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ACOUSTIC PRIMER

This section introduces basic acoustic principles and terminology describing how sound travels or
“propagates” in air and water. These terms and concepts are used when analyzing potential impacts due
to acoustic sources and explosives used during naval training and testing. This section briefly explains
the transmission of sound; introduces some of the basic mathematical formulas used to describe the
transmission of sound; and defines acoustical terms, abbreviations, and units of measurement. Because
seawater is a very efficient medium for the transmission of sound, the difference between transmission
of sound in water and in air are discussed. Finally, it discusses the various sources of underwater sound,
including physical, biological, and anthropogenic sounds.

G.1 TERMINOLOGY/GLOSSARY
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.
G.1.1 PARTICLE MOTION AND SOUND PRESSURE
Sound is produced when a medium (air or water in this analysis) is set into motion, often by a vibrating
object within the medium. As the object vibrates, its motion is transmitted to adjacent particles of the
medium. The motion of these particles is transmitted to adjacent particles, and so on. As the sound
wave travels through the medium, the individual particles of the medium oscillate about their original
positions but do not actually move with the sound wave. The result is a mechanical disturbance (the
“sound wave”) that propagates away from the source. The measurable properties of a sound are the
pressure oscillations of the sound wave and the velocity, displacement amplitude, and direction of
particle movements. The basic unit of sound pressure is the Pascal (Pa) (1 Pa = 1.45×10-4 pounds per
square inch), although the most commonly encountered unit is the micropascal (µPa) (1 µPa =
1×10-6 Pa).
Animals with an eardrum or similar structure directly detect the pressure component of sound. Some
marine fish also have specializations to detect pressure changes. Certain animals (e.g., most
invertebrates and some marine fish) likely cannot detect sound pressure, only the particle motion
component of sound. Because particle motion is most detectable near a sound source and at lower
frequencies, this difference in acoustic energy sensing mechanisms limits the range at which these
animals can detect most sound sources analyzed in this document.
G.1.2 FREQUENCY
The number of oscillations or waves per second is called the frequency of the sound, and the metric is
Hertz (Hz). One Hz is equal to one oscillation per second, and 1 kilohertz (kHz) is equal to
1,000 oscillations per second. The inverse of the frequency is the period or duration of one acoustic
wave.
Frequency is the physical attribute most closely associated with the subjective attribute “pitch”; the
higher the frequency, the higher the pitch. Human hearing generally spans the frequency range from
20 Hz to 20 kHz. The pitch based on these frequencies is subjectively “low” (at 20 Hz) or “high” (at 20
kHz).
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Pure tones have a constant, single frequency. Complex tones contain multiple, discrete frequencies,
rather than a single frequency. Broadband sounds are spread across many frequencies. The frequency
range of a sound is called its bandwidth. A harmonic of a sound at a particular frequency is a multiple of
that frequency (e.g., harmonic frequencies of a 2 kHz tone are 4 kHz, 6 kHz, 8 kHz, etc.). A source
operating at a nominal frequency may emit several harmonic frequencies at much lower sound pressure
levels.
In this document, sounds are generally described as either low- (less than 1 kHz), mid- (1 kHz–10 kHz),
high- (greater than 10 kHz–100 kHz), or very high- (greater than 100 kHz) frequency. Hearing ranges of
marine animals (e.g., fish, birds, and marine mammals) are quite varied and are species-dependent. For
example, some fish can hear sounds below 100 Hz and some species of marine mammals have hearing
capabilities that extend above 100 kHz. Discussions of noise and potential impacts must therefore focus
not only on the sound pressure, but the composite frequency of the noise and the species considered.
G.1.3 DUTY CYCLE
Duty cycle describes the portion of time that a sound source actually generates sound. It is defined as
the percentage of the time during which a sound is generated over a total operational period. For
example, if a sound navigation and ranging (sonar) source produces a 1-second ping once every
10 seconds, the duty cycle is 10 percent. Duty cycles vary among different acoustic sources; in general, a
low duty cycle is 20 percent or less and a high duty cycle is 80 percent or higher.
G.1.4 LOUDNESS
Sound levels are normally expressed in decibels (dB), a commonly misunderstood term. Although the
term decibel always means the same thing, decibels may be calculated in several ways, and the
explanations of each can quickly become both highly technical and confusing.
Because mammalian ears can detect large pressure ranges and humans judge the relative loudness of
sounds by the ratio of the sound pressures (a logarithmic behavior), sound pressure level is described by
taking the logarithm of the ratio of the sound pressure to a reference pressure (American National
Standards Institute 1994). Use of a logarithmic scale compresses the wide range of pressure values into
a more usable numerical scale. (The softest audible sound has a power of about 0.000000000001
watt/square meter [m2] and the threshold of pain is around 1 watt/m2. With the advantage of the
logarithmic scale, this ratio is efficiently described as 120 dB.)
On the decibel scale, the smallest audible sound (near total silence) is 0 dB. A sound 10 times more
powerful is 10 dB. A sound 100 times more powerful than near total silence is 20 dB. A sound 1,000
times more powerful than near total silence is 30 dB. Table G-1 compares common sounds to their
approximate decibel rating.
Table G-1: Common In-Air Sounds and their Approximate Decibel Ratings
Source

