities involve piles of significantly higher pile diameters and hammer forces. 

Tetra Tech, Inc. (Tetra Tech) developed its empirical model based on literature, engineering guidelines, 

and underwater source measurements and acoustic modeling assessments of similar equipment and 

activities. Underwater acoustic measurement results obtained during Pilot project pile installation activities 

were also incorporated into the empirical model. The empirical model calculation methodology is described 

in detail in Attachment Z-2, Impact Pile Driving Sound Source Development for impact piling, and that 

methodology was used to determine the Lpk and SEL sound source levels for the scenarios including impact 

piling activities.   

The Project is also proposing incorporating a vibratory hammer for installation of the monopiles. The 

vibratory hammer will be used to mitigate the pile-run risk. The vibratory hammer will be used until the 

pile reaches a depth in which the impact hammer can be safely used and avoid the risk of pile-run. This 

depth is location specific and subject to soil conditions. However, for the purpose of this analysis a 

conservative vibratory hammer duration from 30 to 60 minutes was used for single-pile installations. The 

source level for the vibratory hammer was developed using an empirical model developed by iTAP. The 

empirical model calculation methodology is described in detail in Attachment Z-3, Vibratory Pile Driving 

Sound Source Development for vibratory piling. 

A summary of construction and operational scenarios included in the underwater acoustic modeling analysis 

is provided in Table Z-7. The model accounts for differences in hammer energy, number of strikes, 

installation duration, sound source level, and pile progression as appropriate for the jacket pin piles and/or 

monopiles. This analysis also assumes a conservative duration for the use of the vibratory hammer. The 

pile diameters selected for the impact pile-driving modeling scenarios were based on the proposed Project 

Design Envelope considerations provided by Dominion Energy. These scenarios include a standard 

installation and a hard-to-drive installation for the monopile. The subsections that follow provide more 

detailed information about the parameters used to model the noise sources associated with each scenario. 

Scenarios 1 through 3 occur at representative WTG locations while Scenario 4 occurs at a representative 

OSS location. Scenario 5 pertains to cofferdam installation and Scenario 6 pertains to goal post installation. 

There may be up to nine cofferdams used; however, the center cofferdam location was used as 

representative in the acoustic modeling analysis.  

The pile driving sound installation scenarios including the broadband sound source levels are summarized 

in Table Z-7. For the monopile modeling, the scenarios include a standard installation, hard-to-drive 

installation, and the installation of two monopiles per day. These modeling scenarios are assumed to cover 

the range of anticipated monopile installation scenarios. Scenario 1 covers the installation of one monopile 

using standard methods; Scenario 2 covers the installation of one monopile using hard-to-drive methods; 

and Scenario 3 corresponds to the installation of two monopiles in one day, which would not occur 

concurrently. The installation of the two monopiles per day scenario, Scenario 3, assumed a standard 

installation and a hard-to-drive installation at the same representative WTG location. For all of the monopile 

scenarios, it was assumed that the maximum rated hammer energy of 4,000 kilojoules (kJ) would be 

employed; however, that hammer energy assumption is considered conservative. The actual transferred 

energy to the pile during installation will be less than the maximum rated hammer energy, with losses in 
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energy from sources such as heat and friction. For the pin pile modeling scenario, it is assumed that two pin 

piles would be installed per day with a maximum rated hammer energy of 3,000 kJ.  

Table Z-7. Underwater Acoustic Modeling Scenarios 

Scenario 
Activity 

Description 

Maximum 
Hammer 
Energy 

(kilojoules) 

Duration of 
Pile 

Installation 
(minutes) 

Total 
Hammer 
Blows 

Location  
(UTM 

Coordinates) for 
Modeling 
Locations 

Sound 
Source Level 

 (No 
Attenuation) 

Scenario 1: 
Standard Driving 
Installation 

Monopile 
Foundation 

(includes 1 pile per 
day): 9.5 m 

Vibratory Pile 
Driving 

60 N/A Deep: 480,666 m, 
4,089,018 m 

Shallow: 459,846 
m, 4,075,324 m 

202 LE, 1sec 

Impact Pile 
Driving: 4,000  

85 3,240 

249 Lp,pk 

226 LE, 1sec 

236 Lp 

Scenario 2: Hard 
to Drive Installation 

Monopile 
Foundation 

(includes 1 pile per 
day): 9.5 m 

Vibratory Pile 
Driving 

30 N/A Deep: 480,666 m, 
4,089,018 m 

Shallow: 459,846 
m, 4,075,324 m 

202 LE, 1sec 

Impact Pile 
Driving: 4,000 

99 3,720 

249 Lp,pk 

226 LE, 1sec 

236 Lp 

Scenario 3: One 
Standard and One 
Hard to Drive 
Installation 

Monopile 
Foundation 

(includes 2 piles 
per day): 9.5 m 

Vibratory Pile 
Driving 

90 N/A Deep: 480,666 m, 
4,089,018 m 

Shallow: 459,846 
m, 4,075,324 m 

202 LE, 1sec 

Impact Pile 
Driving: 4,000  

184 6,960 

249 Lp,pk 

226 LE, 1sec 

236 Lp 

Scenario 4: OSS 
Piled Jacket 
Foundation 

Piled Jacket 
Foundation 

(includes 2 piles 
per day): 2.8 m  

Vibratory Pile 
Driving 

120 N/A 

OSS: 474,075 m, 
4,085,595 m 

194 LE, 1sec 

Impact Pile 
Driving: 3,000 

410 15,120 

240 Lp,pk 

214 LE, 1sec 

224 Lp 

Scenario 5: 
Cofferdam 
Installation 

Cofferdam 
Installation, 

Vibratory Pile-
Driving 

Vibratory Pile 
Driving 

60 N/A 
414,213 m, 

4,074,917 m 
195 LE, 1sec 

Scenario 6: Goal 
Post Pile 
Installation 

Goal Post Piles  
(2 per day) 

Impact Pile 
Drive 

130 260 
414,396 m, 

4,074,917 m 

210 Lp,pk a/ 

183 LE, 1sec a/ 

193 Lp a/ 

Notes: 
a/ Source levels based on the SERO Pile Driving Noise Data Spreadsheet – Humboldt Bay Bridges (CALTRANS 2015) 

N/A is included in the table for vibratory pile driving activities, which are not quantified in terms of total hammer blows. 

Z.5.1 Impact and Vibratory Pile-Driving of WTG and Offshore Substation 

Foundations 

Impact pile-driving involves weighted hammers that pile drive foundations into the sea floor. Different 

methods for lifting the weight associated with the pile driver include hydraulic, steam, or diesel. The 

acoustic energy is created upon impact; the energy travels into the water along different paths: (1) from the 

top of the pile where the hammer hits, through the air, into the water; (2) from the top of the pile, down the 

pile, radiating into the air while traveling down the pile, from air into water; (3) from the top of the pile, 

down the pile, radiating directly into the water from the length of pile below the waterline; and (4) down 

the pile radiating into the ground, traveling through the ground and radiating back into the water. Near the 

pile, acoustic energy arrives from different paths with different associated stage and time lags, which creates 
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a pattern of destructive and constructive interference. Further away from the pile, the water- and seafloor-

born energy are the dominant pathways. The underwater noise generated by a pile-driving strike depends 

primarily on the following factors: 

• The impact energy and type of pile-driving hammer; 

• The size and type of the pile; 

• Water depth; and  

• Subsurface hardness in which the pile is being driven. 

As indicated in Table Z-7 two sites were modeled to represent the potential WTG locations for foundations 

within the Lease Area. Since actual WTG locations have not been finalized, one location was selected in 

the shallowest water depth within the Lease Area while the other location was selected in the deepest water 

depth within the Lease Area: 69 ft (21 m) and 121 ft (37 m). For the jacket pin pile installation, a 

representative location was selected. It is expected that by modeling these three locations, the range of 

anticipated sound fields resulting from pile-driving and vibratory hammer activities will be represented. 

Propagation modeling was conducted using the maximum projected blow energy to calculate Lpk and SPL; 

however, a soft start and pile progression were also incorporated into the model to calculate SEL for each 

pile scenario as shown in Table Z-8. As described in Attachment Z-2, the SPL is related to the SEL by an 

average pulse duration of 0.09 seconds. 

Table Z-8. Pile-Driving Progression Summary 

Pile Diameter 
Hammer 

Energy % 
Hammer 
Energy 

Duration 
(minutes) 

Blows per 
Minute 

Total Number of 
Blows 

Scenario 1: Standard 
Driving Installation  

20 800 8 42 324 

40 1,600 32 40 1,296 

80 3,200 36 36 1,296 

100 4,000 9 36 324 

Scenario 2: Hard to Drive 
Installation 

20 800 13 42 558 

40 1,600 19 40 744 

80 3,200 31 36 1,116 

100 4,000 36 36 1,302 

Scenario 3: One Standard 
and One Hard to Drive 

Installation 

20 800 21 42 882 

40 1,600 51 40 2,040 

80 3,200 67 36 2,412 

100 4,000 45 36 1,626 

Scenario 4: OSS Piled 
Jacket Foundation 

20 600 36 42 1,512 

40 1,200 38 40 1,512 

80 2,400 84 36 3,024 

100 3,000 252 36 9,072 

 

The monopile and pin pile-driving scenarios were both modeled using a vertical array of point sources 

spaced at 1-meter intervals, distributing the sound emissions from pile-driving throughout the water 

column. The vertical array was assigned third-octave band sound characteristics adjusted for site-specific 
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parameters discussed above, including expected hammer energy and number of blows. Third octave band 

center frequencies from 12.5 Hz up to 20 kHz were used in the modeling. In addition, a constant 15 

dB/decade roll-off was applied to the modeled spectra for the monopile scenario after the second (and last) 

spectral peak as to not eliminate any prevalent characteristics of the sound source spectrum that may 

influence sound propagation. The spectra used in the modeling are shown in Figure Z-5 showing the 15 

dB/decade roll-off assumed for the monopile sound sources. A roll-off is a filter, which can be imposed on 

a signal at either the low- or high-frequency range in order to more closely match expected sound 

propagation characteristics of that signal indicated by modeling or measurement results. Applying the 15 

dB/decade roll-off is a conservative measure, which was based on guidance from NOAA Fisheries 

regarding the representation of monopile pile-driving sound source characteristics in the high-frequency 

range, which is the frequency range beyond the maximum peaks observed within the spectrum. The 15 

dB/decade roll-off is applied by subtracting 1.5 dB from the preceding one-third octave band sound pressure 

level, and it is conservative in that it essentially allows for a more gradual drop in the high-frequency sound 

pressure level than what may actually be realistic. Additional detail pertaining to how the monopile and pin 

pile spectral source levels were calculated is provided in Attachment Z-2. 

 
Figure Z-5. Monopile and Pin Pile Spectral Source Levels 

Vibratory pile driving will also be used as an installation method for WTG or OSS Jacket Foundations. 

There is very limited publicly available information pertaining to vibratory pile driving installation of pile 

diameters of this size; however, by using reference data from sources such as ITAP (Gerke and Bellmann 
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2012), the California Department of Transportation (CALTRANS 2015), and from measurements collected 

by Tetra Tech for the Pattullo Bridge Replacement Project (British Columbia Ministry of Transportation 

2018), the spectral source levels were derived as shown in Figure Z-6. 

 
Figure Z-6. Vibratory Pile Driving Spectral Source Levels for Offshore Foundation Installation 

Z.5.2 Vibratory Pile-Driving Associated with Cofferdam Installation  

Up to nine temporary cofferdams will be installed at the Offshore Nearshore Trenchless Installation Punch-

Out as the preferred installation method to facilitate lowering the Direct Pipe burial to 6.6 ft (2 m) below 

the seabed to alleviate the need for additional cable protection and to minimize the release of sediment and 

drilling fluids in the nearshore portion of the Offshore Export Cable Route Corridor. Since all nine potential 

cofferdam locations were located within close proximity to each other one, the center location was used as 

the representative location for the purpose of the acoustic modeling analysis.  

