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SPECIAL ISSUE ON OCEAN WARMING
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ABSTRACT. Gradients of heat and salt affect the propagation of sound energy in

the ocean. Anticipated changes in oceanic conditions will alter thermohaline condi-

tions globally, thus altering sound propagation. In this context, we examine changes

in shallow-water propagation. Because these waters are close to the surface, they will

be the earliest to change as the atmospheric state and radiative conditions change. We

compare current and possible future propagation patterns near fronts and across fronts

on continental shelves. Changes in sound pathways between the deep ocean and coastal

regions are also examined, including an example from the Arctic Ocean.

INTRODUCTION

Several studies have been published to
date about the impact of deep-ocean
warming on acoustic propagation, in par-
ticular, in the Arctic Ocean (see refer-
ences in Arctic section below). However,
for a number of reasons, the impact of
ocean warming on acoustic propagation
over continental shelf and slope regions
has received far less attention. First, the
physical oceanographic processes acting
in shallow regions, such as strong inter-
nal tides and internal waves, tend to be
more complex. Second, bottom attenu-
ation plays an important role in acous-
tic propagation, and in many regions,
sub-bottom geo-acoustic properties are
not well known. Third, there are many
frontal zones present in most shelf/slope
regions, and the significant sound speed
differences that occur across frontal zones
lead to complex acoustic energy redistri-
bution as the sound propagates through
the frontal gradient. Thus, there are many
processes, ranging over widely varying
spatial and temporal scales, to consider
before we can understand how climate
change affects shallow-water acoustic
propagation. Despite such difficulties,
reasonable estimates of changes over time
and space are feasible.

In this paper, we consider two import-
ant and representative regions where
warming of the continental shelf and
slope is pronounced: the northeastern
United States and the western Arctic.
The reasons for such a study are numer-
ous, and like the majority of issues
associated with climate change, the
effects are not good news for humanity.
They can be broken roughly into mili-
tary, civilian, and scientific reasons for
discussion purposes.

The military, in particular the United
States Navy, has long been concerned
with climate change effects (e.g., National
Research Council, 2010). Navies rely
heavily upon acoustic sensors and sys-
tems, and their performance in various
regions will significantly change. The sig-
nals, noise, and propagation conditions
that are key components of the sonar
equation all can, and likely will, change
appreciably. Perhaps the clearest example
of this to date is in the Arctic, where ocean
warming has reduced the surface ice pack
(an acoustic loss mechanism) and, in the
western Arctic, has also created a sub-
surface sound duct that channels sound
extremely well. As another example, in
mid-latitudes, changing propagation con-
ditions due to greater spatial variability
in the position of fronts as well as large
changes in frontal gradients will change
Navy acoustic prediction maps for detec-
tion and localization.

On the civilian side, perhaps the most
significant changes resulting from ocean
warming will be shifts in the composition
of the ambient noise field, which affects
marine life and fisheries. The warming of
ocean waters has pushed warm water spe-
cies further north, changing the acoustic
“soundscape” at a given location (Miksis-
Olds et al., 2018). Another factor affecting
marine life is changing shipping routes,
which will introduce more noise in places
where it was lower previously. This is
already happening in the Arctic, with the
so-called “Northwest Passage” opening
up. And if the grim scenario of large port
city flooding occurs in the future, ship-
ping routes will change in ways impossi-
ble to predict today.

Scientifically, monitoring alterations
to the soundscape in the world’s coastal

ocean is important for understanding the
myriad other changes it brings about, and
for informing policy decisions.