Source Level
(dB re 20 µPa)

Near total silence

0

Whisper

15

Normal conversation

60

Lawnmower

90
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Table G-1: Common In-Air Sounds and their Approximate Decibel Ratings (continued)
Source

Source Level
(dB re 20 µPa)

Car horn

110

Rock concert

120

Gunshot

140

Notes: dB re 20 µPa = decibels referenced to 20 micropascals

G.2 PREDICTING HOW SOUND TRAVELS
Sounds are produced throughout a wide range of frequencies, including frequencies beyond the audible
range of a given receptor. Most sounds heard in the environment do not consist of a single frequency,
but rather a broad band of frequencies differing in sound level. The intensities of each frequency add to
generate perceptible sound.
The speed of sound is not affected by its intensity, amplitude, or frequency, but rather depends wholly
on characteristics of the medium through which it is passing. Sound generally travels faster as the
density of the medium increases. Speeds of sound through air are primarily influenced by air
temperature, relative humidity, and pressure, averaging about 1,115 feet per second (ft./s) (340 meters
per second [m/s]) at standard barometric pressure. Sound speeds in air increase as air temperature
increases. Sound travels differently in the water than in air because seawater is a very efficient medium
for the transmission of sound. Sound moves at a faster speed in water, about 4,921 ft./s (1,500 m/s).
The speed of sound through water is influenced by temperature, pressure, and salinity because sound
travels faster as any of these parameters increase.
In the simple case of sound propagating from a point source without obstruction or reflection, the
sound waves take on the shape of an expanding sphere. As spherical propagation continues, the sound
energy is distributed over an ever-larger area following the inverse square law: the intensity of a sound
wave decreases inversely with the square of the distance between the source and the receptor. For
example, doubling the distance between the receptor and a sound source results in a reduction in the
intensity of the sound of one-fourth of its initial value; tripling the distance results in one-ninth of the
original intensity, and so on (Figure G-1). As expected, sound intensity drops at increasing distance from
the point source. In spherical propagation, sound pressure levels drop an average of 6 dB for every
doubling of distance from the source. Potential impacts on sensitive receptors, then, are directly related
to the distance from the receptor to the noise source, and the intensity of the noise source itself.
While the concept of a sound wave traveling from its source to a receptor is relatively simple, sound
propagation is quite complex because of the simultaneous presence of numerous sound waves of
different frequencies and other phenomena such as reflections of sound waves and subsequent
constructive (additive) or destructive (cancelling) interferences between reflected and incident waves.
Other factors such as refraction, diffraction, bottom types, and surface conditions also affect sound
propagation. While simple examples are provided here for illustration, the Navy Acoustic Effects Model
used to quantify acoustic exposures to marine mammals and sea turtles takes into account the influence
of multiple factors to predict acoustic propagation (Marine Species Modeling Team 2012).
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Figure G-1: Graphical Representation of the Inverse Square Relationship in Spherical Spreading

G.2.1 SOUND ATTENUATION AND TRANSMISSION LOSS
As a sound wave passes through a medium, the intensity decreases with distance from the sound
source. This phenomenon is known as attenuation or propagation loss. Sound attenuation may be
described in terms of transmission loss (TL). The units of transmission loss are dB. The transmission loss
is used to relate the source level (SL), defined as the sound pressure level produced by a sound source at
a distance of 3.3 feet (ft.) (1 meter [m]), and the received level (RL) at a particular location, as follows:

