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Abstract

Very-low-frequency sounds between 1 and 100 Hz propagate large dis-
tances in the ocean sound channel. Weather conditions, earthquakes, marine
mammals, and anthropogenic activities influence sound levels in this band.
Weather-related sounds result from interactions between waves, bubbles en-
trained by breaking waves, and the deformation of sea ice. Earthquakes gen-
erate sound in geologically active regions, and earthquake T waves propagate
throughout the oceans. Blue and fin whales generate long bouts of sounds
near 20 Hz that can dominate regional ambient noise levels seasonally. An-
thropogenic sound sources include ship propellers, energy extraction, and
seismic air guns and have been growing steadily. The increasing availabil-
ity of long-term records of ocean sound will provide new opportunities for
a deeper understanding of natural and anthropogenic sound sources and
potential interactions between them.
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1. INTRODUCTION

Because sound waves propagate efficiently in water and electromagnetic waves do not, sound plays
an important role in facilitating remote interactions in the ocean. Humans use ocean sound for
communication and for imaging the ocean’s interior, seafloor, and underlying crust. Sound is
also a by-product of many anthropogenic activities in the ocean. Marine mammals use sound for
communication and for echolocation.

The interval from 1 to 100 Hz coincides approximately with a frequency band that in ocean
acoustics is termed the very-low-frequency (VLF) band. Because the wavelength of VLF sounds
can be a significant fraction of the ocean depth, sound interactions with the seafloor are com-
plicated, and their treatment requires an understanding of both acoustics and seismology. VLF
sounds undergo little attenuation in water and thus propagate over large distances when trapped
in the ocean waveguide. Sound levels are influenced over large regions by anthropogenic activities
and marine mammals as well as by natural weather and geological processes. Records of VLF
sounds from hydrophones and ocean-bottom seismometers are thus of multidisciplinary interest.

In this article, we aim to provide a broad review of scientific investigations of VLEF sounds in
the ocean. Section 2 presents an overview of the theory of acoustic propagation and the compli-
cations that arise at VLF frequencies from interactions with the seafloor. Section 3 then discusses
the observation of sounds using hydrophones and seismometers. Sections 4-7 examine in turn
the VLF sounds created by weather, earthquakes, marine mammals, and anthropogenic activities.
Section 8 briefly discusses the interactions between low-frequency anthropogenic sounds and ma-
rine mammals and the difficulties associated with conducting robust studies to assess anthropogenic
impacts. We conclude in Section 9 by outlining future research directions and needs.

2. THEORY

2.1. Acoustic Propagation

Typically, ocean acoustic propagation is a waveguide problem: The surface and bottom boundaries
are much closer than any “side” boundary. The acoustic field ¥ (r, ¢) as a function of space vector r
(representing x, y, and 2 positions) and time ¢ can therefore be decomposed into vertically trapped
modes. If Y (r, #) is decomposed into separate frequency components at Fourier (radian) frequency
w, the propagation of each component ¥, (r) is then governed (Munk et al. 1995, Brekhovskikh
& Lysanov 2003) by the Helmholtz equation

w?
c*(r)
with appropriate boundary conditions at the ocean surface (where v is zero) and at the bottom

(where the boundary condition is more complicated) (see Section 2.2). The dominant features of
propagation are controlled by the sound-speed field ¢ (r) = ¢((r) + 8¢ (r, #), which may be decom-

V2, (r) + Yo(r) =0, )

posed conceptually into an average field ¢(r) and a space/time-fluctuating part. The fluctuating
part is usually much smaller than the average field and has timescales considerably longer than
acoustic timescales, and it therefore has no significant role in the dominant features of propagation
(Flatté et al. 1979, pp. 44-46).

For an ocean with properties that depend only on depth z, the acoustic field depends only on
the range and depth. In this case, co(r) = ¢(z), the Helmholtz equation separates in depth and
range, and the vertically trapped modes ¢(z) obey the depth-only equation

2
T80+ K9 =0, @
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Figure 1

Two representative propagation regimes. (#) Polar regime. The left panel shows an idealized polar sound-speed profile, the middle
panel shows modes 1 and 2 at 50 Hz (with mode 1 in bo/d), and the right panel shows two bundles of rays launched from an acoustic

source at 1,000-m depth. The rays continually refract upward and skip off the surface. (b)) Low-latitude regime. The left panel shows an
idealized low-latitude sound-speed profile, the middle panel shows modes 1 and 2 at 50 Hz (with mode 1 in bo/d), and the right panel
shows two bundles of rays launched from a source at 1,000-m depth. The rays cycle in the deep sound channel without interacting with

the boundaries.

where k, is the local vertical wavenumber (Munk et al. 1995). Each Fourier component can then
be written as a weighted sum of all propagating modes.

Etter (2003, pp. 135-51) suggested that mode-theoretic models for shallow-water propagation
become too computationally intensive above approximately 500 Hz. Very crudely, for a typical
shallow depth H of 100 m and an average sound speed of 1,500 m/s, this frequency yields a value
of roughly 30 for the nondimensional ratio H /A of ocean depth to average acoustic wavelength
X. This ratio can indicate a practical transition from mode-theoretic to ray-theoretic propagation
regimes. At higher frequencies (i.e., larger values of H /1), the field can be visualized using rays
(Munk et al. 1995), where rays indicate the sound propagation paths. The Helmholtz equation, in
the high-frequency limit, yields ray equations that can be integrated forward for any ¢y(r), which
makes ray diagrams particularly useful in regions with complex, range-dependent oceanography.
For frequencies below 100 Hz in shallow water, mode representations are usually required. In the
deep ocean, the transition ratio threshold is reached at approximately 10 Hz, which implies that
higher VLF frequencies are adequately represented with ray diagrams.