PHYSICAL OCEANOGRAPHY
CONSIDERATIONS
The Gulf of Maine and the southern
New England shelf are among the most
rapidly warming regions in the world
ocean (Pershing et al., 2015). Warming
in this region was highlighted in the first
six months of 2012, when temperature
anomalies were as large as 2.6°C south
of New England and off Chesapeake
Bay (Chen et al., 2014). The ocean tem-
peratures over the continental shelf in
2012 were the highest recorded in the
nearly 150 years of observations (Chen
et al., 2015). The widespread tempera-
ture anomalies in 2012 were due to a
Jet Stream ridge over the eastern half of
North America that was persistent for a
number of weeks during the winter. This
local northward shift in the Jet Stream
resulted in a reduction of the cooling
rate for the continental shelf (Chen et al.,
2014). In recent years, warming of the
Arctic atmosphere has greatly affected the
behavior of the Jet Stream (Francis and
Vavrus, 2012), as illustrated in Figure 1a.
The 2012 warming occurred over large
spatial and temporal scales because it
was driven by large-scale atmospheric
processes that greatly altered air-sea
fluxes during winter. Recently observed
ocean advective processes involving
onshore transport of warm continen-
tal slope water masses originating in
the Gulf Stream have been implicated
in generating large magnitude tempera-
ture and sound speed anomalies. Obser-
vations from both the National Science
Foundation Ocean Observatories Initia-
tive Pioneer Array and the Woods Hole
Oceanographic Institution/Commercial
Research Foundation Shelf
Research Fleet have identified several

Fisheries

important shelf-break exchange events,
most notably a warm core ring intrusion
onto the continental shelf that extended
more than 100 km onshore of the shelf
break (Gawarkiewicz et al.,, 2018). The
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FIGURE 1. (a) A schematic of atmospheric factors relating to warming of the continental shelf in the northeastern United States. The Jet Stream is
denoted by the green lines. Jet Stream meanders have in recent times increased in latitudinal extent (dark green versus light green lines). The larger
amplitude meanders move more slowly, and are more susceptible to blocking events. This results in areas of prolonged warming (red oval) similar to the
pattern in the winter of 2011-2012. (b) A schematic showing the increasing influence of the Gulf Stream on the continental shelf south of New England.
The darker red pattern shows the Gulf Stream meander envelope in 2014, while the pale red pattern shows the meander envelope in 1995. In addition
to the increasing proximity of the Gulf Stream to the shelf break, warm core ring intrusions penetrate further onto the continental shelf, denoted by the
shoreward-directed arrows with the darker shade indicating recent years. The meander envelopes are taken from a figure in Andres (2016).

temperature anomaly from December
2016 through January 2017 was as large
as 5°C, with a sound speed anomaly of
20 m s~L. Observations from gliders oper-
ated near the Pioneer Array indicated that
temperatures over the continental slope
in late January were 15°C, forcing the ring
intrusion across the continental shelf.
Recent analysis of Gulf Stream meander
patterns (Andres, 2016) suggests that Gulf
Stream meanders have both increased in
amplitude and been initiated much fur-
ther west over the past 20 years, bringing
Gulf Stream water closer to the continen-
tal shelf south of New England (Figure 1b).
This research shows the importance of
recognizing that a number of different
processes can generate large tempera-
ture and sound speed anomalies over the
continental shelf and slope in the north-
eastern United States, and that they may
occur much more frequently in the future.

The warming rates and extreme events
over the continental shelves of the Arctic
Ocean are less well understood. However,
of shelf/slope
hydrography in the Arctic Ocean is the

an important aspect
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layering of cool, fresh shelf water masses
over the continental slope (e.g., Melling
et al., 1982). Specifically, a relatively cool,
fresh surface layer extending to roughly
the depth of the shelf break overlies a
more salty, colder layer, the Arctic halo-
cline, which in turn overlies the warm
salty Atlantic water that rings the cen-
tral Arctic Basin. This complex layer-
ing structure leads to important propa-
gation effects relating to acoustic ducts.
Sound energy becomes trapped in these
ducting layers, and propagates with little
attenuation. This is one way the changing
nature of stratification in the water col-
umn in the Arctic, which is related to the
loss of sea ice, is having profound effects
on acoustic propagation across the conti-
nental shelf and slope in this region.

MID-LATITUDE ACOUSTIC
PROPAGATION EFFECTS

Because water column temperature and
salinity control sound propagation in
shallow regions of the ocean, climate
change effects will have a direct influ-
ence on underwater acoustics. Deepwater

propagation is undergoing additional
climate-related changes, in particular,
from reduced volume absorption due
to ocean acidification. However, sea-
bed absorption usually dominates total
absorption in shallow water, so the main
focus here is on the likely effects of evolv-
ing sound speed from climate change,
rather than on acidification effects.

