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INTRODUCTION

Bioacoustics, or the study of how sound affects living organisms, is a complex and
interdisciplinary field that includes the physics of sound production and propagation, the source
characteristics of sounds, and the perceptual capabilities of receivers. This Appendix is intended
to introduce the reader to the basics of sound measurements and sound propagation.
Sound is an oscillation in pressure, particle displacement, or particle velocity, as well as the
auditory sensation evoked by these oscillations, although not all sound waves evoke an auditory
sensation (i.e., they are outside of an animal’s hearing range) (Acoustical Society of America
1994). Sound may be described in terms of both physical and subjective attributes. Physical
attributes may be directly measured. Subjective (or sensory) attributes cannot be directly
measured and require a listener to make a judgment about the sound. Physical attributes of a
sound at a particular point are obtained by measuring pressure changes as sound waves pass.
The following material provides a short description of some of the basic parameters of sound.
Sound can be characterized by several factors, including frequency, intensity, and pressure
(Richardson et al. 1995). Sound frequency (measured in hertz [Hz]) and intensity (amount of
energy in a signal [watts per meter2]) are physical properties of the sound which are related to the
subjective qualities of pitch and loudness (Kinsler et al. 1999). Sound intensity and sound
pressure (measured in pascals [Pa]) are also related; of the two, sound pressure is easier to
measure directly, and is therefore more commonly used to evaluate the amount of disturbance to
the medium caused by a sound (“amplitude”).
Because of the wide range of pressures and intensities encountered during measurements of
sound, a logarithmic scale known as the decibel (dB) is used to evaluate these properties; in
acoustics, “level” indicates a sound measurement in decibels. The dB scale expresses the
logarithmic strength of a signal (pressure or intensity) relative to a reference value of the same
units. This document reports sound levels with respect to sound pressure only. Each increase of
20 dB reflects a ten-fold increase in signal pressure. In other words, an increase of 20 dB means
ten times the pressure, 40 dB means one hundred times the pressure, 60 dB means one thousand
times the pressure, and so on.
The sound levels in this document are given as sound pressure levels (SPLs). For measurements
of underwater sound, the standard reference pressure is 1 micropascal (μPa, or 10−6 pascals), and
is expressed as “dB re 1 μPa.” For airborne sounds, the reference value is 20 μPa, expressed as
“dB re 20 μPa.” Sound levels measured in air and water are not directly comparable, and it is
important to note which reference value is associated with a given sound level.
Airborne sounds are commonly referenced to human hearing using a method which weights
sound frequencies according to measures of human perception, de-emphasizing very low and
very high frequencies which are not perceived well by humans. This is called A-weighting, and
the decibel level measured is called the A-weighted sound level (dBA). A similar method has
been proposed for evaluating underwater sound levels with respect to marine mammal hearing.
While preliminary weighting functions for marine mammal hearing have been developed
(Southall et al. 2007; National Marine Fisheries Service [NMFS] 2013), they are not yet applied
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to sound exposure from pile driving activities. Therefore, underwater sound levels given in this
document are not weighted and evaluate all frequencies equally.
Table D–1 summarizes common acoustic terminology. Two of the most common descriptors are
the instantaneous peak SPL and the root mean square (RMS) SPL. The peak SPL is the
instantaneous maximum or minimum over- or under-pressure observed during each sound event
and is presented in dB re 1 µPa peak. The root mean square level is the square root of the energy
divided by a defined time period, given as dB re 1 µPa RMS.
Table D–1.

Definitions of Acoustical Terms

Term

Definition

Decibel [dB]

A unit describing the amplitude of sound, equal to 20 times the logarithm to the
base 10 of the ratio of the pressure or intensity of the sound measured to the
appropriate standard reference value. This document uses only sound pressure
measurements to calculate decibel levels. The reference pressure for water is
1 micropascal (µPa) and for air is 20 µPa (approximate threshold of human
audibility).

Sound Pressure Level [SPL]

Sound pressure is the force per unit area, usually expressed in micropascals (or
20 micro Newtons per square meter), where 1 Pascal is the pressure resulting
from a force of 1 Newton exerted over an area of 1 square meter. Sound
pressure level is the quantity that is directly measured by a sound level meter,
and is expressed in decibels referenced to the appropriate air or water standard.

Frequency, Hz

Frequency is expressed in terms of oscillations, or cycles, per second. Cycles
per second are commonly referred to as hertz (Hz). Typical human hearing
ranges from 20 Hz to 20,000 Hz; hearing ranges in non-humans are widely
variable and species specific.

Peak Sound Pressure
(unweighted), dB re 1 µPa peak

The maximum absolute value of the instantaneous sound pressure expressed
as dB re 1 µPa peak.