The ocean’s stratification makes ¢y(r) a strong function of depth but a weak function of range.
Sound speed increases with hydrostatic pressure and temperature. Consequently, in isothermal
and isohaline water, the sound speed increases with depth. A nearly isothermal example is the polar
profile in Figure 1a, where surface and abyssal temperatures are similar. Alternatively, at low lat-
itudes, solar heating of surface waters introduces a prominent temperature gradient; temperature
decreases significantly with depth down to approximately 1,000 m and then decreases more slowly
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in the deep ocean. Sound speed is also proportional to temperature; in the upper ocean, the temper-
ature effect dominates the pressure effect, and sound speed decreases with increasing depth. Pres-
sure and temperature exchange dominantroles atapproximately 1,000 m, producing a sound-speed
minimum (Figure 15); below this depth, sound speed increases with depth as in a polar profile.

Figure 1 also shows the first few modes for both profiles. The lowest mode is concentrated
near the surface for the polar profile and around the sound-speed minimum for the low-latitude
profile (Munk et al. 1995). The ray picture for the polar profile shows propagation paths that
continuously refract upward and bounce off the surface. In the low-latitude profile, fields initially
refract downward until, significantly below the sound-speed minimum, they refract upward. The
polar profile essentially ducts the sound along the surface, whereas the low-latitude profile ducts
the sound about the deep sound-speed minimum. The deep duct is called the deep sound channel,
or the sound fixing and ranging (SOFAR) channel (Urick 1983, p. 159).

2.2. Bottom Interaction

The bottom boundary between the ocean and the underlying crust is acoustically complicated.
Much of the seafloor is sedimented with relatively muted topography, but near oceanic spreading
centers, along continental margins, and in other volcanically and tectonically impacted regions, the
topography can be rough. The properties of seafloor sediments and volcanic crust vary substantially
with depth beneath the seafloor and can display substantial lateral heterogeneity. Energy from the
acoustic wave field that interacts with the seafloor can be scattered, radiated into and out of the
bottom, and absorbed by attenuation.

In the high-frequency limit, an acoustic wave with a planar wave front that is incident on a flat
homogeneous sea bottom partitions into a reflected acoustic wave and transmitted compressional
and shear body waves with amplitudes and phases given by the Zoeppritz equations (Ikelle &
Amundsen 2005, pp. 92-95), which are dependent on the incidence angle and the seismic properties
of the sea bottom. However, in the VLF band, the accuracy of these equations is limited even in
areas of uniform seafloor, because wave-front curvature can be significant and the primary (P) and
shear (S) wave velocities increase significantly with depth on the scale of the seismic wavelength
(Ewing et al. 1992). Acoustic energy also couples into interface waves known as Scholte waves,
which propagate along the seafloor and decay exponentially away from the boundary (Scholte
1947). At low frequencies, Scholte waves account for a large component of ocean noise near the
seafloor (Nolet & Dorman 1996). Both P and vertically polarized S head waves (often referred to
as lateral waves in the acoustics literature) propagate at the boundary and radiate into the water
column (Brekhovskikh & Lysanov 2003).

The bottom boundary is further complicated by range dependence in the seafloor bot-
tom/subbottom regions (Stone & Mintzer 1962, Smith et al. 1992). Fluctuations in acoustic wave
speed can induce ray chaos in the water column that results in range-dependent waveforms (Smith
et al. 1992, Tanner & Sondergaard 2007, Virovlyansky 2008). However, in shallow-water envi-
ronments, the common causes of range dependence are related to the properties of the seafloor
and the material beneath it. Variations in sediment composition and thickness, nonplanar bound-
aries, rough surfaces, strong density or velocity contrasts, and/or variations in water depth (Holland
2010) all add to the complexity of acoustic interactions with the seafloor. Even in areas of relatively
simple geology, sediments can impose considerable range dependence on sound transmission over
short ranges (Stoll et al. 1994).

Another source of complexity is elastic anisotropy, which is defined as the variation of elastic
properties with direction. Possible sources of elastic anisotropy are the alignment of cracks and/or
pores, preferred orientation of mineral grains, and lamination as a result of compositional layering
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(Carlson et al. 1984, Koesoemadinata & McMechan 2004, Valcke et al. 2006). Although many
authors favor a ray-based approach to modeling range dependence within the water column,
the elastic properties of anisotropic sediments require properly simulating polarization effects.
In sedimentary layers, compressional (P) and vertically and horizontally polarized shear (SV and
SH) waves combine to form propagating modes (Koch et al. 1983, Stoll et al. 1994, Godin 1998).
Anisotropy induces these seismic modes to mix the polarizations of P, SV, and SH motions, even
in the absence of range dependence in the media (Park 1996, Soukup et al. 2013).

The simplest model for anisotropy is associated with an axis of symmetry (Backus 1962) and
is a natural model in the presence of layering or aligned planar cracks or pore spaces. Marine
sediments often have transversely isotropic elastic symmetry, with fast velocity directions in the
plane parallel to the bedding plane and slow velocity directions along the normal of the bedding
plane. Horizontal bedding leads to a transverse-isotropic geometry with a vertical symmetry axis.
This orientation does not couple acoustic signals with SH waves. Such coupling does occur with
a horizontal symmetry axis that can be produced by the introduction of vertical parallel cracks.
Layered sediments with nonhorizontal bedding require a tilted symmetry axis whose orientation
may vary vertically in cross-bedded sediments (Martin & Thomson 1997).

2.3. Attenuation

Propagating sound loses energy along its path by volume attenuation and volume and boundary
scattering. Volume attenuation converts acoustic motion into heat primarily via bulk viscosity,
owing principally to the presence of boric acid (Clay & Medwin 1977, pp. 96-102). For VLF
sound, the attenuation is

a(f)=(1.2 x 1077) > dB/km, 3)

where fis in hertz and is extremely low.

The acoustic impedance mismatch between seawater and seafloor sediment is often small,
allowing a significant proportion of sound to propagate into the bottom. Attenuation levels are
difficult to measure in the shallow subseafloor. They are likely frequency dependent and quite
high, resulting in a loss of several decibels per kilometer for a 10-Hz signal; a significant portion
of the sound propagating into the bottom does not radiate back out in the water column.

Scattering from rough boundaries also contributes to attenuation. The ratio of roughness scale
to wavelength controls the amount of attenuation (Brekhovskikh & Lysanov 2003). Sea-surface
roughness is negligible for VLF frequencies, but seafloor roughness such as undersea ridges and
seamounts can be considerable, and further volume scattering occurs from heterogeneities beneath
the seafloor. Although impedance contrast between seawater and basalt is relatively large, leading
to reflected amplitudes that are higher than those in sedimented regions, the volcanic seafloor
tends to be rough, and so much of the reflected energy is scattered.