If the preferred installation method is used, the temporary offshore cofferdams will be constructed by 

installing 0.51 m (20 inch) steel sheet piles in a tight configuration around an area of approximately 6.1 m 

by 15 m (20 ft by 50 ft). Vibratory pile drivers install piling into the ground by applying a rapidly alternating 

force to the pile. This is generally accomplished by rotating eccentric weights about shafts. Each rotating 

eccentric produces a force acting in a single plane and directed toward the centerline of the shaft. The 

weights are set off-center of the axis of rotation by the eccentric arm. If only one eccentric arm is used, in 

one revolution a force will be exerted in all directions, giving the system significant lateral whip. To avoid 

this problem, the eccentric arms are paired so the lateral forces cancel each other, leaving only axial force 

for the pile. 
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In general, vibratory pile-driving is less noisy than impact pile-driving. For estimating source levels and 

frequency spectra, the vibratory pile driver was estimated assuming an 1,800 kilonewton (kN) vibratory 

force. Modeling was accomplished using adjusted one-third-octave band vibratory pile-driving source 

levels from measurements of a similar offshore construction activity and adjusted to account for the 

estimated force necessary for driving the temporary offshore cofferdam sheet piles (Schultz-von Glahn et 

al. 2006). The assumed sound source level for vibratory pile-driving corresponded to 195 dB SEL. The 

frequency distribution of the vibratory pile-driving sound source is displayed in Figure Z-7. 

 
Figure Z-7. Vibratory Pile-Driving Spectral Source Levels for Cofferdam Installation 

Z.5.3 Pile-Driving Associated with Goal Post Installation 

Trenchless Installation will consist of Direct Steerable Pipe Thrusting (DSPT), which combines some of 

the benefits of both microtunneling and horizontal directional drilling. The overall bore path of a DSPT 

installation may be similar to that of a horizontal directional drilling alignment or shallower depending on 

subsurface conditions. 

The DSPT construction process also incorporates goal post piles to guide the casing progress. The location 

of goal post installation will be near the punchout location 1,000 to 1,800 ft (304 to 549 m) offshore of the 

Cable Landing Location.  

The goal posts would be installed with an impact hammer. Goal posts would be up to 1.07 m (42 in) steel 

pipe piles, with up to two installed per day for a total hammer duration of 130 minutes. The strike interval 

SE
L 

(d
B

 r
e 

1
 μ

P
a2
∙s

) 



Coastal Virginia Offshore Wind Commercial Project Construction and Operations Plan 
 Appendix Z: Underwater Acoustic Assessment 
 

June 2023 Page Z-25 

would be 0.5 to 2 seconds and there would be 260 strikes per pile. A maximum of 12 goal posts spaced 50 

ft apart would be needed for each of the 9 Direct Pipe locations, for a total of 108 piles. All pile installation 

activities will occur only in daylight hours. They will start no earlier than 60 minutes after civil sunrise and 

end no later than 60 minutes before civil sunset to allow for proper visual monitoring. The assumed sound 

source level for impact pile-driving of the goal post installation corresponds to 183 dB SEL (Table Z-7). 

Z.5.4 Cable Lay Operations 

Specialist vessels designed for laying and burying cables on the seabed will be used to install the Offshore 

Export and Inter-Array Cables. The cables will be buried using a jet trencher or plow. Throughout the cable 

lay process, it is assumed that a DP-enabled cable lay vessel is the maximum design scenario. A DP-enabled 

cable lay vessel maintains its position (fixed location or predetermined track) by means of its propellers 

and thrusters using a global positioning system, which describes the ship’s position by sending information 

to an onboard computer that controls the thrusters. DP vessels possess the ability to operate with positioning 

accuracy, safety, and reliability without the need for anchors, anchor handling tugs, and mooring lines. The 

underwater noise produced by subsea trenching operations depend on the equipment used and the nature of 

the seabed sediments, but will be predominantly generated by vessel thruster use.  

Thruster sound source levels may vary, in part due to technologies employed and are not necessarily 

dependent on either vessel size, propulsion power, or the activity engaged. DP positioning thruster noise is 

non-impulsive and continuous in nature and is not expected to result in harassment. Vessel sound sources 

are sufficiently low that no injury is expected. Distances within which injury and/or harassment might occur 

are generally short. For these reasons, a detailed acoustic modeling analysis was not conducted. 

Z.5.5 WTG Operations 

When the WTGs are operational, noise and vibration are transmitted into the sea by the structure of the 

tower itself, and manifests as low-frequency noise. Other sound transmission pathways are via the monopile 

and the seabed, or through the air and air/water interface, but those pathways are unlikely to be as important 

as the pathway directly through the monopile or jacket legs (Nedwell et al. 2004). Source levels from 

operating offshore WTGs that have monopile foundations show peak frequencies occurring predominantly 

below 500 Hz, and that the apparent source level ranges from 140 to 153 dB (Nedwell et al. 2004). Similar 

measurements by Nedwell indicate that the steady state background in an offshore oceanic environment 

also occurs within this frequency range, which implies masking effects of operational WTG noise. The 

available field data showed that although the absolute level of turbine noise increases with increasing wind 

speed, the noise level relative to background noise (i.e., from wave action, entrained bubbles) remained 

relatively constant. 

Z.6 NOISE MITIGATION 

As discussed in this report, Dominion Energy is considering the use of both impact and vibratory pile 

driving to install the WTG and offshore substation foundations. Noise mitigation strategies related to both 

methodologies are discussed. 
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Z.6.1 Impact Pile Driving 

With regard to impact pile driving and, detailed in Section Z.5.1, Dominion Energy intends to implement 

noise mitigation in the form of the “soft-start” technique when impact piling. The soft start technique 

involves initially driving a pile using a low hammer energy. As the pile is driven further into the soil, the 

hammer energy is increased as necessary to achieve soil penetration. This technique gives fish and marine 

mammals an opportunity to move out of the area before full-powered impact pile-driving begins. The 

intended pile progressions for both the monopile and pin pile foundation installation are presented in Table 

Z-7.  

In addition to the application of the soft-start technique, other devices may be considered to mitigate impact 

pile-driving sound levels. There are several types of sound attenuation devices including bubble curtains, 

noise mitigation screen (cofferdam type), Hydro Sound Dampers, and the AdBm noise mitigation system. 

The most commonly considered mitigation strategy is the use of bubble curtains. Bubble curtains create a 

column of air bubbles rising around a pile from the substrate to the water surface. Because air and water 

have a substantial impedance mismatch, the bubble curtain acts as a reflector. In addition, the air bubbles 

absorb and scatter sound waves emanating from the pile, thereby reducing the sound energy. Bubble 

curtains may be confined or unconfined. These systems may be deployed in series, such as a double bubble 

curtain with two rings of bubbles encircling a pile. Attenuation levels also vary by type of system, frequency 

band, and location. Small bubble curtains have been measured to reduce sound levels from approximately 

10 dB to more than 20 dB but are highly dependent on depth of water and current, and configuration and 

operation of the curtain (Koschinski and Lüdemann 2013; Bellmann 2014; Austin et al. 2016). Larger 

bubble curtains tend to perform better and are more reliable when deployed with two rings. Encapsulated 

bubble systems and Hydro Sound Dampers are effective within their targeted frequency ranges, e.g., 100 

to 800 Hz, and when used in conjunction with bubble curtains, reduced impact energy by increasing the 

blow rate, or prolonged pulse duration by use of hydraulic hammers, can further reduce noise (Koschinski 

and Lüdemann 2020).  

Effectiveness of bubble curtains is variable and depends on many factors, including the bubble layer 

thickness, the total volume of injected air, the size of the bubbles relative to the sound wavelength, and 

whether the curtain is completely closed. Decreased noise reduction has been found in cases of strong 

currents or sub-optimal configuration (Bellmann et al. 2017). As water depth increases, the opportunity for 

current-based disruption of the bubble curtain increases. In general, bubble curtain effectiveness decreases 

as the water depth increases (Bellmann et al. 2017). With studies reporting variable achievable attenuation 

rates for bubble curtains, to represent the use of bubble curtains as a mitigation option in the modeling, a 

range of potential sound reduction was applied to the modeled sound fields associated with impact pile-

driving. Attenuation factors of 6 dB and 10 dB were applied to all impact pile-driving scenarios to evaluate 

potential mitigated underwater noise impacts. The 6 dB and 10 dB attenuation factors have been 

incorporated into the underwater acoustic analysis based on guidance from NOAA Fisheries and BOEM 

but can be considered conservative based on measurement results documenting the effectiveness of bubble 

curtains in other in-water environments (Koschinski and Lüdemann 2020). 
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Z.6.2 Vibratory Pile Driving 

The use of vibratory pile driving itself is considered a noise mitigation strategy. The main energy associated 

with vibratory pile driving is radiated at lower frequencies compared to impact piling, and sound waves 

below a lower cut-off frequency do not propagate in shallow waters. As a result, high peak levels can be 

avoided and continuous sound levels can be kept low. Noise emissions from vibratory pile driving are on 

the order of 10 to 20 dB (Leq,30s) below mitigated impact pile driving at identical monopiles (Koschinski 

and Lüdemann 2020).  

To date, there is very limited information available regarding the use, effectiveness, and noise emissions 

produced using vibratory pile driving for installation of larger pile diameters consistent with those proposed 

for the Project; therefore, further investigation is required. Correspondingly, the lower frequencies radiated 

by vibratory pile driving may restrict the ability of a bubble curtain to allow for a further 6 to 10 dB 

reduction in noise level.  For the purposes of the Project’s underwater acoustic assessment, a 6 and 10 dB 

reduction was still applied for consistency. From a feasibility standpoint, it is unlikely that another noise 

mitigation measure (e.g., isolation casing, cofferdam, etc.) along with a bubble curtain would be 

implemented in the field.  

Z.7 RESULTS 

As indicated earlier, using dBSea and site-specific parameters related to the marine environment and Project 

sound source characteristics, acoustic modeling was completed to assess distances to the various acoustic 

threshold levels identified in Section Z.2.1, Underwater Acoustic Criteria. The modeling scenarios analyzed 

are described in Table Z-7 and includes the following:  

• Scenario 1: Standard driving installation, which includes both impact pile-driving and vibratory 

hammer activities for a single pile per day with a diameter of 31.2 ft (9.5 m);  

• Scenario 2: Hard-to-drive installation, which includes both impact pile-driving and vibratory 

hammer activities for a single pile per day with a diameter of 31.2 ft (9.5 m); 

• Scenario 3: Standard installation and hard-to-drive installation, which includes both impact pile-

driving and vibratory hammer activities for two piles per day with a diameter of 31.2 ft (9.5 m). 

Installation of two monopiles is not planned to be concurrent; 

• Scenario 4: OSS piled jacket foundation installation, which includes a combination of vibratory 

and impact pile-driving activities for a pile diameter of 8.2 ft (2.5 m); 

• Scenario 5: Installation of the cofferdam using a vibratory hammer; and 

• Scenario 6: Installation of goal post piles using an impact hammer at a rate of two piles per day.  

All activities for scenarios 1 through 3 may occur at the two representative WTG locations within the Lease 

Area, where one location is in the deepest region (121 ft [37 m]) of the Lease Area and the other location 

is in the shallowest region (69 ft [21 m]) of the Lease Area. Jacket pin pile installation was modeled at a 

third location associated with the OSS with a water depth of 92 ft (28 m).  
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The results for the monopile modeling scenarios are provided in Table Z-9 through Table Z-17 for the deep 

location and Table Z-18 through Table Z-26 for the shallow location. The results for the jacket pin pile 

modeling scenario are provided in Table Z-27 through Table Z-35. Table Z-36 through Table Z-39 provide 

results for the cofferdam installation and Table Z-40 through Table Z-42 provide results for goal post 

installation. Results are presented without mitigation and with two different levels of mitigation: a 6-dB 

reduction and a 10-dB reduction. Noise mitigation requirements and methods have not been finalized at 

this stage of Project design; therefore, these two levels of reduction were applied to potentially mimic the 

use of noise mitigation options, such as bubble curtains.  

The results for the modeled scenarios indicate that the unmitigated distances to the Lpk thresholds are 

generally below 5,317 ft (1,621 m) for the monopile scenarios and below 1,663 ft (508 m) for the jacket 

pin pile scenario. Distances to the PTS onset thresholds in terms of SEL are also provided. Similar results 

are given for fish and sea turtles, with ranges to applicable thresholds varying depending on the threshold 

value and sound level weighting. Expectedly, the largest ranges to thresholds are the ones for the marine 

mammal and fish behavioral response, which are 150 dB and 120 dB, respectively. Figure Z-8 through 

Figure Z-13 provide sound contour figures for the unmitigated SPL levels for the deep, shallow and OSS 

modeling locations. As indicated prior, use of vibratory pile driving is considered a somewhat mitigative 

activity, and unmitigated vibratory pile driving modeling results suggest that vibratory pile driving, when 

compared to impact pile driving results, will likely not dictate noise mitigation measures used for the 

Project. 