RL = SL – TL
The main contributors to sound attenuation are as follows:
•
•
•
•
G.2.1.1

Geometrical spreading of the sound wave as it propagates away from the source
Sound absorption (conversion of sound energy into heat)
Scattering, diffraction, multipath interference, boundary effects
Other nongeometrical effects (Urick 1983)
Spreading Loss

Spreading loss is a geometrical effect representing regular weakening of a sound wave as it spreads out
from a source (Campbell et al. 1988). Spreading describes the reduction in sound pressure caused by the
increase in surface area as the distance from a sound source increases. Spherical and cylindrical
spreading are common types of spreading loss.
As described before, a point sound source in a homogeneous medium without boundaries will radiate
spherical waves—the acoustic energy spreads out from the source in the form of a spherical shell. As the
distance from the source increases, the shell surface area increases. If the sound power is fixed, the
sound intensity must decrease with distance from the source (intensity is power per unit area). The
surface area of a sphere is 4πr2, where r is the sphere radius, so the change in intensity is proportional to
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the radius squared. This relationship is known as the spherical spreading law. The transmission loss for
spherical spreading is:
TL = 20log10r
where r is the distance from the source. This is equivalent to a 6 dB reduction in sound pressure level for
each doubling of distance from the sound source. For example, calculated transmission loss for spherical
spreading is 40 dB at 328.1 ft. (100 m) and 46 dB at 656.2 ft. (200 m).
In cylindrical spreading, spherical waves expanding from the source are constrained by the water surface
and the seafloor and take on a cylindrical shape. In this case the sound wave expands in the shape of a
cylinder rather than a sphere and the transmission loss is:
TL = 10log10r
Cylindrical spreading is an approximation to wave propagation in a water-filled channel with horizontal
dimensions much larger than the depth. Cylindrical spreading predicts a 3 dB reduction in sound
pressure level for each doubling of distance from the source. For example, calculated transmission loss
for cylindrical spreading is 20 dB at 328.1 ft. (100 m) and 23 dB at 656.2 ft. (200 m).
G.2.1.2

Reflection and Refraction

When a sound wave propagating in a medium encounters a second medium with a different density or
sound speed (e.g., the air-water boundary) part of the incident sound will be reflected back into the first
medium and part will be transmitted into the second medium (Kinsler et al. 1982). If the second medium
has a different sound speed than the first, the propagation direction will change as the sound wave
enters the second medium; this phenomenon is called refraction. Refraction may also occur within a
single medium if the sound speed varies in the medium.
Refraction of sound resulting from spatial variations in the sound speed is one of the most important
phenomena that affect sound propagation in water (Urick 1983). The sound speed in the ocean primarily
depends on hydrostatic pressure (i.e., depth) and temperature. Sound speed increases with both
hydrostatic pressure and temperature. In seawater, temperature has the most important effect on
sound speed for depths less than about 984.2 ft. (300 m). Below 4,921.3 ft. (1,500 m), the hydrostatic
pressure is the dominant factor because the water temperature is relatively constant. The variation of
sound speed with depth in the ocean is called a sound speed profile.
Although the actual variations in sound speed are small, the existence of sound speed gradients in the
ocean has an enormous effect on the propagation of sound in the ocean. If one pictures sound as rays
emanating from an underwater source, the propagation of these rays changes as a function of the sound
speed profile in the water column. Specifically, the directions of the rays bend toward regions of slower
sound speed. This phenomenon creates ducts in which sound becomes “trapped,” allowing it to
propagate with high efficiency for large distances within certain depth boundaries. During winter
months, the reduced sound speed at the surface due to cooling can create a surface duct that efficiently
propagates sound such as shipping noise. The deep sound channel or Sound Frequency and Ranging
channel is another duct that exists where sound speeds are lowest in the water column (1,968.5–
3,937 ft. [600–1,200 m] depth at the mid-latitudes). Intense low-frequency underwater sounds, such as
explosions, can be detected halfway around the world from their source via the Sound Frequency and
Ranging channel (Baggeroer and Munk 1992).