In summary, fields ducted in the deep sound channel that avoid both the top and bottom experi-
ence only volume attenuation in the ocean and can propagate very long distances with very low loss.
Sound fields that interact with the seafloor rapidly gain complexity but also undergo significant
attenuation from scattering and absorption in the seafloor that limits their propagation distance.

3. OBSERVATIONS

Sounds in the ocean are detected with hydrophones that utilize piezoelectric transducers to gener-
ate electricity in response to pressure changes over a broad range of frequencies. Sounds can also be
detected at the seafloor using three-component seismometers, in which each component records
the velocity of the ground in one direction based on measurements of the motion or force required
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to restrain an internal mass attached to a frame by springs. Recently, considerable effort has gone
into extending the sensitivity of ocean-bottom seismometers to frequencies well below 1 Hz, but
the technology to detect seismic signals on the seafloor in the VLF band is well established.

Most recordings of ocean sound by the academic community are presently made with autono-
mous instruments. Hydrophones are routinely deployed near the seafloor and on moorings within
the water column, and more recently have been attached to drifters and autonomous underwater
vehicles. Depending on the application, they may be deployed singly, in compact directional ar-
rays, or in broadly spaced networks. Ocean-bottom seismometers are typically deployed in sites
of geological interest, such as continental margins and tectonic plate boundaries. They are usually
deployed in networks with an instrument spacing that may vary from ~1 km to ~100 km. The
number of ocean-bottom seismometers in use by the academic community has grown signifi-
cantly over the past decade, and there are presently upward of 1,000. As a result of advances in
low-power electronics and digital storage, it is now relatively straightforward to record acoustic
or seismic signals autonomously in the VLF band for a year or more. However, for hydrophone
instruments designed to also record much higher frequencies, storage capacity limitations often
mandate shorter deployments, duty cycling, or event detection.

Although deployments with a sea-surface expression can return data by satellite, the data rates
are sufficiently high that continuous streams of VLF data are best supported by cables. The US
Navy has operated the cabled Sound Surveillance System (SOSUS) networks of hydrophones in
the Atlantic and Pacific Oceans and local hydrophone networks in test ranges since the 1960s.
Following the end of the Cold War, SOSUS became available for scientific applications (Fox &
Hammond 1994, Nishimura & Conlon 1994), but the data remain classified. A number of real-time
hydrophones have also been deployed over the past 15 years at several locations in the oceans as part
of the International Monitoring System of the Comprehensive Nuclear-Test-Ban Treaty (Hanson
etal. 2001). An important development in recent years has been the establishment of deepwater
cabled observatories for research operations. These include the North-East Pacific Time-Series
Undersea Networked Experiments (NEPTUNE) Canada (Barnes & Tunnicliffe 2008) and Ocean
Observatories Initiative Regional Scale Nodes (Delaney & Kelley 2013) observatories in the north-
east Pacific, the European Sea Floor Observatory Network (ESONET) (Priede & Solan 2002),
and the Dense Ocean Floor Network System for Earthquakes and T'sunamis (DONET) off Japan
(Kawaguchi et al. 2008). Most of these systems are multipurpose, and nearly all include a hy-
drophone or seismic monitoring capabilities. The potential exists to use abandoned submarine
cables to make observations in remote locations (Butler et al. 2000, Kasahara et al. 2006) or to
install telecommunications cables for dual scientific and commercial use.

4. WEATHER

Weather has a considerable influence on VLF sound. Surface winds, both near and far, transfer
energy into the sea surface and generate sound through several mechanisms. Radiative transfer of
heat to and from the upper ocean moderates propagation conditions, which can cause long-range
ducting of sound (see Section 2). Surface cooling can also cause the formation of sea-surface ice,
which has its own distinctive acoustic signature. Carey & Evans (2011, pp. 54-97) provided a
recent comprehensive treatment of the effects of weather on VLF sound. The following sections
review the dominant influences of surface wind waves and ice.

4.1. Surface Wave Interactions

Surface winds act on the sea surface to build gravity waves. Nonlinear interactions of surface gravity
waves traveling in opposite or nearly opposite directions generate an acoustic signal at twice the

Wilcock et al.
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frequency of the surface waves (Longuet-Higgins 1950). The sound level in the upper few hundred
meters can be substantially higher than at greater depths because the generation mechanism
includes a near-field term (Cato 1991). When the signals propagate beneath the seafloor, they
are termed microseisms. The microseisms from the longest-period swell waves corresponding
to large storms propagate efficiently around the Earth, resulting in a prominent global peak in
seismic noise levels centered between 0.1 and 0.2 Hz (Webb 1998). At higher frequencies, the
amplitudes of microseisms decrease, because the amplitudes of ocean wave-height spectra decrease
with frequency and higher-frequency seismic signals are attenuated over shorter distances within
the Earth. Above 1 Hz, the noise is generated locally, and noise levels measured in the ocean
and on the seafloor are closely correlated with the local wind speed up to a saturation threshold
(Dorman et al. 1993, McCreery et al. 1993, Webb 1998).

Microseismic noise showing a characteristic decrease in amplitude with frequency dominates
the spectra in Figure 2 at frequencies up to approximately 5 Hz, with intervals of low noise

Microseisms: seismic
noise created by the
nonlinear interaction
of ocean waves (the
term was coined
before the mechanism
was known)
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Figure 2

Seismic data collected in the very-low-frequency (VLF) band on the vertical channel of an ocean-bottom seismometer at 2,200-m
depth on the Endeavor segment of the Juan de Fuca Ridge (Weekly et al. 2013). (#) Three-year velocity spectrogram. Each vertical
raster line is a spectrum estimate averaged over 24 h. The 10th-percentile curve at each frequency has been removed to enhance the
dynamic range. Two gaps mark annual servicing. (b)) The 10th-, 50th-, and 90th-percentile curves. (c) Detailed spectrogram for one
week in 2005 that includes a seismic swarm on the Juan de Fuca Ridge. The time-axis resolution is 10 min. Measurements are bounded

at 50 Hz owing to the sampling rate.
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corresponding to intervals of calm. The contribution from this mechanism may even extend to
higher frequencies: Acoustic pressure spectra measured at the seafloor in deep regions of the North
Pacific have features that can be matched to the spectra of ultragravity waves up to 30 Hz or more
(Duennebier et al. 2012, Farrell & Munk 2013).