Root Mean Square [rms],
dB re 1 µPa rms

The rms level is the square root of the pressure divided by a defined time period,
expressed in decibels. For impulsive sounds, the rms has been defined as the
average of the squared pressures over the time that comprise that portion of
waveform containing 90 percent of the sound energy for one impact pile driving
impulse. For non-impulsive sounds, rms energy represents the average of the
squared pressures over the measurement period and is not limited by the
90 percent energy criterion. Expressed as dB re 1 µPa.

Sound Exposure Level [SEL],
2
dB re 1 µPa sec

Sound exposure level is a measure of energy. Specifically, it is the dB level of
the time integral of the squared-instantaneous sound pressure, normalized to a
1-second period. It can be an extremely useful metric for assessing cumulative
exposure because it enables sounds of differing duration to be compared in
terms of total energy.

Waveforms, µPa over time

A graphical plot illustrating the time history of positive and negative sound
pressure of individual pile strikes shown as a plot of µPa over time (i.e.,
seconds).

Frequency Spectra, dB over
frequency range

A graphical plot illustrating the frequency content over a given frequency range.
Bandwidth is generally defined as linear (narrowband) or logarithmic
(broadband) and is stated in frequency (Hz).

A-Weighted Sound Level, dBA

A frequency-weighted measure used for airborne sounds only. A-weighting deemphasizes the low and high-frequency components of a given sound in a
manner similar to the frequency response of the human ear and correlates well
with subjective human reactions to noise. A-weighted levels are referenced to
20 µPa unless otherwise noted.

Ambient Noise Level

The background noise level, which is a composite of sounds from all sources
near and far. The normal or existing level of environmental noise at a given
location, given in dB referenced to the appropriate pressure standard.
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While the body of knowledge on the impacts of pile driving noise on marine and terrestrial
species has expanded significantly in the past few years, monitoring and research are still needed
to better gauge both the scope and intensity of these impacts. The Navy has enhanced its
approach for the selection of appropriate proxy source levels, acoustic propagation modeling,
and understanding the potential behavioral and physiological effects on marine mammals, fish,
sea turtles, and birds. This progress is facilitated by dedicated acoustic monitoring during active
installation and experience removing a wide variety pile sizes and materials. Further, new peerreviewed and grey literature from monitoring and studies both in the U.S. and internationally is
helping to inform the Navy’s analysis of environmental effects during infrastructure upgrades.
Scientific research and recent biological opinions from regulatory agencies have suggested that
current guidelines and criteria for marine species behavioral and physiological impacts may
warrant review and revision.
For the assessment of potential impacts associated with the LWI and SPE projects, the Navy has
considered previous analyses for pile driving projects in Puget Sound and Hood Canal, as well as
standards for similar projects around the country. These analyses and standards were combined
with the best available science and literature, real-world requirements for construction activities,
and opinions from regulatory agencies. The assessment and resulting conclusions included in
this document reflect these factors.
2.0

SOUND VS. NOISE

Sound may be purposely created to convey information, communicate, or obtain information
about the environment. Examples of such sounds are sonar pings, marine mammal
vocalizations/echolocations, tones used in hearing experiments, and small sonobuoy explosions
used for submarine detection.
Noise is undesired sound (Acoustical Society of America 1994). Whether a sound is noise
depends on the receiver (i.e., the animal or system that detects the sound). For example, small
explosives and sonar used to locate an enemy submarine produce sound that is useful to sailors
engaged in anti-submarine warfare, but is likely to be considered undesirable noise by marine
mammals. Sounds produced by military training and construction activities are considered noise
because they represent possible energy inefficiency and increased detectability, which are
undesirable.
Noise also refers to all sound sources that may interfere with detection of a desired sound and the
combination of all of the sounds at a particular location (ambient noise).
3.0

DESCRIPTION OF NOISE SOURCES

3.1.