APPENDIX G ACOUSTIC PRIMER

G-5

NORTHWEST TRAINING AND TESTING DRAFT EIS/OEIS

G.2.1.3

JANUARY 2014

Diffraction, Scattering, and Reverberation

Sound waves experience diffraction in much the same manner as light waves. Diffraction may be
thought of as the bending of a sound wave around an obstacle. Common examples include sound heard
from a source around the corner of a building and sound propagating through a small gap in an
otherwise closed door or window. An obstacle or inhomogeneity (e.g., smoke, suspended particles, or
gas bubbles) in the path of a sound wave causes scattering if secondary sound spreads out from it in a
variety of directions (Pierce 1989). Scattering is similar to diffraction. Normally diffraction is used to
describe sound bending or scattering from a single object, and scattering is used when there are
multiple objects. Reverberation, or echo, refers to the prolongation of a sound that occurs when sound
waves in an enclosed space are repeatedly reflected from the boundaries defining the space, even after
the source has stopped emitting.
G.2.1.4

Multipath Propagation

In multipath propagation, sound may not only travel a direct path from a source to a receiver, but also
be reflected from the surface or bottom multiple times before reaching the receiver (Urick 1983). At
some distances, the reflected wave will be in phase with the direct wave (their waveforms add together)
and at other distances the two waves will be out of phase (their waveforms cancel). The existence of
multiple sound paths, or rays, arriving at a single point can result in multipath interference, a condition
that permits the addition and cancellation between sound waves resulting in the fluctuation of sound
levels over short distances. A special case of multipath propagation loss is called the Lloyd mirror effect,
where the sound field near the water's surface reaches a minimum because of the destructive
interference (cancellation) between the direct sound wave and the sound wave being reflected from the
surface. This can cause the sound level to decrease dramatically within the top few meters of the water
column.
G.2.1.5

Surface and Bottom Effects

Because the sea surface reflects and scatters sound, it has a major effect on the propagation of
underwater sound in applications where either the source or receiver is at a shallow depth (Urick 1983).
If the sea surface is smooth, the reflected sound pressure is nearly equal to the incident sound pressure;
however, if the sea surface is rough, the amplitude of the reflected sound wave will be reduced.
The sea bottom is also a reflecting and scattering surface, similar to the sea surface. Sound interaction
with the sea bottom is more complex, however, primarily because the acoustic properties of the sea
bottom are more variable and the bottom is often layered into regions of differing density and sound
speed. The Lloyd mirror effect may also be observed from sound sources located near the sea bottom.
For a hard bottom such as rock, the reflected wave will be approximately in phase with the incident
wave. Thus, near the ocean bottom, the incident and reflected sound pressures may add together,
resulting in an increased sound pressure near the sea bottom.
G.2.1.6

Air-Water Interface

Sound from aerial sources such as aircraft, muzzle blasts, and projectile sonic booms, can be transmitted
into the water. The most studied of these sources are fixed-wing aircraft and helicopters, which create
noise with most energy below 500 Hz. Noise levels in water are highest at the surface and are highly
dependent on the altitude of the aircraft and the angle at which the aerial sound encounters the ocean
surface. Transmission of the sound once it is in the water is identical to any other sound as described in
the section above.
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Transmission of sound from a moving airborne source to a receptor underwater is influenced by
numerous factors and has been addressed by Young (1973), Urick (1983), Richardson et al. (1995), Eller
and Cavanagh (2000), Laney and Cavanagh (2000), and others. Sound is transmitted from an airborne
source to a receptor underwater by four principal means: (1) a direct path, refracted upon passing
through the air-water interface; (2) direct-refracted paths reflected from the bottom in shallow water;
(3) evanescent transmission in which sound travels laterally close to the water surface; and
(4) scattering from interface roughness due to wave motion.
Airborne sound is refracted upon transmission into water because sound waves move faster through
water than through air (a ratio of about 0.23:1). Based on this difference, the direct sound path is
reflected if the sound reaches the surface at an angle more than 13 degrees from vertical. As a result,
most of the acoustic energy transmitted into the water from an aircraft arrives through a relatively
narrow cone extending vertically downward from the aircraft (Figure G-2). The intersection of this cone
with the surface traces a “footprint” directly beneath the flight path, with the width of the footprint
being a function of aircraft altitude. Sound may enter the water outside of this cone due to surface
scattering and as evanescent waves, which travel laterally near the water surface.