Certain distances to the acoustic thresholds presented in Table Z-10, Table Z-12, Table Z-14, Table Z-16, 

and Table Z-25 contain minor irregularities. These irregularities have been identified for the deep and 

shallow locations when comparing the SEL metric for the different scenarios, and are considered 

inconsequential given that the differences in distances to thresholds are less than 50-meters, which is well 

within the uncertainty range of the model, and the differences in modeled sound levels are less than 1 dB .  

These irregularities arise due to the use of a 100 m model resolution to analyze Project-related underwater 

acoustic impacts while simultaneously maintaining computational efficiency, as well as the methodology 

used to determine the R95% threshold range as described in Section Z.4.2.4. Since the irregularities are 

observed in less than 1 percent of the data, the results of this analysis, as presented, have been determined 

to be valid. The minor irregularities, as identified in the tables below, will not affect the overall results of 

this report. The results of the analysis will be used to inform development of evaluation and mitigation 

measures that will be applied during construction and operation of the Project, in consultation with BOEM, 

NOAA Fisheries, and any additional appropriate regulatory agencies. The Project will obtain necessary 

permits to address potential impacts to marine mammals, sea turtles, and fisheries resources from 

underwater noise and will establish appropriate and practicable mitigation and monitoring measures 

through discussions with regulatory agencies.  
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Table Z-9. Marine Mammal Permanent Threshold Shift Onset Criteria Threshold Distances (meters) for Pile-Driving - Deep Location (Monopile) 

Scenario Pile Type 

Maximum 
Hammer Energy 

(kilojoules) 

Installation 
Duration 
(minutes) Mitigation (dB) 

Hearing Group a/ 

Low-Frequency Cetaceans Mid-Frequency Cetaceans High-Frequency Cetaceans Phocid Pinnipeds 

219 Lp,pk 183 LE, 24hr 230 Lp,pk 185 LE, 24hr 202 Lp,pk 155 LE, 24hr 218 Lp,pk 185 LE, 24hr 

Scenario 1: Standard 
Driving Scenario 

9.5 m Monopile 4,000 b/ 85 

0 344 11,325 116 598 1,621 5,686 371 3,405 

6 182 6,020 67 320 927 2,946 213 1,852 

10 132 4,396 29 170 663 2,139 141 1,267 

Scenario 2: Hard 
Driving Scenario 

9.5 m Monopile 4,000 b/ 99 

0 344 12,423 116 664 1,621 6,273 371 3,809 

6 182 6,738 67 354 927 3,230 213 1,987 

10 132 4,980 29 187 663 2,304 141 1,358 

Scenario 3: One 
Standard and One 

Hard Driving Scenario 

9.5 m Monopile 
(2 piles per day) 

4,000 b/ 184 

0 344 14,363 116 840 1,621 7,647 371 4,651 

6 182 7,997 67 443 927 3,933 213 2,570 

10 132 5,663 29 226 663 2,884 141 1,756 

Source: NOAA Fisheries 2018 

Notes: 
a/ Level A Injury  
b/ Corresponds to the maximum rated hammer energy; however, actual hammer energy transferred to the pile during installation will be less. 

 

Table Z-10. Sea Turtle and Fish Onset of Injury Threshold Distances (meters) for Pile-Driving – Deep Location (Monopile) 

Scenario Pile Type 

Hammer 
Energy 

(kilojoules) 

Installation 
Duration 
(minutes) 

Mitigation 
(dB) 

Hearing Group a/ 

Fish: No Swim Bladder 
Fish: Swim Bladder not Involved 

in Hearing 
Fish: Swim Bladder Involved in 

Hearing Eggs and Larvae Sea Turtles 

213 Lp,pk 219 LE, 24hr 207 Lp,pk 210 LE, 24hr 207 Lp,pk 207 LE, 24hr 207 Lp,pk 210 LE, 24hr 207 Lp,pk 210 LE, 24hr 

Scenario 1: 
Standard Driving 

Scenario 

9.5 m 
Monopile 

4,000 b/ 85 

0 605 810 1,007 1,729 1,007 2,348 1,007 1,729 1,007 1,729 

6 344 489 605 1,021 605 1,301 605 1,021 605 1,021 c/ 

10 242 352 402 748 402 955 402 748 402 748 

Scenario 2: Hard 
Driving Scenario 

9.5 m 
Monopile 

4,000 b/ 99 

0 605 906 1,007 1,968 1,007 2,683 1,007 1,968 1,007 1,968 

6 344 540 605 1,120 605 1,466 605 1,120 605 1,120 

10 242 389 402 829 402 1,041 402 829 402 829 

Scenario 3: One 
Standard and One 

Hard Driving 
Scenario 

9.5 m 
Monopile (2 

piles per day) 
4,000 b/ 184 

0 605 1,121 1,007 2,439 1,007 3,315 1,007 2,439 1,007 2,439 

6 344 672 605 1,386 605 1,860 605 1,386 605 1,386 

10 242 477 402 1,042 402 1,266 402 1,042 402 1,042 c/ 

Source: Popper et al. 2014 

Notes: 
a/ Level A Injury 
b/ Corresponds to the maximum rated hammer energy; however, actual hammer energy transferred to the pile during installation will be less. 

c/ Refer to Section Z.7 for further details. 
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Table Z-11. Fish Acoustic Injury Threshold Distances (meters) for Pile-Driving – Deep Location (Monopile) 

Scenario Pile Type 
Hammer Energy 

(kilojoules) 
Installation Duration 

(minutes) Mitigation (dB) 

Hearing Group 

Small Fish a/ Large Fish a/ 

206 Lp,pk 183 LE, 24hr 206 Lp,pk 187 LE, 24hr 

Scenario 1: Standard 
Driving Scenario 

9.5 m Monopile 4,000 b/ 85 

0 1,105 14,940 1,105 11,907 

6 663 8,653 663 6,131 

10 445 6,131 445 4,501 

Scenario 2: Hard 
Driving Scenario 

9.5 m Monopile 4,000 b/ 99 

0 1,105 16,655 1,105 12,722 

6 663 9,302 663 6,824 

10 445 6,824 445 5,085 

Scenario 3: One 
Standard and One 

Hard Driving Scenario 

9.5 m Monopile (2 
piles per day) 

4,000 b/ 184 

0 1,105 20,786 1,105 14,787 

6 663 11,508 663 8,291 

10 445 8,291 445 5,880 

Source: Stadler and Woodbury 2009 

Notes: 
a/ Small fish are fish less than 2 grams in weight. Large fish are 2 grams or larger. 
b/ Corresponds to the maximum rated hammer energy; however, actual hammer energy transferred to the pile during installation will be less. 

 

Table Z-12. Sea Turtle Behavioral and Acoustic Injury Criteria Threshold Distances (meters) for Pile-Driving – Deep Location (Monopile) 

Scenario Pile Type 
Hammer Energy 

(kilojoule) 
Installation Duration 

(minutes) Mitigation (dB) 

Species 

Sea Turtle Behavioral Sea Turtle Temporary Threshold Shift Sea Turtle Permanent Threshold Shift 

175 Lp 226 Lp,pk 189 LE, TUW, 24hr 232 Lp,pk 204 LE, TUW, 24hr 

Scenario 1: Standard 
Driving Scenario 

9.5 m Monopile 4,000 a/ 85 

0 5,162 180 8,985 104 2,628 

6 2,829 104 5,010 48 1,408 b/ 

10 2,146 67 3,575 10 1,044 

Scenario 2: Hard 
Driving Scenario 

9.5 m Monopile 4,000 a/ 99 

0 5,162 180 9,762 104 2,918 

6 2,829 104 5,560 48 1,533 

10 2,146 67 3,902 10 1,142 

Scenario 3: One 
Standard and One 

Hard Driving Scenario 

9.5 m Monopile (2 
piles per day) 

4,000 a/ 184 

0 5,162 180 11,998 104 3,685 

6 2,829 104 7,037 48 2,053 

10 2,146 67 4,812 10 1,410 b/ 

Source: NOAA Fisheries 2019 

Notes:  

a/ Corresponds to the maximum rated hammer energy; however, actual hammer energy transferred to the pile during installation will be less. 

b/ Refer to Section Z.7 for further details. 
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Table Z-13. Threshold Distances (meters) for Sound Pressure Levels (Lp) for Pile Driving at the Deep Location (Monopile) 

Scenario Pile Type 
Hammer Energy 

(kilojoules) 
Installation Duration 

(minutes) Mitigation (dB) 

Hearing Group 

200 Lp 190 Lp 180 Lp 175 Lp 160 Lp Fish 150 Lp 

Scenario 1: Standard 
Driving Scenario 

9.5 m Monopile 4,000 a/ 85 

0 661 1,495 3,817 5,162 15,010 36,030 

6 371 895 2,013 2,829 8,700 20,512 

10 266 661 1,495 2,146 6,182 15,010 

Scenario 2: Hard 
Driving Scenario 

9.5 m Monopile 4,000 a/ 99 

0 661 1,495 3,817 5,162 15,010 36,030 

6 371 895 2,013 2,829 8,700 20,512 

10 266 661 1,495 2,146 6,182 15,010 

Scenario 3: One 
Standard and One 

Hard Driving Scenario 

9.5 m Monopile (2 
piles per day) 

4,000 a/ 184 

0 661 1,495 3,817 5,162 15,010 36,030 

6 371 895 2,013 2,829 8,700 20,512 

10 266 661 1,495 2,146 6,182 15,010 

Note: a/ Corresponds to the maximum rated hammer energy; however, actual hammer energy transferred to the pile during installation will be less. 

 

Table Z-14. Marine Mammal PTS Onset Criteria Threshold Distances (meters) for Vibratory Hammer – Deep Location (Monopile) 

Scenario Pile Type 
Installation Duration 

(minutes) Mitigation (dB) 

Hearing Group a/ 

LF Cetaceans MF Cetaceans HF Cetaceans Phocid Pinnipeds 

199 LE, 24hr 198 LE, 24hr 173 LE, 24hr 201 LE, 24hr 

Scenario 1: Standard Driving 
Scenario 

9.5 m Monopile 60 

0 414 0 341 128 

6 199 0 161 51 

10 141 0 103 12 

Scenario 2: Hard Driving 
Scenario 

9.5 m Monopile 30 

0 356 0 278 84 

6 150 0 129 b/ 23 

10 113 0 87 3 

Scenario 3: One Standard 
and One Hard Driving 

Scenario 

9.5 m Monopile (2 piles per 
day) 

90 

0 488 0 409 146 

6 224 0 185 67 

10 158 0 125 b/ 31 

Source: NOAA Fisheries 2018 

Notes:  

a/ Level A Injury 

b/ Refer to Section Z.7 for further details. 

 

Table Z-15. Fish Acoustic Injury Threshold Distances (meters) for Vibratory Hammer – Deep Location (Monopile) 

Scenario Pile Type 
Installation Duration 

(minutes) Mitigation (dB) 

Hearing Group 

Small Fish a/ Large Fish a/ 

183 LE, 24hr 187 LE, 24hr 

Scenario 1: Standard Driving 
Scenario 

9.5 m Monopile 60 

0 3,188 2,199 

6 1,831 1,216 

10 1,216 796 

Scenario 2: Hard Driving 
Scenario 

9.5 m Monopile 30 

0 2,476 1,641 

6 1,338 886 

10 886 601 

Scenario 3: One Standard 
and One Hard Driving 

Scenario 

9.5 m Monopile (2 piles per 
day) 

90 

0 3,822 2,666 

6 2,191 1,442 

10 1,442 961 

Source: Stadler and Woodbury 2009 

Note: a/ Small fish are fish less than 2 grams in weight. Large fish are 2 grams or larger. 
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Table Z-16. Sea Turtle Behavioral and Acoustic Injury Criteria Threshold Distances (meters) for Vibratory Hammer – Deep Location (Monopile) 

Scenario Pile Type 
Installation Duration 

(minutes) Mitigation (dB) 

Species 

Sea Turtle Behavioral Sea Turtle TTS Sea Turtle PTS 

175 Lp 200 LE, TUW, 24hr 220 LE, TUW, 24hr 

Scenario 1: Standard Driving 
Scenario 

9.5 m Monopile 60 

0 189 522 65 

6 119 298 18 

10 82 179 6 a/ 

Scenario 2: Hard Driving 
Scenario 

9.5 m Monopile 30 

0 189 402 40 

6 119 241 a/ 0 a/ 

10 82 132 0 

Scenario 3: One Standard 
and One Hard Driving 

Scenario 

9.5 m Monopile (2 piles per 
day) 

90 

0 189 642 78 

6 119 358 24 

10 82 200 a/ 8 

Source: NOAA Fisheries 2019 

Note: a/ Refer to Section Z.7 for further details. 