EXISTING NOISE LEVELS

Ambient noise in the vicinity of the Land-Water Interface (LWI) / Service Pier Extension (SPE)
project is a composite of sounds from natural sources, and typical recreational and enterprise
activities such as boating, commercial and recreational fishing, and military ship traffic. Small
powerboats generate peak narrow band SPLs of 150 to 165 dB at 3 feet (0.9 meter) in the 350 to
1,200 Hz region, with mean SPLs of 148 dB at 3 feet (0.9 meter) (Barlett and Wilson 2002).
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Fishing vessels can generate peak spectral densities of 140 dB at 3 feet (0.9 meter) in the 250 to
1,000 Hz regime (Hildebrand 2004). Underwater sound from human activities includes ship
traffic noise, use of sonar and echo sounders in commercial fishing to locate fish schools,
industrial ship noise, and recreational boat use. Ship and small boat noise comes from propellers
and other on-board mechanical equipment or fluid systems. Other sources of underwater noise at
industrial waterfronts can come from cranes, generators, and electrical distribution facilities, as
well as mechanized equipment operating on wharves or the adjacent shoreline.
In a study conducted in Haro Strait, San Juan Islands, data showed that the ambient half-hourly
SPL ranged from 95 dB to 130 dB (Veirs and Veirs 2005), demonstrating the range over which
localized human-generated noise can vary by specific locations and time periods. Carlson et al.
(2005) measured the underwater baseline noise at Hood Canal Bridge and found that broadband
(24 kilohertz [kHz] bandwidth) underwater noise levels ranged from 115 to 135 dB re 1 µPa.
The Washington State Department of Transportation (WSDOT) summarized underwater
broadband (20 Hz to 20 kHz) noise over three consecutive 24-hour periods at ferry terminals in
Mukilteo, Port Townsend, Anacortes, Edmonds, and Seattle (Laughlin 2014). Based on
WSDOT’s recent research, the broadband sound level was 124 dB at Mukilteo, 107 dB at Port
Townsend, 133 dB at Anacortes, 123 dB at Edmonds, and 141 dB at Seattle.
3.1.1.

LWI Project Sites

Existing noise levels at the LWI project site are expected to be similar to baseline underwater
noise levels measured during a 30-day period along the developed portion of the Bangor
waterfront (Slater 2009). The average broadband RMS noise level at the LWI project sites is
approximately 114 dB re 1 µPa between 100 Hz and 20 kHz; the minimum was 103 dB RMS
re 1 µPa and the maximum was 147 dB RMS re 1 µPa (Slater 2009). The primary source of noise
was due to industrial activity along the waterfront (e.g., at the Explosives Handling Wharf-1
[EHW-1], Marginal Wharf, and Delta Pier), small boat traffic, and wind-driven wave noise. No
substantial precipitation was noted during the study period, although this would undoubtedly
contribute to noise during seasonal periods. Peak spectral noise from industrial activity was noted
below a frequency of 300 Hz, with maximum levels of 110 dB re 1 µPa noted in the 125 Hz band.
In the 300 Hz to 5 kHz range, average levels ranged between 83 and 99 dB re 1 µPa. Winddriven wave noise dominated the background noise environment at approximately 5 kHz and
above, and ambient noise levels flattened above 10 kHz.
Ambient underwater sound in the vicinity of EHW-1, approximately 1,500 feet (450 meters) from
the north LWI and 5,900 feet (1,800 meters) from the south LWI, was measured during the Test
Pile Program (TPP) in 2011. Average underwater sound levels ranged from 112 dB RMS
re 1 µPa at mid-depth between 50 Hz and 20 kHz to 114 dB RMS re 1 µPa at deep depth
(Illingworth & Rodkin 2012). For the purposes of noise analyses for the LWI project, the average
background underwater noise level at the project area was considered to be 114 dB RMS re 1 µPa
between 100 kHz and 20 kHz.
3.1.2.

Service Pier Extension Project Site

Some of the baseline underwater noise levels described above for LWI were measured at sample
locations in the vicinity of the existing Service Pier (Slater 2009). Therefore, existing underwater
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noise levels at Service Pier are expected to be similar to those described above for the LWI project
sites. For the purposes of noise analyses for the SPE project, the average background underwater
noise level at the project area was considered to be 114 dB RMS re 1 µPa between 100 kHz and
20 kHz.
3.2.

CONSTRUCTION NOISE SOURCES

In-water construction activities associated with SPE Alternative 2 include impact and vibratory
pile driving. The sounds produced by these activities fall into two sound types: impulsive
(impact driving) and non-impulsive (vibratory driving). Distinguishing between these two
general sound types is important because each sound type may cause different types of physical
effects to marine species, particularly with regard to hearing (Ward 1997).
Impulsive sounds (e.g., explosions, seismic airgun pulses, and impact pile driving) are brief,
broadband, atonal transient sounds which can occur as isolated events or be repeated in some
succession (Southall et al. 2007). Impulsive sounds 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 (Southall et al. 2007).
Impulsive sounds generally have a greater capacity to induce physical injury compared with
sounds that lack these features (Southall et al. 2007).
Non-impulsive sounds can be tonal, broadband, or both. They lack the rapid rise time and can
have longer durations than impulsive sounds. Non-impulsive sounds can be either intermittent or
continuous sounds. Examples of non-impulsive sounds include vessels, aircraft, and machinery
operations such as drilling, dredging, and vibratory pile driving (Southall et al. 2007).
Table D–2 details representative noise levels of anthropogenic activities to provide context for
this analysis.
Table D–2.