Source: Richardson et al. 1995

Figure G-2: Characteristics of Sound Transmission through the Air-Water Interface

The sound pressure field is actually doubled (+6 dB) at the air-to-water interface because of the large
difference in the acoustic properties of water and air. For example, an airborne sound with a sound
pressure level of 100 dB re 1 µPa at the sea surface becomes 106 dB re 1 µPa just below the surface. The
pressure and sound levels then decrease with increasing distance as they would for any other in-water
noise.
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G.3 SOURCES OF SOUND
Ambient noise is the collection of ever-present sounds of both natural and human-generated origin.
Ambient noise in the ocean comprises sound generated by natural physical, natural biological, and
anthropogenic (human-generated) sources (Figure G-3). Preindustrial physical and biological noise
sources in marine environments were often not high enough to interfere with the hearing of marine
animals (Richardson et al. 1995). However, the increase in anthropogenic noise sources in recent times
is a concern.
Except for sounds generated by some marine species, most natural ocean sound is broadband
(composed of a spectrum of numerous frequencies). Virtually the entire frequency spectrum is
represented in ambient sound sources (National Research Council 2003, adapted from Wenz 1962).
Earthquakes and explosions produce sound signals from 1 Hz to 100 Hz; marine species can produce
signals from 100 Hz to more than 10,000 Hz; and commercial shipping, industrial activities, and naval
ships have signals between 10 Hz and 10,000 Hz (Figure G-3). Spray and bubbles associated with
breaking waves are the major contributions to the ambient sound in the 50–100,000 Hz range. At
frequencies greater than 100,000 Hz (or approximately 80,000 Hz in the Inland Waters of the Study
Area), “thermal noise” caused by the random motion of water molecules is the primary source. Natural
sources, especially from wave and tidal action, can cause coastal environments to have particularly high
ambient sound levels.
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Source: National Research Council (2003), adapted from Wenz (1962)

Figure G-3: Oceanic Ambient Noise Levels from 1 Hertz to 100,000 Hertz, Including Frequency Ranges for
Prevalent Noise Sources
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UNDERWATER SOUNDS

Physical, biological, and anthropogenic sounds all contribute to the ambient underwater noise
environment. Example source levels for various underwater sounds are shown in Table G-2. Many
naturally occurring sounds have source levels similar to anthropogenic sounds.
Table G-2: Source Levels of Common Underwater Sounds
Source Level
(dB re 1 µPa at 1 m)

Source
Ice breaker ship

193

1

Large tanker

186

1
1

Seismic airgun array (32 guns)

259 (peak)

Dolphin whistles

125–173

1

Dolphin clicks

194–219

2

Humpback whale song

144–174

3

Snapping shrimp

183–189

4

Sperm whale click

236

5

Naval mid-frequency active sonar (SQS-53)

235

Lightning strike

260

6

255

7

Seafloor volcanic eruption
1

2

3

Richardson et al. 1995, Rasmussen et al. 2002, Payne and Payne 1985; Thompson et al.
1979, 4 Au and Banks 1998, 5 Levenson 1974; Watkins 1980, 6 Hill 1985, 7 Northrop 1974
Note: dB re 1 µPa at 1 m = decibels referenced to 1 micropascal at 1 meter