4.2. Surface Waves: Bubbles

When ocean waves break owing to instability mechanisms and then form (depending on the size
of the wave) microbreakers, spilling breakers, or plunging breakers, the overturning fluid entrains
air bubbles. Air bubbles are like simple mass-spring systems, with the highly compressible interior
air acting like a spring and the fluid outside the bubble acting like a mass. Once excited, bubbles
“ring” with characteristic oscillation frequencies f proportional to their radius, according to the

Minnaert (1933) formula
1
1 3yP\2?
r=mz (20) @

where R is the bubble radius, P is the ambient pressure, p is the liquid density, and y is the ratio
of specific heats for air. Optical (Johnson & Cooke 1979, Deane 1997) and indirect acoustic
resonance (Breitz & Medwin 1989, Farmer et al. 1998) measurements showed that the sizes of
injected bubbles range from less than 20 pum to several centimeters; these bubbles consequently
contribute to ambient sound at ringing frequencies of several hundred hertz to several hundred
kilohertz.

Bubble entrainment and subsequent bubble ringing are therefore an accepted source mech-
anism for noise above the VLF range. Evidence supporting mechanisms that could generate
noise within the VLF range is less decisive. Measurements are difficult owing to the pervasive
contamination of anthropogenic noise (see Section 7). Nevertheless, studies in the Southern
Hemisphere, where ship traffic is sparse (see Section 7.1), have found good correlation between
local sound levels and wind speed (Cato 1976, Burgess & Kewley 1983). Because sea-surface en-
ergetics (whitecapping, gravity wave height, etc.) are related to wind forcing, these and similar
studies dictate that source mechanisms be associated with sea-surface processes. Ultragravity sur-
face waves (Section 4.1) provide at best a possible mechanism over only the lower end of the VLF
range. Theories proposing individual ringing bubbles are discounted because bubbles with sizes
large enough to resonate below 100 Hz have not been observed. An alternative theory proposes
that the entire volume of bubbly fluid injected by a single breaking wave acts itself like one big
bubble (Carey & Browning 1988, Yoon et al. 1991), with a corresponding resonance frequency
much lower than that of its much smaller constituent bubbles.

Near coastlines, shoaling gravity waves generate considerable sound levels while breaking.
Bubble oscillation is also a principal mechanism of sound generation here (Haxel et al. 2013).
An auxiliary mechanism that can contribute acoustic energy over a broad frequency band is the
current-induced transport of sediment (rocks, stones, and sand). Sound from shoaling waves break-
ing against a shoreline can propagate downslope away from the shore and out into open waters,
and can make a significant contribution in coastal regions.

Weather effects are readily apparent at the higher VLF frequencies in the data captured near
San Nicolas Island off the coast of Southern California (Figure 3). Above approximately 70 Hz, a
prominent short-timescale striation pattern is evident. This signal correlates with (predominantly
local) storms, which invoke bubble production via whitecapping and may persist for timescales of
several days to a week.

Bannister (1986) has proposed high-latitude storms as a mechanism for generating distant sea-
surface sound that can propagate to lower latitudes via the deep sound channel. At high latitudes,

Wilcock et al.
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VLF sound collected off San Nicolas Island, Southern California (McDonald et al. 2006, Andrew et al. 2011). (#) Four-year
spectrogram. Each vertical raster line is a spectrum estimate averaged over 24 h. The 10th-percentile curve at each frequency has been
removed to enhance the dynamic range. Gaps represent equipment outages. (b)) The 10th-, 50th-, and 90th-percentile curves.

(¢) Detailed spectrogram for several months in 2003. The time-axis resolution is 24 h. Measurements are bounded at 10 Hz owing to
instrumentation calibration uncertainty at lower frequencies.

the deep sound channel is essentially at the surface, but it deepens toward the equator. At low
latitudes, this provides a duct for confining the sound of distant surface energy to subsurface
regions below a potentially quieter layer. Sufficiently accurate measurements do not yet exist to
support this hypothesis.

4.3. Ice

Although the ice-covered Arctic would be expected to experience very low ambient noise levels
owing to the lack of wind-driven waves, the dynamics of sea ice—including ice formation and
deformation, pressure ridging, and cracking—greatly increase ambient noise levels over a broad
range of frequencies (Lewis & Denner 1988, Farmer & Xie 1989). Below 100 Hz, ice cracks and
fractures (Figure 44) caused by wind and stress contribute significantly to ambient noise levels,
particularly in winter and spring months in ice-covered oceans (Dyer 1988, Roth et al. 2012).
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In the Antarctic, noise from rifting and breaking of icebergs in the frequency band from 2 to
35 Hz has been detected thousands of kilometers away from the event source, suggesting that these
events have high sound source levels (~245 dB re 1 pPa at 1 m) (Chapp etal. 2005, Gavrilov & Li
2008). Other acoustic signals from icebergs include harmonically rich tremors with fundamental
frequencies between 4 and 10 Hz. These so-called variable harmonic tremors can last from hours
to days and have been associated with the movement of very large icebergs (Chapp et al. 2005).
Shorter-duration low-frequency signals (so-called cusped pulse tremors, from 4 to 80 Hz) that
are more pulsive and last only minutes to hours have been attributed to the internal resonance of
smaller icebergs (Chapp et al. 2005). Low-frequency resonance may occur only when two icebergs
collide or when very large icebergs ground on the ocean floor (Talandier et al. 2002). A further
source for low-frequency sounds coming from the open ocean is internal resonance that occurs as
very large icebergs are displaced when they encounter large eddies or the polar or sub-Antarctic
fronts (Talandier et al. 2006). All of these signals from icebergs in the Southern Ocean can
dominate low-frequency noise spectra at long distances (Chapp et al. 2005, Talandier et al. 2006).