Representative Underwater Noise Levels of Anthropogenic Sources
Source Level

Frequency
Range

161 – 186 dB RMS
re: 1 µPa @ 1 meter

1 – 500 Hz

Richardson et al. 1995; DEFRA
2003; Reine et al. 2014

Wind Turbine

100 – 120 dB RMS
re: 1 µPa @ 100 meters

30 – 200 Hz

Betke 2006; Nedwell et al. 2007

Small Vessel

141 – 175 dB RMS
re: 1 µPa @ 1 meter

860 – 8,000 Hz

Galli et al. 2003; Matzner and
Jones 2011; Sebastianutto et al.
2011

176 – 186 dB
2
re: 1 µPa sec SEL @ 1 meter

20 – 1,000 Hz

McKenna et al. 2011

255 – 262 dB peak
1
re: 1 µPa @ 1 meter

10 – 200 Hz

Noise Source
Dredging

Large Ship
Airgun Array
1

Reference

MacGillivray and Chapman 2005;
Götz et al. 2009

Measurements = reported in both peak and peak-to-peak units.
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PROXY SOURCE LEVELS

During construction of the LWI and SPE projects, underwater and airborne noise levels in the
Action Areas would be elevated due to pile driving, vessel and boat traffic, and operation of
heavy construction equipment. The greatest sound levels would be produced by impact driving
hollow steel piles (WSDOT 2013). Some noise would be generated with construction support
vessels, small boat traffic, and barge-mounted equipment such as cranes and generators, but this
noise will typically not exceed existing underwater noise levels resulting from existing routine
waterfront operations in the vicinity of the construction sites. Several non-pile driving
construction activities would also occur at the project areas. Among them are relocation of
mooring anchors; installation of Port Security Barrier [PSB] units, pier decking, and camels; and
operation of cranes, power utility booms, and other equipment. While no in situ empirical data
exist for these construction activities, they are expected to be significantly lower than those
estimated for pile installation using an impact/vibratory pile driver. Although it is possible that
sound could be transmitted from these activities along the piles’ length and enter the water,
underwater acoustic impacts from these construction operations are expected to be minimal.
4.1.

UNDERWATER SOURCE LEVELS

Underwater pile driving source levels were chosen from recommendations developed by the
Navy for Navy waterfront projects located in Puget Sound (Navy 2015, FEIS Appendix H: Proxy
Source Sound Levels and Potential Bubble Curtain Attenuation for Acoustic Modeling of
Nearshore Marine Pile Driving at Navy Installations in Puget Sound). Values used in the
analysis are shown in Table D–3.
4.2.

AIRBORNE SOURCE LEVELS

Unweighted airborne impact and vibratory pile driving source levels are reviewed in
Appendix H. Recommended unweighted airborne source level values are presented in
Table D-4.
The most recent A-weighted data from the 2013 Explosives Handling Wharf (EHW-2) acoustic
monitoring report (Illingworth & Rodkin 2013) were reviewed in order to determine the proxy
levels for modeling of airborne noise for receptors other than pinnipeds. Based on measurements
for 24-inch (60-centimeter) piles, a conservative assumed value of 100 dBA was modeled for all
pile sizes.
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Underwater Pile Driving Source Levels (unattenuated)
Impact Driving
dB RMS
re: 1 µPa @ 10 m

dB peak
1
re: 1 µPa @ 10 m

dB SEL
2
re: 1 μPa sec @ 10 m

36-inch (90-centimeter)
steel pipe

194

211

181

24-inch (60-centimeter)
steel pipe

193

210

181

18-inch (45-centimeter)
square concrete

170

184

159

dB peak
re: 1 µPa @ 10 m

dB SEL
2
re: 1 μPa sec @ 10 m

n/a

n/a

Pile Size / Type

Vibratory Driving
Pile Size / Type

dB RMS
re: 1 µPa @ 10 m

36-inch steel pipe

166

24-inch steel pipe

161

1.

Because 36- and 24-inch steel pipe piles may be installed on any active pile driving day during the first in-water
work window under SPE Alternative 2, the more conservative (i.e., higher) source level for 36-inch piles was
modeled, yielding the largest potential range to effect.

Table D–4.