G.3.2 PHYSICAL SOURCES OF UNDERWATER SOUND
Physical processes that create sound in the ocean include rain, wind, waves, sea ice, lightning strikes at
the sea surface, undersea earthquakes, and eruptions from undersea volcanoes. Generally, these sound
sources contribute to a rise in the ambient sound levels on an intermittent basis. Underwater sound
from rain typically is between 1 and 3 kHz. Wind produces frequencies between 100 Hz and 30 kHz,
while wave-generated sound is a significant contributor in the infrasonic range (i.e., 1–20 Hz) (Simmonds
et al. 2003). Seismic activity results in the production of low-frequency sounds that can be heard for
great distances. At short ranges, underwater sounds from earthquakes can extend to frequencies
greater than 100 Hz, and the arriving signal can have a very sharp onset, similar to that of an explosion,
and can last from a few seconds to a few minutes (National Research Council 2003). Energy from large
man-made explosions generates the same types of T-phase waves that seismic sources do and they both
can emit energy at frequencies up to 500 Hz (Richardson et al. 1995). Seismically active regions are
subject to intense disturbances from strong sounds produced by earthquakes that can kill or injure
marine mammals living in the region. The T-phase source signal level (10–30 Hz range) can exceed 200
dB, for a magnitude 4–5 earthquake. On 22 February 2005, a fin whale in the Gulf of California covered
13 kilometers (km) in 26 minutes (mean speed = 30.2 km/hour), in response to a 5.5 Richter scale
earthquake (Gallo-Reynoso et al. 2011).
G.3.3 BIOLOGICAL SOURCES OF UNDERWATER SOUND
Marine animals use sound to navigate, communicate, locate food, reproduce, and detect predators and
other important environmental cues. For example, reproductive activity, including courtship and
spawning, accounts for the majority of sounds produced by fish. During the spawning season, croakers
(family Sciaenidae) vocalize for many hours and often dominate the acoustic environment
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(Ramcharitar et al. 2006). In addition, toothed whales and dolphins (Odontocetes) produce a wide
variety of sounds including clicks, whistles, and pulsed sounds. Marine life of various types can increase
ambient sound levels by nearly 20 dB over the range of a few kHz (e.g., crustaceans and fish) or over the
range of tens to hundreds of kHz (e.g., dolphin clicks and whistles). For instance, bottlenose dolphin
clicks and whistles have a dominant frequency range of 110–130 kHz and 3.5–14.5 kHz, respectively
(Au 1993). In addition, sperm whale clicks range in frequency from 0.1–30 kHz, with dominant energy in
two bands (2–4 kHz and 10–16 kHz) (Richardson et al. 1995). Blue and fin whales produce low-frequency
moans at frequencies of 10–25 Hz. Colonies of snapping shrimp can generate sounds at frequencies of
2–15 kHz.
G.3.4 ANTHROPOGENIC SOURCES OF UNDERWATER SOUND
In addition to sounds generated during Navy training and testing, other non-Navy activities also
introduce similar types of anthropogenic (human-generated) sound into the ocean from a number of
sources, including non-military vessel traffic, industrial operations onshore (pile driving), seismic
profiling for oil exploration, oil drilling, underwater explosions, and in-air sources that can enter the
water. Noise levels resulting from human activities in coastal and offshore areas are increasing;
however, there are few historical records of ambient noise data to substantiate the level of increase.
Commercial shipping is the most widespread source of human-made, low-frequency (0–1,000 Hz) noise
in the oceans and may contribute more than 75 percent of all human-made sound in the sea
(International Council for the Exploration of the Sea 2005), particularly in coastal areas and near
shipping lanes (see Figure 3.12-1 for commercial shipping lanes in the Study Area). There are
approximately 20,000 large commercial vessels at sea worldwide at any given time. Because
low-frequency sounds carry for long distances, a large vessel emitting sound at 6.8 Hz can be detected
75–250 nautical miles away (Polefka 2004). The dominant component of low-frequency ambient noise is
commercial tankers, which contribute twice as much noise as cargo vessels and at least 100 times as
much noise as research vessels (Hatch et al. 2008). Most of these sounds are produced as a result of
propeller cavitation (when air spaces created by the motion of propellers collapse) (Southall et al. 2007).
High-intensity, low-frequency impulse sounds are emitted during seismic surveys to determine the
structure and composition of the geological formations below the sea bed to identify potential
hydrocarbon reservoirs (i.e., oil and gas exploration) (Simmonds et al. 2003).
G.3.5 AERIAL SOUNDS
Aerial sounds may be produced by physical, biological, or anthropogenic sources. These sounds may be
transmitted across the air-water interface as well. Of the physical sources of sound, surf noise is one of
the most dominant. The highest sound levels from surf are typically low frequency (below 100 Hz).
Biological sources of sound can be a significant contribution to the noise level in coastal environments
such as areas occupied by highly vocal sea lions. Anthropogenic noise sources like ships, industrial sites,
cars, and airplanes are also potential contributors.
G.3.6 NAVY SOURCES OF SOUND IN THE WATER
Many of the Navy’s proposed activities may introduce sound into the ocean. The type of sound will
determine how that source is measured and evaluated for potential impacts to the environment. All of
the Navy-produced sounds may be categorized as impulse or non-impulse. Impulse sounds feature a
very rapid increase to high pressures, followed by a rapid return to the static pressure. Impulse sounds
are often produced by processes involving a rapid release of energy or mechanical impacts (Hamernik
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and Hsueh 1991). Non-impulse sounds lack the rapid rise time and can have longer durations than
impulse sounds. Non-impulse sound can be continuous or intermittent. See Figure G-4 for examples of
impulse and non-impulse underwater sound sources.