Here, we address six reasonably likely
mid-latitude ocean climate change effects
for shallow water acoustics (Figure 2).
These effects are: (1) water depth change,
(2) impedance changes between the water
column and the bottom, (3) shifts in posi-
tions and gradients within frontal regions,
(4) closing of a near-bottom pathway
of sound to deeper water, (5) wind and
wave effects, and (6) the ocean sound-
scape (“noise field”). These effects are not
as dramatic acoustically as the changing
near-surface sound duct in the Arctic or
the change in water column attenuation
in deep water (i.e., abyssal depths) due
to acidification. But they are expected
changes, and deserve examination.

Before explicitly looking at these



effects, it is useful to briefly discuss how the ocean acous-
tic field relates to some important parameters, in particu-
lar, water depth, frequency, and sound speed. It is in this
context that we can judge how much ocean climate change
affects sound in the shallow seas.

The first parameter to look at is the acoustic wavelength,
which in relation to the bathymetry sets the vertical scale of
the system. The simplest acoustic dispersion relation, Av =,
will suffice for our purposes here, where A is the wavelength,
v is the frequency, and ¢ is the sound speed (in either
the water or the bottom, depending on what is of inter-
est). Sound speeds in the water column range from about
1,450 m s~! to 1,550 m s7!, and in the top of the sediments
(avoiding rock bottoms for now) from about 1,500 m s7! to
2,000 m s71. For simplicity, we can take 1,500 m s~! as a typ-
ical continental shelf water column value, and 1,750 m s~! as
a typical sediment value. Sound frequencies typically used
in ocean acoustics range from about 10 Hz to 10 MHz. If we
look at what the wavelengths in water are for these two fre-
quencies, we get from 150 m to 1.5 x 10~ m (150 microns).

As mentioned, an important length scaling is the rela-
tion of the acoustic wavelength to the water depth. In par-
ticular, we are interested in regions where the water depth
is order of 10 acoustic wavelengths. At around this point,
where sound interaction with the seabed transitions from
rare to frequent, there is a transition from low-frequency
acoustics (which calls for use of a full wave equation treat-
ment of the sound) to high-frequency acoustics (where a
ray equation treatment is acceptable for many purposes.)

Given the vast range of frequencies that it is possible to
examine, we need to restrict our discussion to some lim-
ited, but important, frequency ranges. Two good choices
are: (1) 50-1,000 Hz, in which sound travels the farthest
distances on the continental shelf (Jensen and Kuperman,
1983) and which larger cetaceans utilize, and (2) 1-100 kHz,
which contains the vocalization and hearing frequencies
of much of the marine life on the shelf. Both humans and
aquatic animals make a lot of use of these two bands. We
will call the lower band “low frequency” and the upper band
“mid-frequency” The higher frequencies (v > 100 kHz) are
also used by humans and other animals, but these lower two
bands are a bit more common.

The first climate effect we consider, water depth change,
is one that the general public is perhaps most aware of, but
acoustically is not really much of a problem. By redefin-
ing where the shoreline is as sea level changes, the acous-
tics rescales with the new depth, and really all that needs
to be done is to change the bathymetry charts. There is a
grim acoustic “benefit” to this scenario for the lands that are
flooded. One difficult problem in ocean acoustics is deter-
mining the bottom’s acoustic properties, and for the flooded
lands, these should already be known from land surveys.

FIGURE 2. Possible effects of climate change on coastal acoustics.
(a) Increase in water column sound speed that changes acoustic impedance
contrast with the bottom. (b) Movement and change of shape of a coastal
temperature front. (c1) Sound “flowing downhill” in a usual coastal downward
refracting profile. (c2) Movement of a frontal feature blocking seaward prop-
agation by scattering sound. (d1) Scattering from a relatively calm air-water
interface. (d2) Increased (or decreased) surface sound scattering loss due to
possible changes in wind patterns. (e1) Soundscape due to pre-change fauna
and shipping. (€2) Soundscape due to changed fauna and shipping patterns.
(f1) Pre-warming Arctic surface acoustic duct. (f2) Present Arctic subsurface
duct, with better mid- to high-frequency acoustic propagation characteristics.