Airborne Pile Driving Source Levels
Impact Driving

Pile Size / Type

dB RMS re: 20 µPa @ 15 m
Unweighted

36-inch (90-centimeter)
steel pipe

112

30-inch (76-centimeter)
steel pipe

---

A-weighted

1

100

24-inch (60-centimeter)
steel pipe

110

18-inch (45-centimeter)
square concrete

112

1

1

Vibratory Driving
Pile Size / Type

dB RMS re: 20 µPa @ 15 m
Unweighted

A-weighted

36-inch steel pipe

95

96

30-inch steel pipe

95

---

24-inch steel pipe

92

1

89

1.

1

Because steel pipe piles may be installed on any active pile driving day during the first
in-water work window under SPE Alternative 2, the more conservative (i.e., higher)
source level for 36-inch piles was modeled, yielding the largest potential range to effect.
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ATTENUATION

A bubble curtain or other noise attenuating device is assumed to be used to minimize noise levels
during impact pile driving operations. Bubble curtain attenuators emit a series of bubbles around
a pile to introduce a high-impedance boundary through which pile driving noise is attenuated. A
review of bubble curtain performance is presented in FEIS Appendix H. The analysis concluded
that 8 to 10 dB was an achievable level of attenuation for 36- and 48-inch (90- and
120-centimeter) steel pipe piles.
These analyses support an 8 dB reduction in sound levels for impact proofing of steel piles with
bubble curtains during the first in-water work window. TPP data were inadequate to evaluate
attenuation values for 24-inch (60-centimeter) piles, and no recommendation was made for this
pile size in the literature review. Therefore, it is assumed that attenuation for 24-inch piles
would be similar to attenuation for 36- and 48-inch (90- and 120-centimeter) piles. A bubble
curtain will not be deployed during impact driving of concrete piles. Therefore, no attenuation
value was assumed when calculating the estimated zone of influence for underwater noise from
concrete piles.
4.4.

ASSUMPTIONS

Assumptions that were used to complete the noise analysis are as follows:
•

Up to 10 piles of any type could be installed during an active pile driving day.

•

Vibratory driving would be the primary installation method for 36-, 30-, and 24-inch
(90-, 76-, and 60-centimeter) steel piles; 18-inch (45-centimeter) concrete piles would be
driven with an impact hammer (incorporating a cushion block).

•

Proofing of steel piles, if needed, would require up to 200 strikes per pile; the actual
amount of impact driving is expected to be significantly less than this number, yielding a
conservative (i.e., larger than anticipated during actual pile installation) effect range for
fish and marbled murrelet injury criteria (described in Sections 3.3 and 3.5, respectively).

•

Installation of each concrete pile would require up to 300 strikes per pile.

•

A bubble curtain will be used to minimize noise levels during impact pile driving of steel
piles, with an average reduction of 8 dB from unattenuated pile driving source levels.

•

No bubble curtain would be used during impact pile driving of concrete piles, or during
vibratory driving of steel piles.

Table D–5 summarizes the number of piles and active driving / proofing days modeled for each
alternative.
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Summary of Pile Numbers and Active Driving / Proofing Days Modeled

DEIS Alternatives

LWI Alternative 2

Size / Type

Number

24-inch
(60-centimeter)
steel

54 (north)

24-inch steel
36-inch
(90-centimeter)
steel
36-inch steel

LWI Alternative 3

30-inch
(76-centimeter)
steel
24-inch steel

SPE Alternative 2

SPE Alternative 3

Number
of Days

In-Water Work
Window

80

first

30

first

125

first

202 (south)
5 (north) (in the dry)
5 (south) (in the dry)
15 (north) (in the dry)
16 (south) (in the dry)
15 (north) (in the dry)
16 (south) (in the dry)
Up to 12 (north) (in the dry)
Up to 12 (south)(in the dry)
15 (north) (in the dry)
15 (south) (in the dry)

36-inch steel

230

24-inch steel

50

18-inch
(45-centimeter)
concrete

105

36

second

24-inch steel

500

155

first

18-inch concrete

160

50

second

Bolded text denotes preferred Alternatives; “in the dry” refers to piles driven on shore – no underwater
noise is associated with these piles.

4.5.

METHODOLOGY

4.5.1.

Underwater Propagation

Modeling sound propagation is useful in evaluating noise levels to determine distance from the
pile driving activity that certain sound levels may travel. The decrease in acoustic intensity as a
sound wave propagates outward from a source is known as transmission loss (TL). The formula
for transmission loss is:

where

𝑅

𝑇𝑇 = 𝐵 ∗ 𝑙𝑙𝑙10 �𝑅1 � + 𝐶 ∗ 𝑅1 ,
2

B = logarithmic (predominantly spreading) loss,
C = linear (scattering and absorption) loss,
R1 = range from source in meters,
R2 = range from driven pile to original measurement location (generally 10 meters for
underwater values, and 15 meters for airborne values).
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The amount of linear loss (C) is proportional to the frequency of a sound. Due to the low
frequencies of sound generated by impact and vibratory pile driving, this factor was assumed to
be zero for all calculations and transmission loss was calculated using only logarithmic
spreading. Therefore, using practical spreading (B = 15), the revised formula for transmission
loss is TL = 15 log10 (R1/10).
The practical spreading loss model (TL = 15 log10 (R1/10)) discussed above was used to calculate
the underwater propagation of pile driving noise in and around the proposed LWI and SPE
project locations.
The estimated effects ranges for fish, marine mammals, and marine birds are detailed in
Sections 3.3, 3.4, and 3.5, respectively, of the DEIS. The ensonified areas are assumed to take a
circular shape around the notional pile being driven; proximity to land features (e.g., shorelines)
may result in some areas being “clipped” as sounds will attenuate as they encounter land or other
solid obstacles. As a result, the ranges calculated may not actually be attained.
4.5.2.

Airborne Propagation

Spherical spreading predicts that sound produced by a source will propagate through the
environment and attenuate at a rate of 6 dB per doubling of distance. The mathematical formula
for this model is the same as described above for underwater propagation. For airborne
propagation, B (logarithmic loss) = 20 rather than 15 as for practical spreading. Airborne noise
is analyzed in Section 3.9 of the DEIS.
4.5.3.

Masking Effects

Masking is the increase in the detection threshold of sounds due to the presence of another sound
such as the ambient or background sound level or an intermittent source such as pile driving. As
determined by the Marbled Murrelet Hydroacoustic Science Panel II (SAIC 2012), masking of
marbled murrelet vocalizations due to in-air pile driving noise has the potential to affect foraging
behavior and efficiency because murrelets forage in pairs and it is assumed that foraging
murrelets must be able to detect their partner’s calls within 100 feet (30 meters). The amount of
masking of a signal is measured by the critical ratio (i.e., signal-to-noise ratio) in the frequency
range of the signal. For both TTS and noise masking of communication signals, the levels of
concern are always dependent on existing ambient noise levels. Thus, these levels are sitespecific and temporally variable. The USFWS (2013) has provided guidance on evaluating the
significance of airborne masking effects for pile driving projects. “Typical” pile driving projects
involve:
•

Installation of 24-inch or 36-inch (60- or 90-centimeter) steel piles,

•

Use of vibratory pile drivers,

•

Use of impact pile drivers for proofing only, and

•

Adherence to a 2-hour timing restriction (i.e., no pile driving 2 hours after sunrise and
2 hours before sunset during the breeding season).
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The distances affected by masking due to pile driving noise were calculated for 36-inch
(90-centimeter) steel piles (SAIC 2012) and 24-inch (60-centimeter) steel piles (USFWS 2013),
representing the airborne construction source levels measured during the TPP in 2011
(Illingworth & Rodkin 2012). These distances are 138 feet (42 meters) and 550 feet
(168 meters), respectively. Results of acoustic monitoring for EHW-2 construction have
indicated that average airborne source levels during impact driving of 36-inch (90-centimeter)
steel piles are the same as, and in some cases lower than, 24-inch steel piles; and levels for
concrete piles are generally lower than for steel piles of comparable size. The effects of masking
noise due to pile driving on marbled murrelets are reported in Section 3.5.
4.6.

ADDITIVE EFFECTS OF CONCURRENT PILE DRIVING

If impact pile driving for NAVBASE Kitsap Bangor projects occurred at the same time,
underwater noise levels could increase by as much as 3 dB at sites roughly equidistant between
the multiple pile-driving rigs, for both impact and vibratory driving. Noise from multiple
simultaneous sources produces an increase in the overall noise field. A doubling in sound power
results in an increase of 3 dB, which is the result of two sources incoherently adding acoustic
pressures in the combined noise environment. The resultant sound pressure level (SPL) from
n-number of multiple sources is computed with the following relationship, using principles of
decibel addition:
SPL 2
SPLn
 SPL1

CombinedSPL = 10 ⋅ log10 10 10 + 10 10 + ... + 10 10 



In areas not roughly equidistant between the two sites, representing the majority of the area
affected by noise from one of the pile drivers, noise levels at a given location would be
dominated by the closer pile-driving activity, with little to no increase in levels above those from
one pile driving operation.
5.0