5. EARTHQUAKES

Earthquakes are a significant source of discrete VLF sounds in the ocean; they are observed both as
body waves that are transmitted across the seafloor at steep angles and as ducted waves known as T
waves, which can propagate long distances horizontally within the sound channel. The spectrum
of a seismic body wave reaching the seafloor is dependent on the earthquake source characteristics
and the attenuation that occurs as the elastic wave propagates through the Earth (Shearer 2009,
pp. 181-83). Earthquake signals in the VLF band are characterized by decreasing amplitudes at
higher frequencies for two reasons. First, destructive interference reduces radiated amplitudes for
frequencies exceeding a corner frequency that is approximately equal to the wave speed divided by
the dimensions of the fault. Typical corner frequencies range across the VLF band from ~1 Hz for
a magnitude-5.5 earthquake to ~100 Hz for a magnitude-1.5 microearthquake. Second, anelastic
attenuation along the propagation path increases approximately linearly with frequency. Although
shear (S) waves tend to have higher amplitudes at the source than compressional (P) waves, they
are usually attenuated more strongly within the Earth and thus are observed at lower frequencies.

Body waves from teleseismic (distant) earthquakes are often not observed in the VLF band.
Two notable exceptions are the P, and S, phases, which propagate with little attenuation in
the lithosphere of oceanic plates and can be observed at frequencies extending to 20-30 Hz and
distances up to 3,000 km (Walker 1981, Walker et al. 1983). Otherwise, the detection of body
waves in the VLF band is limited to P waves near 1 Hz and is dependent on the characteristics of

Sound source level:
the intensity of sound
sources expressed in
decibels relative to a
reference sound
measured at or
corrected to a specific
range; in water, the
reference is 1 pPa at
Im

T wave: a body wave
from an earthquake
that travels as a ducted
wave in the ocean
sound channel

Figure 4

Examples of waveforms and spectrograms for various transient very-low-frequency (VLF) signals. The waveforms have been filtered

with a 5-Hz high-pass filter, and the spectrograms have been normalized to the 5th-percentile value in the plotted frequency band. All
but panel 4 are for an 80-s time interval, but the bandwidth and scaling of the spectrograms vary between signals. (#) Ice cracking noise
recorded by a hydrophone. () A magnitude-4 earthquake recorded by an ocean-bottom seismometer at a 30-km range, showing P-, S-,
and T-wave arrivals. (¢) A swarm of local microearthquakes recorded by an ocean-bottom seismometer. The P- and S-wave arrivals are
closely spaced for each earthquake, and two water column reverberations (labeled WCR) are visible for each earthquake spaced
approximately 3 s apart. (4) A T wave for a distant earthquake recorded by a hydrophone. (¢) The A and B calls of a northeast Pacific
blue whale recorded by a hydrophone. () Regularly spaced 20-Hz fin whale pulses recorded by an ocean-bottom seismometer. Both
the direct arrival and first water column reverberation are visible. (g) Air-gun shots spaced 18 s apart recorded on a hydrophone,
showing multiple shallow-water reverberations. (5) Ship noise recorded by a hydrophone.
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the earthquake and ambient noise levels (Webb 1998). Ocean-bottom seismometer experiments
in some locations may fail to record any teleseismic P waves at >1 Hz (Wilcock et al. 1999).

Because they propagate over shorter distances and thus undergo less attenuation, local earth-
quakes near a receiver are a more significant source of VLF sounds than earthquakes at larger
ranges. P and S waves are recorded by seafloor seismometers (Figure 4b,c), and the P waves are
transmitted as coherent sound into the ocean. Because most earthquakes concentrate along tec-
tonic plate boundaries, the number of local earthquakes is highly dependent on location. Seismic
networks deployed on oceanic spreading centers (Tolstoy et al. 2006) and transforms (McGuire
et al. 2012) may record tens of thousands of earthquakes per year. During earthquake swarm
events, earthquakes and tremor can be the dominant sources of VLF noise (Tolstoy et al. 2006).
In Figure 2, two large regional swarms are apparent in early 2005.

In most of the ocean, T waves are the most common earthquake sound (Figure 4d). T waves are
characterized by emergent waveforms and are generated by two mechanisms. In regions with an
inclined seafloor, such as continental slopes and the flanks of seamounts, successive reverberations
between the sea surface and the seafloor propagating downslope lead to a progressive reorientation
of acoustic rays toward the horizontal (Johnson et al. 1963, Okal 2008). This can lead to the
generation of T waves that propagate into the ocean basin from sites on the seafloor that may
be hundreds of kilometers away from the earthquake epicenter. In the absence of large-scale
bathymetric features, abyssal T waves can be generated near an earthquake epicenter by scattering
from seafloor roughness (Fox et al. 1994, de Groot-Hedlin & Orcutt 2001a, Park et al. 2001).

Because T waves propagate large distances in the ocean, they provide a means to monitor
seismicity in the oceans using hydrophones at detection levels that are substantially lower than
those of P and S waves recorded by the global seismic network. In the northeast Pacific, near-
real-time analysis of data from the SOSUS network has provided a 20-year catalog of seismicity
on the Juan de Fuca Plate (Dziak et al. 2011). One exciting result of this monitoring has been the
real-time detection of several seafloor volcanic eruptions on the Juan de Fuca and Gorda Ridges
(Fox etal. 1995, Dziak et al. 2011). This detection facilitated rapid ship-based responses that have
contributed substantially to our understanding of seafloor spreading and subsurface hydrothermal
and microbial processes (Delaney etal. 1998, Cowen etal. 2004). Regional networks of autonomous
moored hydrophones have also been deployed in the deep sound channel in several other regions
to create substantial catalogs of oceanic seismicity (Dziak et al. 2012).