 

Table Z-17. Threshold Distances (meters) for Sound Pressure Levels (Lp) for Vibratory Hammer at the Deep Location (Monopile) 

Scenario Pile Type Installation Duration (minutes) Mitigation (dB) 

Sound Pressure Level Thresholds (dB) a/ 

180 Lp 175 Lp 160 Lp 150 Lp 140 Lp 120 Lp 

Scenario 1: Standard 
Driving Scenario 

9.5 m Monopile 85 

0 128 189 N/A 2,528 6,285 21,404 

6 73 119 N/A 1,359 3,618 12,267 

10 37 82 N/A 903 2,528 8,866 

Scenario 2: Hard 
Driving Scenario 

9.5 m Monopile 99 

0 128 189 N/A 2,528 6,285 21,404 

6 73 119 N/A 1,359 3,618 12,267 

10 37 82 N/A 903 2,528 8,866 

Scenario 3: One 
Standard and One 

Hard Driving Scenario 

9.5 m Monopile (2 
piles per day) 

184 

0 128 189 N/A 2,528 6,285 21,404 

6 73 119 N/A 1,359 3,618 12,267 

10 37 82 N/A 903 2,528 8,866 

Note: a/ Corresponds to the maximum rated hammer energy; however, actual hammer energy transferred to the pile during installation will be less. 

 

Table Z-18. Marine Mammal Permanent Threshold Shift Onset Criteria Threshold Distances (meters) for Pile-Driving - Shallow Location (Monopile) 

Scenario Pile Type 

Maximum 
Hammer Energy 

(kilojoules) 

Installation 
Duration 
(minutes) 

Mitigation 
(dB) 

Hearing Group a/ 

Low-Frequency Cetaceans Mid-Frequency Cetaceans High-Frequency Cetaceans Phocid Pinnipeds 

219 Lp,pk 183 LE, 24hr 230 Lp,pk 185 LE, 24hr 202 Lp,pk 155 LE, 24hr 218 Lp,pk 185 LE, 24hr 

Scenario 1: Standard 
Driving Scenario 

9.5 m 
Monopile 

4,000 b/ 85 

0 326 7,406 117 411 1,583 4,056 355 2,707 

6 176 4,416 61 221 919 2,383 201 1,588 

10 128 3,138 26 99 607 1,659 138 1,059 

Scenario 2: Hard 
Driving Scenario 

9.5 m 
Monopile 

4,000 b/ 99 

0 326 7,887 117 472 1,583 4,585 355 2,947 

6 176 4,587 61 254 919 2,560 201 1,735 

10 128 3,363 26 108 607 1,888 138 1,171 

Scenario 3: One 
Standard and One 

Hard Driving Scenario 

9.5 m 
Monopile (2 

piles per day) 
4,000 b/ 184 

0 326 9,925 117 570 1,583 5,587 355 3,759 

6 176 5,783 61 306 919 3,170 201 2,099 

10 128 4,152 26 134 607 2,314 138 1,464 

Source: NOAA Fisheries 2018 

Notes: 
a/ Level A Injury  
b/ Corresponds to the maximum rated hammer energy; however, actual hammer energy transferred to the pile during installation will be less. 
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Table Z-19. Sea Turtle and Fish Onset of Injury Threshold Distances (meters) for Pile-Driving – Shallow Location (Monopile) 

Scenario Pile Type 

Hammer 
Energy 

(kilojoules) 

Installation 
Duration 
(minutes) 

Mitigation 
(dB) 

Hearing Group a/ 

Fish: No Swim Bladder 
Fish: Swim Bladder not involved 

in Hearing 
Fish: Swim Bladder involved in 

Hearing Eggs and Larvae Sea Turtles 

213 Lp,pk 219 LE, 24hr 207 Lp,pk 210 LE, 24hr 207 Lp,pk 207 LE, 24hr 207 Lp,pk 210 LE, 24hr 207 Lp,pk 210 LE, 24hr 

Scenario 1: 
Standard 

Driving Scenario 
9.5 m Monopile 4,000 b/ 85 

0 556 781 969 1,619 969 2,111 969 1,619 969 1,619 

6 326 437 556 987 556 1,203 556 987 556 987 

10 234 308 382 698 382 870 382 698 382 698 

Scenario 2: 
Hard Driving 

Scenario 
9.5 m Monopile 4,000 b/ 99 

0 556 856 969 1,852 969 2,288 969 1,852 969 1,852 

6 326 480 556 1,079 556 1,347 556 1,079 556 1,079 

10 234 337 382 770 382 942 382 770 382 770 

Scenario 3: One 
Standard and 

One Hard 
Driving Scenario 

9.5 m Monopile 
(2 piles per 

day) 
4,000 b/ 184 

0 556 1,064 969 2,260 969 2,981 969 2,260 969 2,260 

6 326 629 556 1,299 556 1,704 556 1,299 556 1,299 

10 234 429 382 986 382 1,190 382 986 382 986 

Source: Popper et al. 2014 

Notes: 
a/ Level A Injury 
b/ Corresponds to the maximum rated hammer energy; however, actual hammer energy transferred to the pile during installation will be less. 

 

Table Z-20. Fish Acoustic Injury Threshold Distances (meters) for Pile-Driving – Shallow Location (Monopile) 

Scenario Pile Type 
Hammer Energy 

(kilojoules) 
Installation Duration 

(minutes) Mitigation (dB) 

Hearing Group 

Small Fish a/ Large Fish a/ 

206 Lp,pk 183 LE, 24hr 206 Lp,pk 187 LE, 24hr 

Scenario 1: Standard 
Driving Scenario 

9.5 m Monopile 4,000 b/ 85 

0 1,060 12,112 1,060 9,059 

6 607 7,072 607 5,199 

10 413 5,199 413 3,757 

Scenario 2: Hard 
Driving Scenario 

9.5 m Monopile 4,000 b/ 99 

0 1,060 13,486 1,060 10,185 

6 607 7,628 607 5,672 

10 413 5,672 413 4,149 

Scenario 3: One 
Standard and One 

Hard Driving Scenario 

9.5 m Monopile (2 
piles per day) 

4,000 b/ 184 

0 1,060 17,035 1,060 12,487 

6 607 9,410 607 7,045 

10 413 7,045 413 5,089 

Source: Stadler and Woodbury 2009 

Notes: 
a/ Small fish are fish less than 2 grams in weight. Large fish are 2 grams or larger. 
b/ Corresponds to the maximum rated hammer energy; however, actual hammer energy transferred to the pile during installation will be less. 
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Table Z-21. Sea Turtle Behavioral and Acoustic Injury Criteria Threshold Distances (meters) for Pile-Driving – Shallow Location (Monopile) 

Scenario Pile Type 
Hammer Energy 

(kilojoule) 
Installation Duration 

(minutes) Mitigation (dB) 

Species 

Sea Turtle Behavioral Sea Turtle Temporary Threshold Shift Sea Turtle Permanent Threshold Shift 

175 Lp 226 Lp,pk 189 LE, TUW, 24hr 232 Lp,pk 204 LE, TUW, 24hr 

Scenario 1: Standard 
Driving Scenario 

9.5 m Monopile 4,000 a/ 85 

0 4,776 162 6,897 90 2,150 

6 2,667 90 3,957 46 1,258 

10 1,951 61 2,758 7 900 

Scenario 2: Hard 
Driving Scenario 

9.5 m Monopile 4,000 a/ 99 

0 4,776 162 7,698 90 2,359 

6 2,667 90 4,334 46 1,482 

10 1,951 61 2,944 7 985 

Scenario 3: One 
Standard and One 

Hard Driving Scenario 

9.5 m Monopile (2 
piles per day) 

4,000 a/ 184 

0 4,776 162 9,136 90 3,024 

6 2,667 90 5,367 46 1,751 

10 1,951 61 3,607 7 1,225 

Source: NOAA Fisheries 2019 

Note: a/ Corresponds to the maximum rated hammer energy; however, actual hammer energy transferred to the pile during installation will be less. 

 

Table Z-22. Threshold Distances (meters) for Sound Pressure Levels (Lp) for Pile Driving – Shallow Location (Monopile) 

Scenario Pile Type 
Hammer Energy 

(kilojoules) 
Installation Duration 

(minutes) Mitigation (dB) 

Sound Pressure Level Thresholds (dB) 

200 Lp 190 Lp 180 Lp 175 Lp 160 Lp 150 Lp 

Scenario 1: Standard 
Driving Scenario 

9.5 m Monopile 4,000 a/ 85 

0 601 1,483 3,471 4,776 12,976 30,041 

6 362 858 1,948 2,667 7,473 17,078 

10 260 601 1,483 1,951 5,503 12,976 

Scenario 2: Hard Driving 
Scenario 

9.5 m Monopile 4,000 a/ 99 

0 601 1,483 3,471 4,776 12,976 30,041 

6 362 858 1,948 2,667 7,473 17,078 

10 260 601 1,483 1,951 5,503 12,976 

Scenario 3: One 
Standard and One Hard 

Driving Scenario 

9.5 m Monopile (2 piles 
per day) 

4,000 a/ 184 

0 601 1,483 3,471 4,776 12,976 30,041 

6 362 858 1,948 2,667 7,473 17,078 

10 260 601 1,483 1,951 5,503 12,976 

Note: a/ Corresponds to the maximum rated hammer energy; however, actual hammer energy transferred to the pile during installation will be less. 

 

Table Z-23. Marine Mammal PTS Onset Criteria Threshold Distances (meters) for Vibratory Hammer – Shallow Location (Monopile) 

Scenario Pile Type 
Installation Duration 

(minutes) Mitigation (dB) 

Hearing Group a/ 

LF Cetaceans MF Cetaceans HF Cetaceans Phocid Pinnipeds 

199 LE, 24hr 198 LE, 24hr 173 LE, 24hr 201 LE, 24hr 

Scenario 1: Standard Driving 
Scenario 

9.5 m Monopile 60 

0 385 0 317 102 

6 149 0 133 44 

10 107 0 93 31 

Scenario 2: Hard Driving 
Scenario 

9.5 m Monopile 30 

0 292 0 237 76 

6 112 0 99 33 

10 88 0 67 21 

Scenario 3: One Standard 
and One Hard Driving 

Scenario 

9.5 m Monopile (2 piles per 
day) 

90 

0 449 0 372 121 

6 174 0 160 51 

10 135 0 110 36 

Source: NOAA Fisheries 2018 

Note: a/ Level A Injury  
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Table Z-24. Fish Acoustic Injury Threshold Distances (meters) for Vibratory Hammer – Shallow Location (Monopile) 

Scenario Pile Type 
Installation Duration 

(minutes) Mitigation (dB) 

Hearing Group 

Small Fish a/ Large Fish a/ 

183 LE, 24hr 187 LE, 24hr 

Scenario 1: Standard Driving 
Scenario 

9.5 m Monopile 60 

0 3,013 2,025 

6 1,754 1,191 

10 1,191 771 

Scenario 2: Hard Driving 
Scenario 

9.5 m Monopile 30 

0 2,239 1,512 

6 1,300 879 

10 879 580 

Scenario 3: One Standard 
and One Hard Driving 

Scenario 

9.5 m Monopile (2 piles per 
day) 

90 

0 3,587 2,407 

6 2,058 1,392 

10 1,392 911 

Source: Stadler and Woodbury 2009 

Note: a/ Small fish are fish less than 2 grams in weight. Large fish are 2 grams or larger. 

 

Table Z-25. Sea Turtle Behavioral and Acoustic Injury Criteria Threshold Distances (meters) for Vibratory Hammer – Shallow Location (Monopile) 

Scenario Pile Type 
Installation Duration 

(minutes) Mitigation (dB) 

Species 

Sea Turtle Behavioral Sea Turtle TTS Sea Turtle PTS 

175 Lp 200 LE, 24hr 220 LE, 24hr 

Scenario 1: Standard Driving 
Scenario 

9.5 m Monopile 60 

0 175 490 50 

6 98 275 16 

10 52 164 0 

Scenario 2: Hard Driving 
Scenario 

9.5 m Monopile 30 

0 175 364 37 

6 98 203 a/ 0 

10 52 120 0 

Scenario 3: One Standard 
and One Hard Driving 

Scenario 

9.5 m Monopile (2 piles per 
day) 

90 

0 175 581 61 

6 98 321 20 

10 52 195 a/ 0 

Source: NOAA Fisheries 2019 

Note: a/ Refer to Section Z.7 for further details. 