DEFINITIONS

Ambient sound. Background sound levels on a site; may include project-generated noise.
Broadband. Sound containing frequencies across a wide range, e.g., 20 Hz to 20 kHz.
Critical ratio. The ratio of a signal level to the spectrum level of a non-signal sound. Ambient
(background) noise in the frequency range of the signal is most important in masking the signal.
Masking. The increase in the detection threshold of a sound (signal) due to the presence of
another sound (non-signal) in the same frequency range.
Source level. Sound energy, in decibels above a reference level, at a specified distance from the
source of the sound.
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Spectrum level. Sound energy at a particular frequency with 1.0 Hz bandwidth. The frequency
of 3,150 Hz is a relevant frequency for birds because it is centered on the zone of maximum
hearing sensitivity for many species.
//. Spectrum level notation; e.g., 5 dB//Hz signifies a spectrum sound level of 5 dB at a specified
frequency such as 3 kHz.
6.0

LITERATURE CITED

Acoustical Society of America. 1994. American National Standard Acoustical Terminology.
ANSI (American National Standards Institute) S1.1-1994 (ASA 111-1994). Standards
Secretariat, Acoustical Society of America, New York. Approved January 4, 1994.
Barlett, M.L., and G.R. Wilson. 2002. Characteristics of small boat signatures. The Journal of
the Acoustical Society of America. 112(5): 2221.
Betke, K. 2006. Measurement of underwater noise emitted by an offshore wind turbine at Horns
Rev. ITAP report 13/02/2006. 19 pp.
Carlson, T.J., Woodruff, D.A., Johnson, G.E., Kohn, N.P., Plosky, G.R., Weiland, M.A.,
Southard, J.A., and Southard, J.L. 2005. Hydroacoustic measurements during pile driving at
the Hood Canal Bridge, September through November 2004. Battelle Marine Sciences
Laboratory, Sequim, WA.
DEFRA - Department for Environment, Food and Rural Affairs. 2003. Preliminary investigation
of the sensitivity of fish to sound generated by aggregate dredging and marine construction.
Project AE0914 Final Report. Retrieved from
http://randd.defra.gov.uk/Default.aspx?Menu=Menu&Module=More&Location=None&Co
mpleted=0&ProjectID=9098 as accessed on 18 August 2014
Galli, L., B. Hurlbutt, W. Jewett, W. Morton, S. Schuster, and Z. Van Hilsen. 2003. Boat SourceLevel Noise in Haro Strait: Relevance to Orca Whales. Retrieved from
http://www2.coloradocollege.edu/dept/ev/Research/Faculty/OVALItems/FinalRptWeb/final
All.html as accessed on 18 August 2014
Götz, T., G. Hastie, L. Hatch, O. Raustein, B.L. Southall, M. Tasker, and R. Thomsen. 2009.
Convention for the Protection of the Marine Environment of the North-East Atlantic
(OSPAR Convention) Report: Overview of the impacts of anthropogenic underwater sound
in the marine environment.
HDR. 2012. Naval Base Kitsap at Bangor Test Pile Program Final Marine Mammal Monitoring
Report, Bangor, Washington. Prepared by HDR. Prepared for Naval Facilities Engineering
Northwest, Silverdale, WA. April 2012.
Hildebrand, J.A. 2004. Sources of anthropogenic sound in the marine environment. Marine
Mammal Commission and Scripps Institution of Oceanography, University of California
San Diego, San Diego, CA. Background paper for the International Policy Workshop on
Sound and Marine Mammals in London, England, September 28–30, 2004.
http://www.mmc.gov/sound/internationalwrkshp/pdf/hildebrand.pdf.
D–12  Appendix D — Noise Analysis