6. MARINE MAMMALS

Marine mammals, particularly cetaceans (whales and dolphins), produce sounds over the largest
range of any class of animal: from subsonic (large whales) to supersonic (porpoises and beaked
whales) frequencies. The largest whales—the blue (Balaenoptera musculus) and fin (Balaenoptera
physalus) whales—produce VLF sounds. Other species, such as humpback (Megaptera novaeangliae)
and bowhead (Balaena mysticetus) whales, produce some sounds below 100 Hz, but these signals
are only a small part of their acoustic repertoire. The sounds of blue and fin whales, by contrast,
are almost all below 100 Hz. Both of these species produce long, loud bouts of calls, particularly
in winter months, that contribute to overall regional ambient noise levels near 20 Hz (Curtis et al.
1999, Andrew et al. 2011, Nieukirk et al. 2012) (Figures 2 and 3). These long bouts, or songs,
are thought to be male reproductive displays used to advertise fitness to other males, to attract
females, or potentially to advertise a food resource (Payne & Webb 1971, Watkins et al. 1987,
Croll et al. 2002, Oleson et al. 2007).

Blue whale calls (Figure 4e) generally consist of one to three units produced in a phrase, all
of which have fundamental frequencies that are below 50 Hz and as low as 15 Hz. These units
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are long (>10 s each) and may be frequency or amplitude modulated. Blue whale calls are also
quite loud, with source level estimates ranging from 180 to 189 dB re 1 pPa at 1 m (Cummings
& Thompson 1971, Thode et al. 2000, Sirovié et al. 2007). Although blue whale calls worldwide
share these characteristics of being long, loud, and in the VLF band, whales from different areas
produce sounds that are geographically distinctive (Stafford et al. 2001, 2011). The structure of
blue whale songs remains stable over time, but there is evidence that the fundamental frequencies
of the songs of some populations are decreasing, although a definitive reason for this decrease has
not been found (McDonald et al. 2009, Gavrilov et al. 2012).

Fin whales also produce subsonic vocalizations (Figure 4f ), but their calls are relatively short
(1-s) pulses that are often slightly frequency modulated, spanning from ~40 down to 10 Hz.
These “20-Hz pulses,” as they are known, are repeated every 10-40 s and, like blue whale calls,
may continue for hours or days at a time (Watkins 1981, Watkins et al. 1987). Fin whale calls
are loud; source levels from 171 to 189 dB re 1 pPa at 1 m have been reported (Watkins et al.
1987, Charif et al. 2002, Sirovié et al. 2007, Weirathmueller et al. 201 3). There is some evidence
that the timing between successive pulses may vary geographically, but relatively few studies have
examined this (Delarue et al. 2009, Castellote et al. 2011). In addition, some fin whale populations
produce a higher-frequency pulse that sometimes accompanies the 20-Hz pulses; the frequency
of this appears to vary geographically (Sirovié et al. 2009, Simon et al. 2010).

Although blue and fin whales produce other signals besides song notes in different behavioral
contexts, these tend to be higher frequency and are produced less often than songs, and they there-
fore contribute less to overall ambient noise levels. Two other cetacean species produce signals
with fundamental frequencies below 100 Hz: sei (Balaenoptera borealis) and Bryde’s (Baluenoptera
edeni) whales (Oleson et al. 2003, Rankin & Barlow 2007, Baumgartner et al. 2008). Relatively
little is known about the acoustic behavior of these species, but the amplitudes of their signals are
much lower than those of blue or fin whales, so these signals are unlikely to contribute significantly
to global noise budgets (Cummings et al. 1986, Baumgartner et al. 2008).

7. ANTHROPOGENIC SOUNDS

Human utilization and exploitation of the ocean have resulted in additional components to VLF
sound that did not exist before the nineteenth century. The usual catalog of sources includes
at-sea structures, installations, and vessels; prominent categories are described below. Rarely
considered—and poorly understood—are land-based sources. De Groot-Hedlin & Orcutt (2001b)
suggested that sound from open-ocean acoustic sources could couple into the coastal crust and
remain detectable some distance inshore. If the opposite is true (Collins et al. 1995), then the
radiated noise from coastal cities might enter the marine soundscape. However, no definitive
measurements exist, and this remains a speculative component.

7.1. Shipping Noise

One of the earliest uses of ambient sound was the passive detection of radiated noise from surface
or subsurface vessels—a central military objective. Ships radiate a distinctive signal containing
multiple harmonics over a diffuse broadband component (Figure 45). The harmonics are related to
the rotating machinery involved in the propulsion system: The fundamental frequency corresponds
to the propeller blade rate, which is the rate that blades pass the shallowest depth (Ross 1976). For
a propeller with N blades, this rate is N times the shaft rotation speed.

The primary noise mechanism appears to be cavitation occurring near the tip of the blade as
the blade passes the top of its rotational arc (Ross 1976). The intensity of the radiated noise was
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Figure 5

Merchant shipping contribution to acoustic noise. (#) Measurements at 32 Hz from four sites off the North American west coast. The
symbols represent two-year averages at these sites from measurements made in the 1960s. The solid lines represent the durations and
linear trends of a contemporary data set from the same sites (Andrew et al. 2011). Dotted lines connect the data from each site but are
not intended to describe the ambient sound evolution during the intervening years. The dashed line with slope 0.55 dB/year is a linear
regression described by Ross (1993) made from numerous measurements (not shown) at sites in the North Pacific and North Atlantic
spanning roughly 1950-1970. (b) Size of the world merchant fleet over the same time period, compiled from several sources (Cuyvers
1984, Colton 2010, Int. Marit. Organ. 2011).
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originally parameterized (using World War II ships) by ship speed and length (Ross 1976); recent
studies (using newer ships) have suggested that ship draft, propeller size, and propeller tip depth
mightbe better correlates (Wales & Heitmeyer 2002). Radiated levels are highly variable: Modern
estimates of source level over 5-100 Hz for under-way vessels (Wales & Heitmeyer 2002, Leigh &
Eller 2008, McKenna et al. 2012b) range from 171-190 dB re 1 pPa’/Hz at 1 m for supertankers
to 150-168 dB re 1 pPa?/Hz at 1 m for small tankers, with levels decreasing with increasing
frequency.