The second climate effect we look at is due to the shifting thermo-
haline circulation, in particular, the observed shift inshore of the
shelf break front or the extreme intrusion of eddies. A simple ocean
plus bottom model, instructive for acoustic purposes, can be made
ofafrontal region, with the numbers we choose being representative.
The water column and bottom are both considered to be isovelocity
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regions, with the water column sound
speed shifting from 1,478 m s™! inshore
of the front to 1,510 m s™! offshore of it.
The bottom is taken as 1,750 m s~!. The
front is considered vertical, another over-
simplification, as fronts are often sloping.
This type of ocean plus seabed model is
called a “Pekeris model” (Pekeris, 1948)
by ocean acousticians, in honor of Chaim
Pekeris, who devised it for analyzing
broadband shallow water data during
World War II. It works reasonably well
as a first-order calculation. There are
two cases to consider from this model:
first, what happens to sound propagating
along either side of a front, and second,
what happens to sound crossing a front?
Looking at sound on a given side of
the front, lets examine bottom graz-
ing angles above and below the “critical
grazing angle” Above the critical graz-
ing angle, sound propagates downward
toward infinity in the bottom (in the con-
text of this model), and so the energy can
be considered lost. Below it, the energy is
trapped in the water column waveguide,
momentarily ignoring attenuation effects.
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The critical angle for the cold side of the
front is found to be 29.6°, whereas on the
warm side it is 27.3°. This gives a slightly
larger angular sector on the cold side in
which the sound is not totally lost. If we
compare these, we see only about an 8%
difference in the range of available prop-
agation angles, not a huge amount. Of
more interest is the angular regime below
the critical grazing angle. For a lossless
medium, this would be called the region
of “total internal reflection,” where the
sound is trapped and will propagate well
along the waveguide. But the ocean bot-
tom is far from lossless. (We ignore water
column and surface and bottom rough-
ness losses for now.) With a finite bot-
tom attenuation coefficient, the acoustic
energy penetrates the bottom in an expo-
nentially decaying manner, with the expo-
nential tail increasing in penetration with
increasing grazing angle and decreasing
impedance (the product of density and
sound speed) contrast. Thus, if we con-
sider a 10° grazing angle ray hitting the
bottom on either side of the front, the one
on the colder side will penetrate less into

own Slope (900Hz)

-100

-120

10 12 14 16 18

Range (km)

FIGURE 3. Sound appears to “flow downslope” due to cool, near-bottom waters overlain by warmer
water above creating a downward refracting profile that makes the sound adhere to the bottom
bathymetry. Example is from the East China Sea northeast of Taiwan.
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the bottom, and thus suffer less attenua-
tion, than the same angle ray on the warm
side of the front.

Of as much interest is the change in
propagation loss due to the sound’s ver-
tical angle interaction with the front.
Frontal features scatter sound into a vari-
ety of vertical angles, with the exact dis-
tribution being determined by the acous-
tic frequency and the specific parameters
of the front. Sound that scatters to higher
grazing angles is quickly lost, so there
is increasing loss after crossing a front.
This is shown in Figure 2. We note that
this Pekeris model example is strictly
a pedagogical one, useful for discus-
sion. Numerous acoustics papers have
been written about sound propagation
through real fronts, based on both acous-
tic and oceanographic data. Addressing
the full range of variability of ocean fronts
is beyond the scope of the current paper.

The fourth effect that is of interest is the
closing of a sound pathway from a near-
shore region with cooler water masses to
the deep ocean sound channel. Consider
(abandoning our isovelocity water col-
umn assumption for a moment) a front
to have a certain vertical extent, from
the surface to depth Hj, with cool water
underneath, perhaps more typical of an
intrusion than a shelf-break front. Also,
let the shelf bathymetry have a seaward
slope, that is, D = D(r), where D is depth
and r is the offshore distance. If H (< D(r),
then the cold water can form a duct along
the bottom, and sound can “flow down-
hill” until it reaches deeper water. Figure 3
shows an example of this effect. However,
if the depth of the front is larger than D,
then the near-bottom duct gets closed off.