July 2016

Land-Water Interface and Service Pier Extension

Final EIS

Illingworth & Rodkin. 2012. Naval Base Kitsap at Bangor Test Pile Program Acoustic
Monitoring Report. Prepared for Naval Base Kitsap, Bangor, WA. April 17, 2012.
Illingworth & Rodkin. 2013. Naval Base Kitsap at Bangor Trident Support Facilities Explosives
Handling Wharf (EHW-2) Project. Acoustic Monitoring Report. Bangor, WA. Prepared for
Naval Base Kitsap at Bangor, WA. May 15, 2013.
Kinsler, L.E., Frey, A.R., Coppens, A.B. and Sanders, J.V. 1999. Fundamentals of Acoustics
(4th ed.). New York, NY: Wiley.
Laughlin, J. 2014. Compendium of background sound levels for ferry terminals in Puget Sound
(Final report). WSF Underwater Background Monitoring Project - Technical Report.
Washington State Department of Transportation, Office of Air Quality and Noise, Seattle,
WA. September 4, 2014. [Note: cover date says April 2014 but all subsequent pages have a
footer indicating September 4, 2014.].
http://www.wsdot.wa.gov/NR/rdonlyres/7CD4A4B6-99CF-4670-BD88E82F96F4627B/0/WSF_SoundLevelReport.pdf.
MacGillivray, A. O. and Chapman, N. R. 2005. Results from an acoustic modelling study of
seismic airgun survey noise in Queen Charlotte Basin. University of Victoria School of
Earth and Ocean Sciences.
Matzner, S. and Jones, M. 2011. Measuring coastal boating noise to assess potential impacts on
marine life. Sea Technology. 52(7): 41−44.
McKenna, M. F., Ross, D., Wiggins, S. M. and Hildebrand, J. A. 2011. Underwater radiated
noise from modern commercial ships. The Journal of the Acoustical Society of America.
131(1): 92−103.
Nedwell, J. R., Parvin, S. J., Edwards, B., Workman, R., Brooker, A. G. and Kynoch, J. E. 2007.
Measurement and interpretation of underwater noise during construction and operation of
offshore windfarms in UK water. Subacoustech Report No. 544R0738 to COWRIE Ltd.
NMFS. 2013. Draft Guidance for Assessing the Effects of Anthropogenic Sound on Marine
Mammals. Acoustic Threshold Levels for Onset of Permanent and Temporary Threshold
Shifts. 23 December 2013.
http://www.nmfs.noaa.gov/pr/acoustics/draft_acoustic_guidance_2013.pdf
Nowacek, D.P., L.H. Thorne, D.W. Johnston, and P.L. Tyack. 2007. Responses of cetaceans to
anthropogenic noise. Mammal Review. 37(2): 81−115.
Reine, K.J., Clarke, D., Dickerson, C. and Wikel, G. 2014. Characterization of Underwater
Sounds Produced by Trailing Suction Hopper Dredges During Sand Mining and Pump-out
Operations. ERDC – U.S. Army Corps of Engineers. ERDC/EL TR-14-3
Richardson, W.J., G.R. Greene, Jr., C.I. Malme, and D.H. Thomson. 1995. Marine mammals and
noise. San Diego, CA: Academic Press. 576 pp.

July 2016

Appendix D — Noise Analysis  D–13

Final EIS

Land-Water Interface and Service Pier Extension

SAIC (Science Applications International Corporation). 2012. Final Summary Report: Marbled
Murrelet Hydroacoustic Science Panel II. Pages 19−22. Panel conducted March 28−30,
2012, attended by representatives of the U.S. Fish and Wildlife Service, U.S. Geological
Survey, National Marine Fisheries Service, U.S. Navy, and other experts. Prepared by
Bernice Tannenbaum, Science Applications International Corporation, Bothell, WA.
Prepared for NAVFAC Northwest, Silverdale, WA. September 4, 2012.
Sebastianutto, L., Picciulin, M., Costantini, M. and Ferrero, E. A. 2011. How boat noise affects
an ecologically crucial behavior: the case of territoriality in Gobius cruentatus (Gobiidae).
Environmental Biology of Fishes. 92(2): 207−215.
Slater, M.C. 2009. Naval Base Kitsap, Bangor baseline underwater noise survey report. Prepared
by Science Applications International Corporation, Bremerton, WA. Prepared for BAE
Systems Applied Technologies, Inc., Rockville, MD. February 18, 2009.
Southall, B.L., Bowles, A.E., Ellison, W.T., Finneran, J.J., Gentry, R.L., Greene, C.R. Jr.,
Kastak, D., Ketten, D.K., Miller, J.H., Nachtigall, P.E., Richardson, W.J., Thomas, J.A. and
Tyack, P.L. 2007. Marine mammal noise exposure criteria: initial scientific
recommendations. Special Issue of Aquatic Mammals. 33(4): 412−522.
USFWS (U.S. Fish and Wildlife Service). 2013. Conducting masking analysis for marbled
murrelets & pile driving projects. Presentation for WSDOT Biologists and Consultants by
Emily Teachout. U.S. Fish and Wildlife Service, Washington Fish and Wildlife Office
Transportation Branch, Lacey, WA. November 19, 2013.
Veirs, V., and Veirs, S. 2005. One year of background underwater sound levels in Haro Strait,
Puget Sound. The Journal of the Acoustical Society of America. 117(4): 2577−2578.
Ward, W.D. 1997. Effects of high-intensity sound. In M. J. Crocker (Ed.), Encyclopedia of
Acoustics (pp. 1497−1507). New York, NY: Wiley.
WSDOT (Washington State Department of Transportation). 2013. Biological Assessment
Preparation for Transportation Projects - Advanced Training Manual. Version 2013.
Washington State Department of Transportation, Olympia, WA. February 2013.
http://www.wsdot.wa.gov/Environment/Biology/BA/BAguidance.htm#Manual.

D–14  Appendix D — Noise Analysis

July 2016