Early VLF sound observations (Wenz 1962) noted the signatures of individual passing ships,
with amplitudes thatincreased as the ships approached and decreased as they receded. Wenz (1962)
postulated that the ambient sound when a ship was not passing nearby was due to the distantarmada
of merchant ships, none of which were distinctly identifiable, and termed this contribution traffic
noise. From a military perspective, this is the background noise that limits the performance of
passive surveillance detection of hostile vessels. To first order, the size of the world’s merchant fleet
should be a positively correlated indicator of this contribution. Indeed, Ross (1993) showed that
traffic noise increased throughout the middle of the twentieth century, when economic growth
fueled an increase in transoceanic shipping. Measurements off the California coast (Andrew et al.
2002, McDonald et al. 2006, Chapman & Price 2011) showed that distant shipping noise levels
have risen by approximately 10 dB compared with early reports. Statistics have indicated that the
world merchant fleet size continues to grow (Figure 5); however, more recent high-resolution
measurements off the North American west coast (Andrew et al. 2011) showed shipping noise
trends that are level or even slightly decreasing. The discrepancy is not understood. Ainslie (2011)
suggested that sea-surface temperature and/or ocean acidification changes may be introducing
seasonal and interannual patterns in long-term records. Further complicating the issue is strong
regional evidence that economic downturns, new regulations, and shipping lane relocation may
be responsible (Frisk 2012, McKenna et al. 2012a).

The total contribution from shipping depends in part on the distribution of near and distant
ships. The distribution is most heavily weighted in the shipping lanes crossing the Northern
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Shipping density in the North Pacific, compiled from 1998 records (Emery et al. 2001). The color scale is
stretched at low densities to enhance trans-Pacific shipping lanes.

Hemisphere. Figure 6 presents an estimate of ship density in the North Pacific for 1998 (derived
from Emery et al. 2001). Shipping densities in the Southern Hemisphere are much lower, and
the ship noise contribution there is much lower. Density maps such as Figure 6 are key to
understanding the spatial distribution of shipping noise and its regional impact on marine ecology,
but density maps have been difficult and expensive to compile, and only two global maps have ever
been constructed: one for 1998 (Emery et al. 2001) and one for 2010 (Walbridge 2013).

7.2. Energy Extraction

Civilization’s increasing demand for energy has prompted an expansion of efforts to extract energy
from ocean resources. Oil drilling is a well-known example, and recent projects include wind farms
and tidal turbines. The VLF sound contributions from these initiatives may be space/time limited
(as with pile driving for wind farm towers or oil rig decommissioning) or chronic (as with routine
service vessel transportation to and from existing oil rigs). Additionally, the contributions are
generally not well understood, possibly because the spatial and temporal extent of the activities
is not well documented (e.g., for oil rig service vessel sizes, speeds, schedules, and routes) or the
technology is too new (e.g., for undersea turbines). Several examples are given below.

Wind farms are a popular contemporary “green energy” technology. Wind turbines installed
in the ocean radiate sound into the water and seabed from their foundations via structure-borne
vibration owing to gearbox noise and turbulence on the fan blades. As more offshore wind farms
are built, this technology will become a permanent addition to the VLF soundscape. Tougaard
et al. (2009) measured radiated noise levels from individual turbines in shallow water and often
observed a peak near 25 Hz at levels of 100-120 dB re 1 pPa*/Hz.
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Hydrokinetic (tidal) turbines are a very new technology, and radiated levels are not available
because no at-sea installations exist yet. Zampolli et al. (2012) used aerodynamic and turbulence
models to postulate that the primary noise mechanism will be dipole radiation from the fan blades
owing to unsteady flows originating from structures upstream of the blades. Most of the radiated
noise is predicted to be below 20 Hz, with a level at 100 m of up to 100 dB re 1 pPa?/Hz for a
free stream velocity of 1.7 m/s.

Construction of wind farms, drilling platforms, and support infrastructure in harbors usually
requires pile driving. The dominant radiation mechanism in impact pile driving is a Mach wave
related to the radial expansion of the pile that propagates with supersonic speed down the pile
after each impact (Reinhall & Dahl 2011). Typically, each impact radiates energy primarily above
100 Hz. Precise characterizations of source (or received) levels are generally not available owing
to the vast differences in propagation conditions from site to site. Erbe (2009) reported sound
exposure levels of 110-140 dB re 1 pPa?- s over 10-40 Hz at a range of 320 m from a pier construc-
tion site (water depth 1 m); Bailey et al. (2010) reported levels of 10-120 dB re 1 uPa?/Hz over
10-100 Hz at a range of 1,520 m during construction at an offshore (water depth 40 m) wind farm
site.

7.3. Seismic Air Guns

An air gun generates an acoustic signal by releasing compressed air under high pressure from a
pneumatic chamber. Arrays of air guns of different sizes can be tuned by adjusting their relative
positions and discharge times to create an impulsive signal that is directed downward (Sheriff &
Geldart 1995, pp. 211-18). A typical air-gun array signature (Figure 4g) extends across most of
the VLF band, from a few hertz to well above 100 Hz. Air-gun arrays have high source levels; for
example, the 36-element, 6,600-cubic-inch air-gun array on the R/V Marcus G. Langseth has a peak
source level of 259 dB re 1 pbar at 1 m (Tolstoy et al. 2009). As a result, they can be recorded in the
sound channel at distances of several thousand kilometers (Blackman et al. 2004; Nieukirk et al.
2004, 2012). During a seismic survey, they are discharged repetitively with an interval of ~20s.

There are approximately 150 seismic survey vessels worldwide (Offshore 2012) that operate on
the continental shelves and slopes of rifted continental margins. Seismic surveys are more com-
mon in the Atlantic than in the Pacific. Like energy extraction projects (Section 7.2), individual
surveys are sporadic and depend on the proprietary exploration schedules of the petroleum com-
panies, although the overall activity can be remarkably persistent in some regions (Nieukirk et al.
2012).