 

Table Z-26. Threshold Distances (meters) for Sound Pressure Levels (Lp) for Vibratory Hammer – Shallow Location (Monopile) 

Scenario Pile Type Installation Duration (minutes) Mitigation (dB) 

Sound Pressure Level Thresholds (dB) a/ 

180 Lp 175 Lp 160 Lp 150 Lp 140 Lp 120 Lp 

Scenario 1: Standard 
Driving Scenario 

9.5 m Monopile 85 

0 129 175 N/A 2,317 5,566 16,308 

6 76 98 N/A 1,375 3,251 9,508 

10 30 52 N/A 907 2,317 6,485 

Scenario 2: Hard Driving 
Scenario 

9.5 m Monopile 99 

0 129 175 N/A 2,317 5,566 16,308 

6 76 98 N/A 1,375 3,251 9,508 

10 30 52 N/A 907 2,317 6,485 

Scenario 3: One 
Standard and One Hard 

Driving Scenario 

9.5 m Monopile (2 piles 
per day) 

184 

0 129 175 N/A 2,317 5,566 16,308 

6 76 98 N/A 1,375 3,251 9,508 

10 30 52 N/A 907 2,317 6,485 

Note: a/ Corresponds to the maximum rated hammer energy; however, actual hammer energy transferred to the pile during installation will be less. 
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Table Z-27. Marine Mammal Permanent Threshold Shift Onset Criteria Threshold Distances (meters) for Pile-Driving – OSS Location 

Scenario Pile Type 

Maximum 
Hammer Energy 

(kilojoules) 

Installation 
Duration 
(minutes) Mitigation (dB) 

Hearing Group a/ 

Low-Frequency Cetaceans Mid-Frequency Cetaceans High-Frequency Cetaceans Phocid Pinnipeds 

219 Lp,pk 183 LE, 24hr 230 Lp,pk 185 LE, 24hr 202 Lp,pk 155 LE, 24hr 218 Lp,pk 185 LE, 24hr 

Scenario 4: OSS 
Piled Jacket 
Foundation 

2.8 m Pin 
Pile 

3,000 b/ 410 

0 35 6,807 0 258 508 3,485 55 3,188 

6 0 3,697 0 121 284 1,938 0 1,746 

10 0 2,680 0 48 197 1,435 0 1,283 

Source: NOAA Fisheries 2018 

Notes: 
a/ Level A Injury  
b/ Corresponds to the maximum rated hammer energy; however, actual hammer energy transferred to the pile during installation will be less. 

 

Table Z-28. Sea Turtle and Fish Onset of Injury Threshold Distances (meters) for Pile-Driving – OSS Location 

Scenario Pile Type 

Hammer 
Energy 

(kilojoules) 

Installation 
Duration 
(minutes) 

Mitigation 
(dB) 

Hearing Group a/ 

Fish: No Swim Bladder 
Fish: Swim Bladder not involved 

in Hearing 
Fish: Swim Bladder involved in 

Hearing Eggs and Larvae Sea Turtles 

213 Lp,pk 219 LE, 24hr 207 Lp,pk 210 LE, 24hr 207 Lp,pk 207 LE, 24hr 207 Lp,pk 210 LE, 24hr 207 Lp,pk 210 LE, 24hr 

Scenario 4: 
OSS Piled 

Jacket 
Foundation 

2.8 m Pin 
Pile 

3,000 b/ 410 

0 172 536 311 1,231 311 1,599 311 1,231 311 1,231 

6 35 310 172 696 172 907 172 696 172 696 

10 0 213 74 488 74 633 74 488 74 488 

Source: Popper et al. 2014 

Notes: 
a/ Level A Injury 
b/ Corresponds to the maximum rated hammer energy; however, actual hammer energy transferred to the pile during installation will be less. 

 

Table Z-29. Fish Acoustic Injury Threshold Distances (meters) for Pile-Driving – OSS Location 

Scenario Pile Type 
Hammer Energy 

(kilojoules) 
Installation Duration 

(minutes) Mitigation (dB) 

Hearing Group 

Small Fish a/ Large Fish a/ 

206 Lp,pk 183 LE, 24hr 206 Lp,pk 187 LE, 24hr 

Scenario 4: OSS Piled 
Jacket Foundation 

2.8 m Pin Pile 3,000 b/ 410 

0 344 10,069 344 7,306 

6 197 5,959 197 4,000 

10 94 4,000 94 2,959 

Source: Stadler and Woodbury 2009 

Notes: 
a/ Small fish are fish less than 2 grams in weight. Large fish are 2 grams or larger. 
b/ Corresponds to the maximum rated hammer energy; however, actual hammer energy transferred to the pile during installation will be less. 

 

Table Z-30. Sea Turtle Behavioral and Acoustic Injury Criteria Threshold Distances (meters) for Pile-Driving – OSS Location 

Scenario Pile Type 
Hammer Energy 

(kilojoule) 
Installation Duration 

(minutes) Mitigation (dB) 

Species 

Sea Turtle Behavioral Sea Turtle Temporary Threshold Shift Sea Turtle Permanent Threshold Shift 

175 Lp 226 Lp,pk 189 LE, TUW, 24hr 232 Lp,pk 204 LE, TUW, 24hr 

Scenario 4: OSS Piled 
Jacket Foundation 

2.8 m Pin Pile 3,000 a/ 410 

0 2,041 0 5,900 0 1,695 

6 1,134 0 3,197 0 914 

10 742 0 2,303 0 653 

Source: NOAA Fisheries 2019 

Note: a/ Corresponds to the maximum rated hammer energy; however, actual hammer energy transferred to the pile during installation will be less. 
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Table Z-31. Threshold Distances (meters) for Sound Pressure Levels (Lp) for Pile Driving – OSS Location 

Scenario Pile Type 

Hammer 
Energy 

(kilojoules) 

Installation 
Duration 
(minutes) Mitigation (dB) 

Sound Pressure Level Thresholds (dB) 

200 Lp 190 Lp 180 Lp 175 Lp 160 Lp Fish 150 Lp 

Scenario 4: OSS 
Piled Jacket 
Foundation 

2.8 m Pin 
Pile 

3,000 a/ 410 

0 148 489 1,238 2,041 5,530 13,641 

6 29 247 728 1,134 3,291 8,243 

10 0 148 489 742 2,172 5,530 

Note: a/ Corresponds to the maximum rated hammer energy; however, actual hammer energy transferred to the pile during installation will be less. 

 

Table Z-32. Marine Mammal PTS Onset Criteria Threshold Distances (meters) for Vibratory Hammer – OSS Location 

Scenario Pile Type 
Installation Duration 

(minutes) Mitigation (dB) 

Hearing Group a/ 

LF Cetaceans MF Cetaceans HF Cetaceans Phocid Pinnipeds 

199 LE, 24hr 198 LE, 24hr 173 LE, 24hr 201 LE, 24hr 

Scenario 4: OSS Piled 
Jacket Foundation 

2.8 m Pin Pile 120 

0 218 0 190 63 

6 130 0 112 35 

10 75 0 68 0 

Source: NOAA Fisheries 2018 

Note: a/ Level A Injury  

 

Table Z-33. Fish Acoustic Injury Threshold Distances (meters) for Vibratory Hammer – OSS Location 

Scenario Pile Type 
Installation Duration 

(minutes) Mitigation (dB) 

Hearing Group 

Small Fish a/ Large Fish a/ 

183 LE, 24hr 187 LE, 24hr 

Scenario 4: OSS Piled 
Jacket Foundation 

2.8 m Pin Pile 120 

0 1,664 1,088 

6 887 569 

10 569 427 

Source: Stadler and Woodbury 2009 

Note: a/ Small fish are fish less than 2 grams in weight. Large fish are 2 grams or larger. 

 

Table Z-34. Sea Turtle Behavioral and Acoustic Injury Criteria Threshold Distances (meters) for Vibratory Hammer – OSS Location  

Scenario Pile Type 
Installation Duration 

(minutes) Mitigation (dB) 

Species 

Sea Turtle Behavioral Sea Turtle TTS Sea Turtle PTS 

175 Lp 200 LE, TUW, 24hr 220 LE, TUW, 24hr 

Scenario 4: OSS Piled 
Jacket Foundation 

2.8 m Pin Pile 120 

0 85 239 14 

6 38 142 0 

10 7 94 0 

Source: NOAA Fisheries 2019 

 

Table Z-35. Threshold Distances (meters) for Sound Pressure Levels (Lp) for Vibratory Pile Driving – OSS Location 

Scenario Pile Type 
Installation Duration 

(minutes) Mitigation (dB) 

Sound Pressure Level Thresholds (dB) 

180 Lp 175 Lp 160 Lp 150 Lp 140 Lp 120 Lp 

Scenario 4: OSS 
Piled Jacket 
Foundation 

2.8 m Pin 
Pile 

120 

0 46 85 N/A 991 2,497 8,912 

6 0 38 N/A 540 1,404 5,272 

10 0 7 N/A 393 991 3,601 

Source: NOAA Fisheries 2019 
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Table Z-36. Marine Mammal PTS Onset Criteria Threshold Distances (meters) for Vibratory Hammer – Cofferdam 

Scenario Pile Type 
Installation Duration 

(minutes) Mitigation (dB) 

Hearing Group a/ 

LF Cetaceans MF Cetaceans HF Cetaceans Phocid Pinnipeds 

199 LE, 24hr 198 LE, 24hr 173 LE, 24hr 201 LE, 24hr 

Scenario 5: Cofferdam 
Installation 

Sheet Pile 60 

0 108 0 0 0 

6 16 0 0 0 

10 0 0 0 0 

Source: NOAA Fisheries 2018 

Note: a/ Level A Injury  

 

Table Z-37. Fish Acoustic Injury Threshold Distances (meters) for Vibratory Hammer – Cofferdam 

Scenario Pile Type 
Installation Duration 

(minutes) Mitigation (dB) 

Hearing Group 

Small Fish a/ Large Fish a/ 

183 LE, 24hr 187 LE, 24hr 

Scenario 5: Cofferdam 
Installation 

Sheet Pile 60 

0 567 506 

6 389 317 

10 317 206 

Source: Stadler and Woodbury 2009 

Note: a/ Small fish are fish less than 2 grams in weight. Large fish are 2 grams or larger. 

 

Table Z-38. Sea Turtle Behavioral and Acoustic Injury Criteria Threshold Distances (meters) for Vibratory Hammer – Cofferdam 

Scenario Pile Type 
Installation Duration 

(minutes) Mitigation (dB) 

Species 

Sea Turtle Behavioral Sea Turtle TTS Sea Turtle PTS 

175 Lp 200 LE, 24hr 220 LE, 24hr 

Scenario 5: Cofferdam 
Installation 

Sheet Pile 60 

0 0 5 0 

6 0 0 0 

10 0 0 0 

Source: NOAA Fisheries 2020 

 

Table Z-39. Marine Mammal and Fish Behavioral Response Criteria Threshold Distances (meters) for Vibratory Hammer – Cofferdam 

Scenario Pile Type 
Installation Duration 

(minutes) Mitigation (dB) 

Hearing Group 

Fish Marine Mammals Marine Mammals 

150 Lp 160 Lp 120 Lp 

Scenario 5: Cofferdam 
Installation 

Sheet Pile 60 

0 470 N/A 3,097 

6 349 N/A 2,228 

10 248 N/A 1,814 
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Table Z-40. Marine Mammal Permanent Threshold Shift Onset Criteria Threshold Distances (meters) for Pile-Driving – Goal Post Installation 

Scenario Pile Type 

Maximum 
Hammer Energy 

(kilojoules) 

Installation 
Duration 
(minutes) Mitigation (dB) 

Hearing Group a/ 

Low-Frequency Cetaceans Mid-Frequency Cetaceans High-Frequency Cetaceans Phocid Pinnipeds 

219 Lp,pk 183 LE, 24hr 230 Lp,pk 185 LE, 24hr 202 Lp,pk 155 LE, 24hr 218 Lp,pk 185 LE, 24hr 

Scenario 6: Goal 
Post Installation 

Goal Post 
Piles 

N/A 130 

0 2 591 0 21 31 704 3 316 

6 0 235 0 8 12 280 1 126 

10 0 127 0 4.5 7 152 0 68 

Source: NOAA Fisheries 2018 

Notes: 
a/ Level A Injury  
N/A – Thresholds not applicable for source type. 