Figure G-4: Examples of Impulse and Non-impulse Sound Sources

G.4 SOUND METRICS
G.4.1 PRESSURE
Various sound pressure metrics are illustrated in Figure G-5 for (a) a non-impulse, and (b) an impulse
sound. Sound pressure varies differently with time for non-impulse and impulse sounds. As shown in
Figure G-5, the non-impulse sound has a relatively gradual rise in pressure from static pressure (the
ambient pressure without the added sound), while the impulse sound has a near-instantaneous rise to a
higher peak pressure. The peak pressure shown on both illustrations is the maximum absolute value of
the instantaneous sound pressure during a specified time interval, which accounts for the values of peak
pressures below the static (ambient) pressure (American National Standards Institute 1994). Peak-topeak pressure is the difference between the maximum and minimum sound pressures. The root-meansquared sound pressure is often used to describe the average pressure level of sounds. As the name
suggests, this method takes the square root of the average squared sound pressure values over a time
interval. The duration of this time interval can have a strong effect on the measured root-mean-squared
sound pressure for a given sound, especially where pressure levels vary significantly, as during an
impulse. If the analysis duration includes a significant portion of the waveform after the impulse has
ended and the pressure has returned to near static, the root-mean-squared level would be relatively
low. If the analysis duration includes the highest pressures of the impulse and excludes the portion of
the waveform after the impulse has terminated, the root-mean-squared level would be comparatively
high. For this reason, it is important to specify the duration used to calculate the root-mean-squared
pressure for impulse sounds.
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Figure G-5: Various Sound Pressure Metrics for a Hypothetical (a) Pure Tone (Non-Impulse) and (b) Impulse
Sound
G.4.1.1

Sound Pressure Level

Because mammalian ears can detect large pressure ranges and humans judge the relative loudness of
sounds by the ratio of the sound pressures (a logarithmic behavior), sound pressure level is described by
taking the logarithm of the ratio of the sound pressure to a reference pressure (American National
Standards Institute 1994). Use of a logarithmic scale compresses the wide range of pressure values into
a more usable numerical scale.
Sound levels are normally expressed in dB. To express a pressure X in decibels using a reference
pressure Xref, the equation is:

 X 

20 log10 
X ref 
The pressure X is the root-mean-square value of the pressure. When a value is presented in decibels, it is
important to specify the value and units of the reference pressure. Normally the decibel value is given,
followed by the text “re,” meaning “with reference to,” and the value and unit of the reference
pressure. The standard reference pressures are 1 µPa for water and 20 µPa for air (American National
Standards Institute 1994). It is important to note that, because of the difference in reference units
between air and water, the same absolute pressures would result in different dB values for each
medium.
G.4.1.2

Sound Exposure Level

When analyzing effects on marine animals from multiple moderate-level sounds, it is necessary to have
a metric that quantifies cumulative exposure(s) (American National Standards Institute 1994). The
Sound Exposure Level (SEL) can be thought of as a composite metric that represents both the intensity
of a sound and its duration. Individual time-varying noise events (e.g., a series of sonar pings) have two
main characteristics: (1) a sound level that changes throughout the event and (2) a period of time during
which the source is exposed to the sound. Cumulative SEL provides a measure of the net impact of the
entire acoustic event, but it does not directly represent the sound level heard at any given time. Sound
exposure level is determined by calculating the decibel level of the cumulative sum-of-squared
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pressures over the duration of a sound, with units of dB re 1 micropascal squared seconds (µPa2-s) for
sounds in water.
Some rules of thumb for SEL are as follows:
•

•
•

The numeric value of SEL is equal to the sound pressure level of a 1-second sound that has the
same total energy as the exposure event. If the sound duration is 1 second, sound pressure level
and SEL have the same numeric value (but not the same reference quantities). For example, a
1-second sound with a sound pressure level of 100 dB re 1 µPa has a SEL of 100 dB re 1 µPa2-s.
If the sound duration is constant but the sound pressure level changes, SEL will change by the
same number of decibels as the sound pressure level.
If the sound pressure level is held constant and the duration (T) changes, SEL will change as a
function of 10log10(T):
o 10log10(10) = 10, so increasing duration by a factor of 10 raises SEL by
10 dB.
o 10log10(0.1) = -10, so decreasing duration by a factor of 10 lowers SEL by 10 dB.
o Since 10log10(2) ≈ 3, so doubling the duration increases SEL by 3 dB.
o 10log10(1/2) ≈ -3, so halving the duration lowers SEL by 3 dB.