7.4. Ocean Science

In the late 1980s, ocean acousticians proposed an ocean temperature measurement technique
that uses long-range VLF signals. Pilot programs (Munk & Forbes 1989, Dushaw et al. 1999,
Worcester & Spindel 2005) injected controlled phase-modulated signals at 57-75 Hz into the
deep sound channel. The experiments of the Acoustic Thermometry of Ocean Climate (ATOC)
project documented that the variability in basin-scale low-frequency sound transmission is due
to seasonal changes in ocean temperature (ATOC Consort. 1998). These changes in tempera-
ture in turn influence sea-surface height measurements owing to thermal expansion as seawater
warms. This methodology of producing low-frequency signals that are loud enough to be detected
across ocean basins has been used in the Arctic with a 20.5-Hz signal to detect basin-scale warm-
ing of more than 0.5°C from 1994 to 1999 (Mikhalevsky et al. 1999, Mikhalevsky & Gavrilov
2001).
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8. INTERACTIONS BETWEEN ANTHROPOGENIC SOURCES
AND MARINE MAMMALS

Assessing whether anthropogenic sound has a negative impact on marine mammals is extremely
difficult. Our understanding of the hearing responses of many marine mammals, particularly large
whales, is incomplete. Determinations of whether they can hear certain signals and how loud the
signals must be to be heard are often based on the frequency range of signals the marine mammals
produce and potentially those produced by their predators. Further, to monitor the impacts of
anthropogenic sound on marine mammals, visual observations of animals at the surface are most
often used. Visual observations are limited to daylight hours and good weather, animals at the
surface within visual range (which is much shorter than acoustic range), and a limited number of
behavioral cues (e.g., changes in swim speed or direction and changes in respiration rate). Many
marine mammal species spend >90% of their time underwater, and therefore responses to sound
that occur below the surface cannot be documented. Finally, we still know so little about the
ecology and behavior of most marine mammals that unless an animal washes up on a beach with
obvious signs of acoustic trauma, it is extremely difficult to determine how, and for how long,
exposure to underwater sounds impacts marine mammals on an individual- or population-level
scale.

Reports of the impacts (or lack thereof) of low-frequency sources are relatively few, are often
observational rather than experimental, and may arrive at different conclusions. For instance,
fin whales exposed to air-gun surveys in the Mediterranean Sea moved away from the area
and remained away for some time after the surveys ceased (Castellote et al. 2012). Blue whales
increased their calling rate, potentially to compensate for increased ambient noise levels (Di Iorio
& Clark 2010). McDonald et al. (1995) and Dunn & Hernandez (2009), in contrast, found no
evidence of changes in the call rates of blue whales tracked from 28 to 100 km away from active
air-gun operations or in the behavior of blue and fin whales near active operations. The ATOC
experiments (see Section 7.4) were controversial when first conceived: The impacts, particularly
on marine life, of injecting basin-spanning VLF sound into the deep sound channel were
unknown. At the time, VLF levels of merchant shipping, nearshore construction, and geophysical
exploration, which are generally much higher than ATOC signals, were either unmeasured or not
publicly available. Some studies showed that the signals caused little or no behavior modification
in cetaceans (Au et al. 1997, Mobley 2005), whereas others found that individual humpback
whales spent less time at the surface when exposed to ATOC signal playbacks, although the
overall distribution of humpback whales in the area did not change (Frankel & Clark 1998,
2000).

Although determining the interactions between anthropogenic noise sources and marine
mammal life histories is fraught with difficulty and cannot be distilled into generalizations,
it is important to take into consideration when discussing low-frequency noise. It is clear
that shipping noise in the Northern Hemisphere, at least, has been increasing steadily (see
Section 7.1), and this noise reduces the range over which species that use low-frequency sounds
can communicate (Clark et al. 2009, Hatch et al. 2012). Low-frequency ship noise has been im-
plicated in increased levels of stress hormones in North Atlantic right whales (Eubalaena glacialis)
(Rolland et al. 2012). Noise from oil and gas exploration is pervasive year-round in the North
Atlantic (Nieukirk et al. 2012). Seismic air-gun pulses overlap the frequency bands used by blue
and fin whales (Nieukirk et al. 2004). The cumulative impact of these sources of increasing VLF
noise on marine species that use sound as the primary means of sensing their environment may
disrupt vital life history events, and this disruption may not be immediately obvious (Hatch et al.
2012).
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9. FUTURE DIRECTIONS

Although the military has been observing VLF sound in the oceans for 50 years, long-term records
of sound in the ocean obtained with hydrophones or seafloor seismometers are still scarce in the
public domain. Advances in the capabilities and numbers of autonomous recorders and, more
important, the move to establish long-term ocean observatories promise to substantially change
this. An increasing number of ambient sound observations will provide enormous opportunities but
will also bring additional challenges regarding collection protocols, data quality, record formats,
metadata, and ease of access. These problems have been largely resolved within the academic
seismic community through the development of global waveform databases and the tools to access
them [the Incorporated Research Institutions for Seismology (IRIS) Data Management Center;
http://www.iris.edu/data]; a similar approach is desirable for ocean acoustics data.

The dual use of SOSUS hydrophone data (Fox & Hammond 1994, Nishimura & Conlon 1994)
has demonstrated the utility of long-term acoustic monitoring for studying weather-related noise,
earthquakes, marine mammals, and shipping noise, and such studies will expand with open-access
data. Seafloor seismic networks are also increasingly used to study marine mammals (McDonald
etal. 1995, Rebull etal. 2006, Dunn & Hernandez 2009, Soule & Wilcock 2012). One particularly
important opportunity is the prospect of more extensive and systematic studies of the impacts of
anthropogenic sound on marine mammals. In addition to acoustics data, such studies will require
assessing the contributions from a wide variety of existing transient and chronic anthropogenic
sources. One such effort (Natl. Ocean. Atmos. Adm. 2012, Porter & Henderson 2013) required
the integration of multiple databases for large commercial vessels, cruise ships, and roll-on/roll-off
ferries, coupled with seismic survey track lines as stipulated in oil and gas exploration permits,
service vessel activity models from government projection reports, and pile-driving noise models
from environmental impact assessments for predictions in the US exclusive economic zone. The
difficulties of assembling such data will only increase as the number and types of sources expand.

A global approach to handling ocean acoustics data is clearly needed, and the Sloan Foundation
recently initiated such an effort. Denoted the International Quiet Ocean Experiment (Boyd et al.
2011), this project can perhaps serve as a framework for international collaboration in monitoring
global ambient sound and estimating its effects on the acoustic ecology of the world’s oceans.
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