 

Table Z-41. Marine Mammal and Fish Behavioral Response Criteria Threshold Distances (meters) for Pile Driving – Goal Post Installation 

Scenario Pile Type 
Maximum Hammer 
Energy (kilojoules) Installation Duration (minutes) Mitigation (dB) 

Hearing Group 

Fish Marine Mammals Marine Mammals 

150 Lp 160 Lp 120 Lp 

Scenario 6: Goal 
Post Installation 

Goal Post 
Piles 

N/A 130 

0 6,750 1,450 41,000 

6 2,700 580 20,500 

10 1,450 314 12,900 

 

Table Z-42. Sea Turtle Behavioral and Acoustic Injury Criteria Threshold Distances (meters) for Pile-Driving – Goal Post Installation 

Scenario Pile Type 
Hammer Energy 

(kilojoule) 
Installation Duration 

(minutes) Mitigation (dB) 

Species 

Sea Turtle Behavioral Sea Turtle Temporary Threshold Shift Sea Turtle Permanent Threshold Shift 

175 Lp 226 Lp,pk 189 LE, TUW, 24hr 232 Lp,pk 204 LE, TUW, 24hr 

Scenario 6: Goal Post 
Installation 

Goal Post Piles N/A 130 

0 156 0 0 0 0 

6 63 0 0 0 0 

10 34 0 0 0 0 

Source: NOAA Fisheries 2019  
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Figure Z-8. Underwater Received Sound Levels: Scenario 1 through 3, Impact Pile Driving, Unmitigated, Deep Location (SPL)  
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Figure Z-9. Underwater Received Sound Levels: Scenario 1 through 3, Vibratory Pile Driving, Unmitigated, Deep Location (SPL)  
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Figure Z-10. Underwater Received Sound Levels: Scenario 1 through 3, Impact Pile Driving, Unmitigated, Shallow Location (SPL) 
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Figure Z-11. Underwater Received Sound Levels: Scenario 1 through 3, Vibratory Pile Driving, Unmitigated, Shallow Location (SPL) 
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Figure Z-12. Underwater Received Sound Levels: Scenario 4, Impact Pile Driving, Unmitigated, OSS Location (SPL) 
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Figure Z-13. Underwater Received Sound Levels: Scenario 4, Vibratory Pile Driving, Unmitigated, OSS Location (SPL) 
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Attachment Z-1 - Underwater Sound Propagation Modeling Methodology 

 
Tetra Tech has developed a reliable and effective approach to evaluating underwater acoustic impacts 
from pile driving as well as other in-water activities. The underwater noise modeling methodology used 
to evaluate the Project activities is described below.  

Underwater Sound Propagation Modeling 

Tetra Tech uses dBSea for underwater sound propagation modeling. dBSea is a software program 
developed by Marshall Day Acoustics for the prediction of underwater noise. The three-dimensional 
model is built by importing bathymetry data and placing noise sources in the environment. Each source 
can consist of equipment chosen from either the standard or user-defined databases. Noise mitigation 
methods may also be included. The user has control over the seabed and water properties including sound 
speed profile (SSP), temperature, salinity, and current. 

Noise levels are calculated throughout the entire Offshore Project Area and displayed in three dimensions. 
Levels are calculated in third octave bands.  For the Project, two different solvers are used for the low- 
and high-frequency ranges: 

• dBSeaPE (Parabolic Equation Method): The dBSeaPE solver makes use of the range-dependent 
acoustic model (RAM) parabolic equation method, a versatile and robust method of marching the 
sound field out in range from the sound source. This method is one of the most widely used in the 
underwater acoustics community and offers excellent performance in terms of speed and 
accuracy in a range of challenging scenarios. 

• dBSeaRay (Ray Tracing Method): The dBSeaRay solver forms a solution by tracing rays from the 
source to the receiver. Many rays leave the source covering a range of angles, and the sound level 
at each point in the receiving field is calculated by coherently summing the components from 
each ray. This is currently the only computationally efficient method at high frequencies.  

Calculation Grid and Source Solution Setup 

The calculation grid and source solution setup are based on the resolution and extents of the bathymetry 
data. The calculations within dBSea are made along each radial for each range point and depth point. 
Radials are generated from the source location out to the extent of the bathymetry area. The range points 
are generated along each radial and are evenly spaced out (range step). However, this spacing does not 
change if the source is moved. The number of “Radial slices” and “Range points” are entered, which 
represents the number of radial solution slices for each source and the evaluation range points along 
those slices (Figure 1). The range points are determined based on the width and length of the modeled 
area as well as the required range step resolution (Equation 1). 

 

 𝑅𝑎𝑛𝑔𝑒 𝑃𝑜𝑖𝑛𝑡𝑠 =
√𝑊𝑖𝑑𝑡ℎ2 +𝑙𝑒𝑛𝑔𝑡ℎ2

Range Step
 (1) 
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Figure 1. Example Radial Solution Points 

dBSea source solution calculations are completed along the radials (polar grid) based on the defined range 
and depth points. The calculation grid (cartesian) is filled from the polar grid using the nearest neighbor 
sampling, i.e., a point in the calculation results grid takes the value of the closest point in the polar grid. 
The calculation steps in dBSea are summarized below: 

• Calculations are done in the polar grid (radials) at multiple depths, which are the same depths as 
the (cartesian) calculation grid. 

• The calculation of the polar grid is smoothed with a triangular kernel, the width of which is 
selected by the user. 

• The results of the cartesian grid is filled by the nearest neighbor sampling from the calculated 
polar grid using an inverse distance. 

The more radials and range points used, the less interpolation needed for the cartesian grid. Because the 
calculation happens in the polar grid, while the results grid is cartesian, every point in the cartesian grid is 
“filled” depending on what point of the polar grid it is closest to (Figure 2).  

Polar grid 

Calculation Grid 
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Figure 2: Example Cartesian Grid Calculation 

The underwater acoustic modeling analysis for the Project used a split solver, with dBSeaPE evaluating 
the 12.5 Hz to 630 Hz range and dBSeaRay addressing the 800 Hz to 20,000 Hz range. The radial resolution 
was 10-degree intervals to the extent of the bathymetry. The specific parameters used in the modeling 
analysis are described below. 

Bathymetry 

Bathymetry data were obtained from the National Geophysical Data Center and a U.S. Coastal Relief 
Model (NOAA Satellite and Information Service 2020), and the horizontal resolution of this dataset is 3 
arc seconds (90 meters [m]). The bathymetry data covered a 138 kilometers (km) by 144 km total area 
with a maximum depth of 459 m. The sound sources were placed near the middle of the bathymetry area.   

Sediment Characteristics 

Seafloor properties were obtained through geotechnical studies performed by Dominion Energy 
presented in the Marine Site Investigation report (MSIR) submitted for the Coastal Virginia Offshore Wind 
Commercial Project. This data was used to develop a sediment profile for the overall modeled area. The 
sediment profile is presented in Table 1. The geoacoustic properties given in Table 1 were directly input 
into dBSea for each defined sediment layer. Each sediment layer is entered directly into dBSea. The 
parameters entered for each sediment layer is bulleted below: 

• Sediment layer depth (provided by the client) 

• Material name (provide by the client) 
• Speed of sound (m/s) 

• Density (kg/m3) 

• Attenuation (dB/wavelength) 

The acoustic parameters (speed of sound, density, and attenuation) are typically taken from Jenson 2011, 
Hamilton 1976, 1982, and Hamilton and Bachman 1982.  

Table 1. Geoacoustic Properties of Sub-bottom Sediments as a Function of Depth 
Depth Speed of Sound Geoacoustic Properties 

0 to 12 Sand 

Cp = 1650 m/s 

αs (dB/λ) = 0.8 dB/ λ 

ρ = 1900 kg/m3 
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Table 1. Geoacoustic Properties of Sub-bottom Sediments as a Function of Depth 
Depth Speed of Sound Geoacoustic Properties 

12 to 15 Clay 

Cp = 1500 m/s 

αs (dB/λ) = 0.2 dB/ λ 

ρ = 1500 kg/m3 

15 to 22 Dense Silty Sand 

Cp = 1650 m/s 

αs (dB/λ) = 1.1 dB/ λ 

ρ= 1800 kg/m3 

22 to 31 Stiff Sandy Clay 

Cp = 1560 m/s 

αs (dB/λ) = 0.2 dB/ λ 

ρ = 1600 kg/m3 

31 to 37 Clay 

Cp = 1500 m/s 

αs (dB/λ) = 0.2 dB/ λ 

ρ = 1500 kg/m3 

37 to 42 Silty Sand 

Cp = 1650 m/s 

αs (dB/λ) = 1.1 dB/ λ 

ρ = 1800 kg/m3 

42 to 53 Clay, Fine Sand 

Cp = 1598 m/s 

αs (dB/λ) = 0.5 dB/ λ 

ρ = 1575 kg/m3 

53 to 87 Sandy Silt 

Cp = 1605 m/s 

αs (dB/λ) = 1.0 dB/ λ 

ρ = 1700 kg/m3 

> 87 Dense Sand 

Cp = 1800 m/s 

αs (dB/λ) = 0.9 dB/ λ 

ρ = 2000 kg/m3 

Speed of Sound Profile 

Sound speed profile information for the year was 
obtained per month, and a sensitivity analysis was 
conducted to determine the sound speed profile that 
would yield the most conservative sound modeling 
results. The speed of sound profile was obtained using 
the NOAA Sound Speed Manager software 
incorporating the World Ocean Atlas 2009 extension 
algorithms. Dominion Energy intends to conduct pile-
driving activities between May 1 and October 31. For 
the construction modeling scenarios, the average 
sound speed profile for this construction period was 
selected.  The average sound speed profile was directly 
inputted into the dBSea model, and the input is shown 
in Figure 3.  

Pile-driving Sound Source Characterization 
The pile-driving sound source level was represented 
using three different metrics: peak sound level (Lpk), 
sound exposure level (SEL), and sound pressure level 

Figure 3. Average Sound Speed Profile 
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(SPL). The sound source spectrum is entered for each one-third octave band from 12.5 Hz to 20 kHz   based 
on Tetra Tech’s empirical model. 

For the LPK underwater acoustic modeling scenario, the pile-driving sound source was represented as a 
point source at mid-water depth. The LPK scenario evaluates a single pile-driving strike.  

For the SEL underwater acoustic modeling scenario, the pile-driving sound source was represented by a 
moving source, which accounts for the speed of sound of steel for the pile itself. The monopile and pin 
pile-driving scenarios were both modeled using a vertical array of point sources spaced at 1 m intervals. 
Using the SEL level calculated by the empirical model, the SEL sound source is calculated using the 
following equation to distribute the sound emissions across the vertical array:  

LE,N = LE, 1 strike + 10Log(N)  (2) 
Where: N is the number strikes 
 LE, 1 strike is obtained from the Tetra Tech, Inc. empirical model 
 
The SPL underwater acoustic modeling scenario is set up identical to the SEL underwater acoustic 
modeling scenario. The difference regarding the SPL underwater acoustic modeling scenario is that the 
total number of anticipated pile-driving blows in the 24-hour assessment period is not incorporated into 
the calculation. For the SPL underwater acoustic modeling scenario, only a single pile-driving strike is 
evaluated. 

Time Domain Considerations 

Tetra Tech also recognizes the effect time has on pile-driving sound. As Bellman et al. (2020) reports, the 
noise of a single strike is thus temporally stretched with increasing distance. Additionally, the amplitude 
decreases steadily with the distance to the source, so that the signal-to-noise-ratio continuously 
decreases. Figure 5 from Bellman et al. (2020) illustrates the change in signal over time.  

 
 

Figure 5. Time Signal of a Single Strike, Measured in Different Distances to the Pile-driving Activity (Bellman 
2020) 

The LPK levels tend to decrease faster than the SEL sound levels as the propagation occurs. There are mixed 
views on whether the impulsivity of signals decrease over time, suggesting that non-impulsive limits 
should be applied to assess underwater acoustic impacts. While impulsivity may decrease, it is still 
observed that the rise times associated with impulsive signals are maintained (Martin et al. 2020). This is 
especially true when considering the narrow temporal windows (high temporal resolution) of many 
cetaceans and after application of weightings, excluding lower frequencies. 
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dBSea can account for the effects of the time domain using two different mechanisms. If time series 
information is available for use in the modelling analysis, it can be directly loaded into dBSea and used as 
sound source. The gaussian beam raytracer (dBSeaRay) will calculate the paths and arrival times from the 
source to all receiver points in the scenario for all the rays emitted from the source. At every receiver 
point, the transmission loss, phase inversion from the surface, loss to the sediment, and time of arrival is 
stored. This information is used to convolve all ray-arrivals into a single signal at that point. This means 
that each receptor point will receive a signal from many perceived origins and at various arrival times 
(depending on the length of the path travelled). This tends to “smooth” out and stretch the received signal 
at greater ranges or with more reflections. 