The fifth mid-latitude effect we consider
is the effect of climatic changes on wind
and wave patterns. There are two cases to
consider here: mean patterns and storm
events. The main concern for shallow-
water acoustics is, of course, waves, as one
of the “operational definitions” of shal-
low water is significant interaction with
the surface and bottom boundaries. The
wind effect of interest here is the creation
of surface wave roughness (a first order



acoustic propagation loss effect) and not
so much the creation of noise (mainly
due to the surface waves).

It is expected that climate change will
bring about changes in the wind fields,
with reduced wind speeds in some geo-
graphic areas (Karnauskas et al.,, 2018).
This is favorable for shallow-water acous-
tic propagation, where surface roughness
is a strong consideration. Currently, the
prediction of acoustic attenuation effects
for a given wind level, and thus surface
roughness, is a well-developed area of
acoustics. Acoustic scattering attenuation
increases roughly exponentially as the
wave field increases, up to a certain point
determined by the “Rayleigh Parameter;’
P =2kosin0, where k is the acoustic wave-
number, ¢ is the root-mean-square sur-
face roughness, and 0 is the grazing angle
(Brekhovskikh and Lysanov, 2003). Past
this point, the scattering theory becomes
more difficult, but there is a large acous-
tics literature available that addresses it.

Another mid-latitude climate consid-
eration is storms, which are expected to
increase in intensity as ocean warming
continues. Storms create local ocean sur-
face roughness and also distant swell, both
of which are scatterers of sound in shallow
water. They also create significant local
noise. Prediction of acoustic effects ver-
sus storm intensity has also been studied
(e.g., Shawetal., 1978; Wilson and Makris,
2006), so the biggest question concerning
acoustics is predicting increases in storm
intensities as the ocean waters warm.
Storm intensities over continental shelves
are still difficult to understand and fore-
cast (e.g., Glenn et al., 2015) and so future
projections carry large uncertainty.

One interesting way of looking at
the ocean’s acoustic field is via the
“soundscape” concept (Miksis-Olds et al.,
2018). The soundscape includes both nat-
ural and anthropogenic sounds, and can
be used to give insight into ocean phys-
ics, anthropogenic activity, marine eco-
systems, and how these vary in time and
space. Another impact of ocean warm-
ing is the changing types of fish species
in a given location. During a May 2012

Cape Hatteras experiment, there were
significant changes in the types of fishes
encountered, with schools of blue run-
ners (Caranx crysos), a fish that favors
warm water temperatures, predominat-
ing, rather than the typical species abun-
dant in the spring such as bluefish and
butterfish, which favor cooler water tem-

areas that are commonly at 6°C in the
summer may also show increases. With
deep waters as cold as —2°C, a thermo-
cline change of 12°C or more is not unlike
what is seen in regions such as the Middle
Atlantic Bight (Tang et al., 2007), where
typical maximum late summer tem-
perature differences are 15°C (9°-24°C,

Seabed mapping, anti-submarine warfare,

conservation of endangered marine mammals, and

the utility of acoustic beacons for industrial purposes

and diver safety are all fundamentally affected by

ocean warming and the associated changes in acoustic
propagation and communication that result.

peratures (Grothues et al.,, 2017). Large
sound speed differences (up to 20 m s7!)
were recorded during May 2012, as men-
tioned during the earlier physical ocean-
ography discussion. To the extent that fish
and other marine life produce sound, such
a climate-induced change in species pro-
duces a change in the soundscape, which
makes soundscapes an interesting way to
remotely sense both climate change and
shifts in ecosystems. Given that significant
climatic changes are occurring, future
studies should perhaps include a sound-
scape monitoring component. Doing
so requires only relatively inexpensive
hydrophones and recorders, and might be
an interesting way to do both small- and
large-scale coastal acoustic monitoring.