Figure G-6 illustrates the summation of energy for a succession of sonar pings. In this hypothetical case,
each ping has the same duration and sound pressure level. The SEL at a particular location from each
individual ping is 100 dB re 1 µPa2-s (red circles). The upper, blue curve shows the running total or
cumulative SEL.

Figure G-6: Summation of Acoustic Energy (Cumulative Exposure Level, or Sound Exposure Level) from a
Hypothetical, Intermittently Pinging, Stationary Sound Source (EL = Exposure Level)

After the first ping, the cumulative SEL is 100 dB re 1 µPa2-s. Since each ping has the same duration and
sound pressure level, receiving two pings is the same as receiving a single ping with twice the duration.
The cumulative SEL from two pings is therefore 103 dB re 1 µPa2-s. The cumulative SEL from four pings is
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3 dB higher than the cumulative SEL from two pings, or 106 dB re 1 µPa2-s. Each doubling of the number
of pings increases the cumulative SEL by 3 dB.
Figure G-7 shows a more realistic example where the individual pings do not have the same sound
pressure level or SEL. These data were recorded from a stationary hydrophone as a sound source
approached, passed, and moved away from the hydrophone. As the source approached the
hydrophone, the received sound pressure level from each ping increased, causing the SEL of each ping
to increase. After the source passed the hydrophone, the received sound pressure level and SEL from
each ping decreased as the source moved farther away (downward trend of red line), although the
cumulative SEL increased with each additional ping received (slight upward trend of blue line). The main
contributions are from those pings with the highest individual SELs. Individual pings with SELs 10 dB or
more below the ping with the highest level contribute little (less than 0.5 dB) to the total cumulative
SEL. This is shown in Figure G-7 where only a small error is introduced by summing the energy from the
eight individual pings with SEL greater than 185 dB re 1 µPa2-s (black line), as opposed to including all
pings (blue line).

Figure G-7: Cumulative Sound Exposure Level under Realistic Conditions with a Moving, Intermittently Pinging
Sound Source (Cumulative Exposure Level = Sound Exposure Level)
Impulse (Pascal-seconds)

Impulse is a metric used to describe the pressure and time component of an intense shock wave from an
explosive source. The impulse calculation takes into account the magnitude and duration of the initial
peak positive pressure, which is the portion of an impulse sound most likely to be associated with
damage. Specifically, impulse is the time integral of the initial peak positive pressure with units of
Pascal-seconds. The peak positive pressure for an impulse sound is shown in Figure G-5 as the first and
largest pressure peak above static pressure. This metric is used to assess potential injurious effects from
explosives.
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G.4.2 LOUDNESS AND AUDITORY WEIGHTING FUNCTIONS
Animals, including humans, are not equally sensitive to sounds across their entire hearing range. The
subjective judgment of a sound level by a receiver such as an animal is known as loudness. Two sounds
received at the same sound pressure level (an objective measurement), but at two different frequencies,
may be perceived by an animal at two different loudness levels depending on its hearing sensitivity
(lowest sound pressure level at which a sound is first audible) at the two different frequencies.
Furthermore, two different species may judge the relative loudness of the two sounds differently.
Auditory weighting functions are a method common in human hearing risk analysis to account for
differences in hearing sensitivity at various frequencies. This concept can be applied to other species as
well. When used in analyzing the impacts of sound on an animal, auditory weighting functions adjust
received sound levels to emphasize ranges of best hearing and de-emphasize ranges of less or no
sensitivity. A-weighted sound levels, often seen in units of “dBA” (A-weighted decibels), are
frequency-weighted to account for the sensitivity of the human ear to a barely audible sound. Many
measurements of sound in air appear as A-weighted decibels in the literature because the intent of the
authors is often to assess noise impacts on humans.
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