Alternatively, if time series data are not known or available, dBSea can include a crest factor, which is a 
way to incorporate impulsiveness information into the source. The crest factor indicates the dB  level 
above the rms level of the highest peak in the signal. It is applied when assessing peak levels and is applied 
to all frequency bands. Application of the crest factor is generally expected to yield more conservative 
results relative to using a time series for characterizing pile-driving sound source levels. Since time series 
data for the Project’s pile-driving activities were not available at the time of the modelling analysis, Tetra 
Tech used the conservative crest application methodology.    
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Attachment Z-2 – Impact Pile-Driving Sound Source Development 

Tetra Tech, Inc. (Tetra Tech) has developed a reliable and effective approach for evaluating underwater 
acoustic impacts due to offshore wind facility construction as well as other in-water activities. For offshore 
wind facility construction, pile driving is typically the loudest activity, and therefore, analysis of pile driving 
impacts is critical during the permitting process. This technical memo describes how we derive pile-driving 
sound source levels. Based on new measurement data and publicly available research studies , this 
approach has been modified for the Coastal Virginia Offshore Wind (CVOW) Commercial Project since the 
modeling that was completed for the CVOW Pilot Project was conducted in 2020. 

Pile Driving Broadband Sound Source Development (Lpk and SEL) 

Impact pile driving during construction of offshore wind energy facilities involve piles of larger diameters 
and use of greater hammer forces where previously collected comparable measurement data are not 
widely available. For that reason, Tetra Tech has developed an empirical modeling approach where source 
levels are derived based on a literature review of pile driving measurement reports, theoretical modeling 
reports, and peer-reviewed research papers (see the References section below). The data points from the 
cited references were obtained from piles of varying diameter, driven with hammers operated at various 
energies, and collected or analyzed at various ranges from the pile. To determine the source level for 
impact pile driving , Tetra Tech uses the following steps: 

1. The first step involves normalizing the received sound pressure levels in the empirical model 
database assuming transmission loss associated with 15 times the common logarithm (logarithm 
base 10) of the distance between the source and receiver to obtain source levels associated with 
the scenario: 

TL = 15*log10(D/Dref) (1) 

Where: TL = Transmission loss (dB) 

 D = Distance (m) 

 Dref = Reference distance (m) 

2. The second step involves normalizing the source level assuming a relationship between hammer 
energy and radiated sound as 10 times the common logarithm of the hammer energy: 

SL(D) = SLref + 10log10(E/Eref)  (2) 

Where: SL(D) = Sound source level for a given pile diameter (dB) 

 SLref = Sound source level at reference distance (dB) 

 E = Hammer energy (kJ) 

 Eref = Reference hammer energy (kJ) 

3. The third step consists of calculating a regression of the normalized source level (normalized for 
range and hammer energy given as SL(D)) to the logarithm of the diameters of the piles to predict 
the broadband SEL and peak sound levels: 

SL = Intercept + N*log10(D)  (3) 

Where: SL = Sound source level for the Project (dB) 

http://www.google.com/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&docid=aVghR07Sy27MoM&tbnid=zSnfTf0pz6Ah7M:&ved=0CAUQjRw&url=http://en.wikipedia.org/wiki/File:TETRA_TECH_LOGO.jpg&ei=GiVyU4mGO8WMyAS3hIH4Bw&bvm=bv.66330100,d.aWw&psig=AFQjCNEhUKcHbq509ghcrjhGbve_DO1nQQ&ust=1400075926426578
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 Intercept = Factor determined from regression analyses 

 N = Factor determined from regression analyses 

 D = Pile diameter (m) 

Figures 1 and 2 below illustrate the LPK and SEL values documented from a number of reference sources 
incorporating both measurement and theoretical modeling (y-axis) plotted versus pile diameter (x-axis). 
These plots also illustrate the normalized values for both range and energy.  

 

Figure 1. Measured and Modeled Peak Levels Versus Pile Diameter at 750 meters Normalized to a Hammer 
Energy of 4,000 kJ  
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Figure 2. Measured and Modeled SELss Levels Versus Pile Diameter at 750 meters Normalized to a Hammer 
Energy of 4,000 kJ  

The development of the empirical model assumes that the applied hammer energy takes into account the 
appropriate force needed to accommodate for site-specific soil properties and penetration rate. It is Tetra 
Tech’s understanding that the dominant factor affecting pile-driving noise and potential underwater 
acoustic impacts is hammer energy. Bellman et al. (2020) state that “apart from the correlation between 
applied blow energy and measured noise level values, however, no significant correlation between 
acoustic measurement data and different soil layers, nor between acoustic measurement data and soil 
resistances could be identified.”  

Pile-driving Broadband SPL Sound Source Development 

Based on the research completed for the empirical model, there were only three data points to calculate 
the regression curve for the sound pressure level (SPL) metric where the SEL and Lpk levels contained 13 
to 16 data points. Because of the lack of data points for the SPL metric, the SPL was derived assuming a 
relationship between the SEL and SPL as 10 times the common logarithm of the pulse duration (see 
equation 4). A pulse duration of 0.09 second was used for the CVOW Commercial Project based on the 
average pulse duration of the source level reference studies. 

SPL (dB) = SEL+10log(nT0/T)  (4) 

Where:  n = number of sound events 

T0 = 1 second 

T = duration of the events  

This equation shows that the single event SPL is approximately 10 dB greater than the SEL value (Bellman 
et al. 2020). 
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Applied Safety Factor 
The uncertainty range for this developed empirical model is +/- 5 dB. This uncertainty range is based on 
the scatter of the referenced data (Figures 1 and 2) as well as comparison to data collected by Tetra Tech 
for impact pile-driving activities. Therefore, 5 dB is added to the source level when entered into dBSea.  

Deriving Impact Pile-driving Sound Spectrum Data 

The spectrum data for the monopile and pin pile modeling scenarios are also derived using the empirical 
model, which includes published data from recent project applications that incorporated similar pile 
diameters. The spectrum for the pin pile is based on pile diameters between 2 to 4 meters (m), and the 
monopile spectrum is based on pile diameters between 5 and 11 m.  

Using a process that is consistent with how the broadband levels were reviewed, the spectrum 
information collected for the empirical model was first normalized. The third octave band levels of the 
spectrum were normalized to both range and energy level. To ensure that the effect of the source data 
with the most acoustic energy (spectra for the largest pile driven at the highest hammer rating) does not 
contribute disproportionately to the spectral shape, the maximum value of each reference spectrum is 
subtracted from that spectrum so that maximum value is zero. The calculated broadband level is then 
added so that the peaks of all spectrums are the same. The mean of these normalized spectrums is then 
calculated to estimate the spectral shape. The reference spectrums for the pin pile and monopile are 
presented in Figures 3 and 4 in terms of dB/third octave band. 

 

Figure 3. Model Monopile Spectrum  
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Figure 4. Model Pin Pile Spectrum  

Please refer to the references section for the supporting documentation that has been used to support 
the development of the pile-driving sound source empirical model. References are numbered in the 
references section and in Figures 3 and 4 so that data can be more easily correlated to its source.  
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1.  Summary 

DEME Offshore BVplans to install on behalf of DOMINION the foundation structures for the 

Offshore Wind Turbine Generators (OWTGs) and the Offshore Supply Station (OSS) for the 

Coastal Virginia Offshore Wind Farm in the Atlantic Ocean at the east coast of the United 

States of Amerika. It is intended to install the offshore wind turbines on monopile 

foundations with a maximum outer diameter of 9.5 m and an Offshore Supply Station (OSS) 

on a jacket foundation. The pin-piles for the OSS required for this have a diameter of 2.4 

m. 

Currently it is under discussion if the first few meters for each pile installation will be 

performed by using vibro-piling due to the expected soft soil layers. The final penetration 

depth shall be reached by impact pile-driving method which will not be taken into account 

in this statement. 

The itap GmbH was commissioned by DEME offshore BV to predict the expected underwater 

noise pollution during vibro-piling activities. Based on the limited available empirical data 

base and the existing knowledge gap of the most influencing site- and project-specific 

parameters on vibro-piling noise only a rough estimated of the expected noise levels incl. 

spectrum are compiled based on the empirical data based of itap GmbH. 

The results were as follows: 

The sound input from vibration pile driving is generally to be classified as 

continuous noise and not impulsiveness noise. 

For the foundation piles in the Virginia Offshore Windfarm the following noise level 
are expected during vibro-piling: 

Pile type Diameter  in 750 m 
[m] distance 

pin pile 2.4 151 

monopile 9.5 159 

Based on the fact that the most site- and project-specific influencing parameters 

on vibro-piling noise are currently unknown, the uncertainty of the predicted noise 

levels are currently extremely high (> ± 10 dB) compared to predicted impact pile-

driving metrics.  

One of the currently known influencing parameter on vibro-piling noise is the 

frictional coupling between the vibratory hammer and the pile. In case of a poor 

coupling rattling airborne noise is audible and the underwater noise levels increase 

in amplitude and frequency significantly. This will most likely also have a major 
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impact on the installation process, as well. Therefore, a stable and good coupling 

must be guaranteed. 

Based on empirical data, the given water depth and soil conditions it will be 

expected that only low frequencies will be radiated into the water (between 50 Hz 

and some hundred Hz). The fundamental frequency of the vibratory hammer (up to 

25 Hz) will not be propagable in this part of the Atlantic Oceans.

Oldenburg, November 12th 2021 

Patrick Remmers, B.Eng    Dr. Michael A. Bellmann
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2. Introduction and task definition 

DEME Offshore BVplans to install on behalf of DOMINION the foundation structures for the 

Offshore Wind Turbine Generators (OWTGs) and the Offshore Supply Station (OSS) for the 

Coastal Virginia Offshore Wind Farm in the Atlantic Ocean at the east coast of the United 

States of Amerika. The offshore wind farm is located approx. 30 nm east of Virginia in 

water depths between 20 m and 39 m MSL. The soil in the project area consists generally 

of loose to medium dense sand followed by firm to stiff clay with intermediate layers of 

sand between clay. At numerous locations the risk of pile run has been identified. No 

boulders are expected. 

It is intended to install the OWTGs on monopile foundations with a maximum outer 

diameter of 9.5 m and length between 59.6 m and 81.7 m. The penetration depth will be 

between 30 m and 46 m. In addition, an Offshore Supply Station (OSS) is planned on a 

jacket foundation. The pin-piles required for this have a diameter of 2.4 m and a length of 

between 62.5 and 83.5 m. Penetration depths between 61 m and 76 m are planned. 

Currently it is under discussion if the first few meters for each pile installation will be 

performed by using vibro-piling due to the expected soft soil layers. The final penetration 

depth shall be reached by impact pile-driving method. 

The itap – Institute for Technical and Applied Physics GmbH was commissioned by DEME 

Offshore BV to carry out the modeling of underwater vibro-piling noise during the 

construction phase of the Coastal Virginia Offshore Windfarm. Currently only few empirical 

data regarding vibro-piling were published and the site- and project-specific influencing 

parameters for vibro-piling noise are currently mostly unknown so that currently no reliable 

scientifically validated prediction model for vibro-piling is available. Therefore, the 

empirical data base of itap GmbH will be combined with the public available data and 

based on this a rough estimate of the expected underwater noise levels during vibro-piling 

will be compiled.  

Note: Tthe German Offshore Wind Farm KASKASI will be installed by using vibro-piling till final 

penetration depth is reached. The construction phase is planned to start in January 2022 and 

will be accompanied by the funded R&D project VISSKA with an intensive monitoring plan. 

Aim of VISSKA is identify the site- and project-specific influencing parameters on vibro-piling 

noise and the generation of a validated vibro-piling noise prognosis tool by itap GmbH. 

Therefore, it is likely that an intensive knowledge win will be created within the next month.  

3. Calculated metric 

(Energy-) equivalent continuous Sound Pressure Level ( ) 
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In acoustics, the intensity of continuous sounds (Energy-) is described as equivalent 
continuous Sound Pressure Level ( ) and is defined as (ISO 18405 2017):1 ( )= 10 log  d [dB]

Equation 1

with ( ) - time-variant sound pressure, 
 - reference sound pressure (in underwater sound 1 µPa), 

 - averaging time. 