ARCTIC SHALLOW-WATER
ACOUSTIC EFFECTS OF

CLIMATE CHANGE

Before turning to Arctic acoustics, it is
interesting to note that certain high-
latitude areas may act acoustically some-
what like lower-latitude areas. Upper-
layer temperature in areas such as the
Mackenzie River plume may increase
above the levels of 8°~10°C common a
decade ago (Boeuf et al., 2013), and other

roughly speaking). Other areas such as
the Bering Sea are also showing strong
increases in summer surface temperature.

The Arctic Ocean has been under-
going dramatic changes, the most appar-
ent and dramatic of which is its ice cover.
Beginning in early 2000, the extent of
multiyear ice covering the Arctic Ocean
started decreasing significantly, and in
2012, sea ice extent reached the least ever
recorded. With younger, thinner, and less
ice on the sea surface, underwater sound
experiences less transmission loss due to
less reflection loss from the ice cover.

The
change in the Arctic Ocean is in the

other acoustically significant
water column stratification at 100-200 m
depth. Figure 4a shows two annual aver-
age profiles of water temperature, salin-
ity, and sound speed in the Canada Basin
from two different periods: (1) 1955 to
1994, and (2) 2005 to 2012. The data are
from the World Ocean Atlas 2013 ver-
sion 2 (Locarnini et al, 2013; Zweng
et al,, 2013) in a selected Beaufort Sea
area (72°N~77°N, 145°W~155°W) in the
Canada Basin. The comparison clearly
shows that the so-called “Beaufort Lens”
sound duct appears prominently in recent
years due to temperature increases in
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FIGURE 4. (a) Annual mean profiles of water temperature, salinity, and sound speed
during two different periods in the Canada Basin, marked on the IBCAO bathymetric
map (Jakobsson et al., 2012) shown in (b). The creation of a subsurface duct over time

is readily apparent.
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both the Pacific Summer Water and Atlantic Water
layers. Because this sound duct is between two water
layers, mid- to high-frequency underwater sound
waves can propagate for hundreds of kilometers
inside the duct without interacting with the sea sur-
face and seabed, as shown in Figure 5 (Freitag et al.,
2015; Webster et al., 2015; Baggeroer et al., 2016;
Carper, 2017; Duda, 2017). Figure 5 shows that this
ducting effect carries from deep water, across the
continental slope, and into the shallower coastal
waters (Duda, 2017).

DISCUSSION AND CONCLUSIONS

We have presented a rather general view of coastal
acoustic effects of climate change that are likely to
occur. Individual, detailed acoustic calculations will
depend significantly on local conditions, given the
high variability of shallow water regions. Predicting
and measuring this oceanic variability for acoustics
and other purposes will be a significant challenge for
the entire oceanographic community.

We readily admit that the two example regions
considered in this paper were drawn from our own
research experiences, and that many other regional
examples should be examined. However, the general
mechanisms discussed, such as formation of new
acoustic ducts, shifts in frontal location and gradi-
ents, and increasingly warmer waters should have
broad applicability.

We have not done adequate justice to the bio-
logical changes that are occurring due to ocean
warming, which will affect the ocean soundscape.
While the northward migration (in the Northern
Hemisphere) of warm-water species is well known
(Pinsky et al.,, 2013), predicting the details of future
spatial shifts is difficult. This would make an inter-
esting part of a general underwater soundscape
study. Also, predicting changes to the anthropogenic
part of the soundscape (e.g., shipping route changes)
is outside the acousticians usual toolkit, but is still
crucial to acoustics and biology.

The overall discussion presented here has focused
on the simple, fundamental physics of acoustic prop-
agation and will need to be followed by a more exten-
sive discussion among the scientific community
about how to prioritize research on this broad topic.
Seabed mapping, anti-submarine warfare, conserva-
tion of endangered marine mammals, and the utility
of acoustic beacons for industrial purposes and diver
safety are all fundamentally affected by ocean warm-
ing and the associated changes in acoustic propaga-
tion and communication that result.
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