Sometimes in literature, the label is used for a Sound Pressure Level without time 

averaging. According to this definition, the continuous Sound Pressure Level over an 

interval is than labeled as rms with the index rms for root mean square. In this report, 

the terminology according to the ISO 18406 (2017) is used and the index rms is omitted 

and the  in this report is equal to rms, since a definition according to Equation 1 

already implies averaging. In some nations, the rms value of the Sound Pressure Level 

( SS) of each single strike shall be determined. Therefore, the duration of each single 

strike shall be considered. However,  vibro-piling cause continuous noise entries in the 

water and not impulsiveness noise; therefore a SPLSS can’t be provided.   

The term  is often used in the literature to refer to the zero-to-peak peak level. The 

ISO 18405 (2017) standardizes the basic acoustic terms and level quantities (terminology) 

and ISO 18406 (2017) is a measurement standard for impulsive underwater sound including 

standardized documentation. Internationally, it has been agreed to use the nomenclature 
Sound Pressure Level ( ) for continuous sound and Peak Sound Pressure Level ( , ).  
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4. Model approach  
Currently, only limited empirical data exists during installation by means of vibratory pile-
driving. The few data sets – mostly measured by itap GmbH - are shown in Figure 1. All 
available measurement data were measured in water depth between several meters till up 
to 40 m water depth and in distances between several meters till 750 m distance to source. 
However, all empirical data were normalised to a distance of 750 m using the propagation 
attenuation 15 log ( ) with the distance ratio  and plotted as a function of the pile 
diameter used; Figure 1. 

Each cross shown represents vibration pile driving activities at a foundation site and at 
one measurement location. Different pile diameters represent different Offshore Wind 
Farms (OWF). The solid blue line symbolises a statistical regression curve over all measured 
values shown. The grey marked area represents the statistically 95 % confidence range 
over all measured values shown. Based on the fact that the most site- and project-specific 
influencing parameters on vibro-piling noise are currently unknown, the uncertainty of the 
predicted noise levels are currently extremely high compared to predicted impact pile-
driving metrics.  

There is a tendency for the measured continuous sound level ( ) to increase with the 
increase in pile diameter. However, it is striking that the scatter in the measurement data 
is very high (> 10 dB) for the same or comparable pile diameters. The reason for this has 
not yet been conclusively scientifically investigated. It is assumed that a significant 
influencing factor is the frictional coupling between the pile and the vibration hammer; 
see Figure 2. The better the frictional coupling between the pile and the vibro-hammer the 
less noise the vibro-piling is.  

The pile diameters of 5 m and 5.7 m are monopile installations in two different wind farms 
with non-comparable soil conditions in the upper sediment layers (one within the North 
Sea with mostly sand and clay and one within Baltic Sea with also very hard soil layers 
consisting of glacial drift and chalkstone). Due to the normalisation to a measurement 
distance of 750 m, uncertainties of < 3 dB are to be expected. The differences at the same 
pile diameter result from comparative measurements within one offshore wind farm 

(i) at different foundation locations or 

(ii) partly at the same pile in different penetration depth sections. 

It can be demonstrated that the differences between different foundation locations with 
the same vibratory hammer show in part higher scatter or deviations in the measured noise 
levels than between different pile diameters, offshore wind farms and the vibratory 
hammers used. 

However, within the OWF with a Monopile diameter of 5 m a very high deviation of the 
measured SPL values in 750 m were observed. Based on the vibro-hammerlogs and offshore 
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observations these large variations can be explained by different frictional couplings 
between the Monopiles and the vibratory hammer.
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5. Prediction of vibro-piling noise  
For the first rough prediction of the expected underwater noise levels during vibro-piling, 
the pile diameter of 2.4 m for the OSS and 9.5 m for the OWTGs were used. This results in 
the following calculated continuous Sound Pressure Level ( ): 

Table 1: Roughly calculated continuous sound pressure Level ( ) for different pile diameter 

Pile type Diameter  in 750 m 
[m] distance 

pin pile 2.4 151 

monopile 9.5 159 

6. Discussion of the results and forecast uncertainty 
6.1 Limitations of the forecast model approach 

Up to now, no measurement data are available for vibrations of a Monopile with a diameter 
of > 6.5 m, whereby the influence of the pile diameter is presumably smaller on the vibro-
piling noise than on impact pile-driving  (Bellmann, et al. 2020). Frankly speaking, an 
empirical approach, as shown in Figure 1, should also only be used to a limited extent for 
a pile diameter of 6.5 m for scientific reasons. However, due to the large scatter of the 
measurement results and the small influence of the pile diameter, an application for such 
an application is conceivable for a first estimation. 

In addition, no measurement data currently exist during the vibro-piling procedure of piles 
down to an embedment depth of more than 20 m. Based on the current measurement data, 
the influence of bottom resistance on underwater sound emissions cannot be estimated. 
Evidence from the Baltic Sea indicates that the emitted continuous sound can also increase 
with increasing soil resistance. 

In addition, it cannot be clearly excluded from the empirical data sets that there was a 
frictional connection between the vibratory hammer and the pile head at all times. A few 
measurement data show that the sound entry into the water increases significantly both 
in the frequency range (more higher frequencies) and in the level when there is no 
frictional coupling. A poor frictional coupling is always be correlated with an intensive 
increase of airborne noise (rattling noise), as well. 

Thus, in the first estimation of the expected sound inputs, it can be assumed that the 
current model overestimates the expected sound inputs at 750 m with a force-locked 
connection between the pile head and the vibratory hammer. 
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6.2 Spectral shape of the vibro-piling noise

A comparable underwater sound spectrum as in Figure 2 can be assumed, since all vibratory 
hammers available on the market have their fundamental frequency between 14 Hz and 
25 Hz (partly tune- and controllable). It is therefore to be expected that the vibration 
spectrum will also consist of the fundamental frequency and their first harmonics and will 
therefore be very low-frequency (< 1.000 Hz).

The water depth and the soil conditions will have a significant influence on the sound 
propagation in water since below a curtained cut-off frequency a suifficient noise entry 
incl. propagation is not possible, Figure 4. Based on the soil conditions and the project-
specific water depth of 20 m to 39 m it is unlikely that the fundamental frequency of the 
vibratory hammer (up to 25 Hz) is propagable in water (Kipple et al). It will be expected 
from acoustic point of view that only the first few harmonics will be able to fully propagate 
in the water (< several hundred Hz). 

For any further environmental impact assessment (EIA) based on frequency weightings of 
Southall et al. and NOAA guideline it is unlikely that vibro-piling noise will have any 
significant influence on marine mammals since theses species are most likely more 
sensitive for higher frequencies. But for fishes and benthos -which are capable to perceive 
low frequency noise – vibro-piling noise might have an impact on the species.

Figure 3: Theoretical lower (limit) frequency ( ) for an undisturbed sound propagation in water 
as a function of the water depth for different soil stratifications (example adapted from 
Urick (1983); Jensen et al., (2011); the example shows the possible range caused by 
different layers, the layer does not necessarily correspond to the layers in the 
construction field).



3959 OWF Coastal Virginia: Acoustic statement or expected underwater noise during vibro-piling Seite 12 von 12

12.11.2021 Version 1 

7. References 
Bellmann, Michael A., Jana Brinkmann, Adrian May, Torben Wendt, Stephan Gerlach, und 

Patrick Remmers. „Unterwasserschall während des Impulsrammverfahrens: 
Einflussfaktoren auf Rammschall und technische Möglichkeiten zur Einhaltung von 
Lärmschutzwerten. Gefördert durch das Bundesministerium für Umwelt, Naturschutz 
und nukleare Sicherheit (BMU), FKZ UM16 881500. Beauf-tragt und geleitet durch 
das Bundesamt für Seeschifffahrt und Hydrographie (BSH), Auftrags-Nr. 10036866. 
Editiert durch die itap GmbH.“ Tech. rep., itap GmbH, 2020. 

ISO 18405. „ISO 18405:2017, Underwater acoustics — Terminology.“ Standard, 
International Organization for Standardization, Geneva, CH, 2017. 

ISO 18406. „ISO 18406:2017, Underwater acoustics – Measurement of radiated underwater 
sound from percussive pile driving.“ Standard, International Organization for 
Standardization, Geneva, CH, 2017. 

Jensen, Finn B., William A. Kuperman, Michael B. Porter, und Henrik Schmidt. 
Computational ocean acoustics. Springer Science & Business Media, 2011. 

Urick, R. J. Principles of underwater sound. 3. McGraw-Hill, Inc., 1983. 




	Appendix Z Underwater Acoustic Assessment
	Z.1 Introduction
	Z.1.1 Acoustic Concepts and Terminology
	Z.1.1.1 Sound Propagation in Shallow Waters
	Seawater Absorption
	Scattering and Reflection
	Seabed Absorption
	Cut-off Frequency



	Z.2 Regulatory Criteria and Scientific Guidelines
	Z.2.1 Underwater Acoustic Criteria

	Z.3 Existing Ambient Conditions
	Z.4 Acoustic Modeling Methodology
	Z.4.1 Sound Propagation Model
	Z.4.2 Modeling Environment
	Z.4.2.1 Bathymetry
	Z.4.2.2 Sediment Characteristics
	Z.4.2.3 Seasonal Sound Speed Profiles
	Z.4.2.4 Threshold Range Calculations
	Z.4.2.5 Goal Post Pile Installation Calculation Methodology


	Z.5 Acoustic Modeling Scenarios
	Z.5.1 Impact and Vibratory Pile-Driving of WTG and Offshore Substation Foundations
	Z.5.2 Vibratory Pile-Driving Associated with Cofferdam Installation
	Z.5.3 Pile-Driving Associated with Goal Post Installation
	Z.5.4 Cable Lay Operations
	Z.5.5 WTG Operations

	Z.6 Noise Mitigation
	Z.6.1 Impact Pile Driving
	Z.6.2 Vibratory Pile Driving

	Z.7 Results
	Z.8 References
	Attachment Z-1: Underwater Sound Propagation Modeling Methodology
	Attachment Z-2: Impact Pile Driving Sound Source Development
	Attachment Z-3: Vibratory Pile Driving Sound Source Development





Accessibility Report





		Filename: 

		Public_CVOW Commercial_COP_Appendix Z Underwater Acoustic_clean.pdf









		Report created by: 

		Ken Shaw



		Organization: 

		Tetra Tech, Inc.







 [Personal and organization information from the Preferences > Identity dialog.]



Summary



The checker found no problems in this document.





		Needs manual check: 2



		Passed manually: 0



		Failed manually: 0



		Skipped: 1



		Passed: 29



		Failed: 0







Detailed Report





		Document





		Rule Name		Status		Description



		Accessibility permission flag		Passed		Accessibility permission flag must be set



		Image-only PDF		Passed		Document is not image-only PDF



		Tagged PDF		Passed		Document is tagged PDF



		Logical Reading Order		Needs manual check		Document structure provides a logical reading order



		Primary language		Passed		Text language is specified



		Title		Passed		Document title is showing in title bar



		Bookmarks		Passed		Bookmarks are present in large documents



		Color contrast		Needs manual check		Document has appropriate color contrast



		Page Content





		Rule Name		Status		Description



		Tagged content		Passed		All page content is tagged



		Tagged annotations		Passed		All annotations are tagged



		Tab order		Passed		Tab order is consistent with structure order



		Character encoding		Passed		Reliable character encoding is provided



		Tagged multimedia		Passed		All multimedia objects are tagged



		Screen flicker		Passed		Page will not cause screen flicker



		Scripts		Passed		No inaccessible scripts



		Timed responses		Passed		Page does not require timed responses



		Navigation links		Passed		Navigation links are not repetitive



		Forms





		Rule Name		Status		Description



		Tagged form fields		Passed		All form fields are tagged



		Field descriptions		Passed		All form fields have description



		Alternate Text





		Rule Name		Status		Description



		Figures alternate text		Passed		Figures require alternate text



		Nested alternate text		Passed		Alternate text that will never be read



		Associated with content		Passed		Alternate text must be associated with some content



		Hides annotation		Passed		Alternate text should not hide annotation



		Other elements alternate text		Passed		Other elements that require alternate text



		Tables





		Rule Name		Status		Description



		Rows		Passed		TR must be a child of Table, THead, TBody, or TFoot



		TH and TD		Passed		TH and TD must be children of TR



		Headers		Passed		Tables should have headers



		Regularity		Passed		Tables must contain the same number of columns in each row and rows in each column



		Summary		Skipped		Tables must have a summary



		Lists





		Rule Name		Status		Description



		List items		Passed		LI must be a child of L



		Lbl and LBody		Passed		Lbl and LBody must be children of LI



		Headings





		Rule Name		Status		Description



		Appropriate nesting		Passed		Appropriate nesting










Back to Top



