Does air-gun noise harm marine mammals?
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o seismic air-gun arrays, in routine practice, cause significant and harmful impacts to marine mammals?
Biologists, acousticians, geophysicists, and government
regulatory technical managers do not agree on a simple
and definitive answer. What they do agree about is that
there is a lack of data with which to answer that question.
Three recent developments should create optimism that
those data will soon begin to be collected: (1) new developments in in-field, electronic tagging technology; (2)
global interest in the overall issue of sound in the oceans
and its effects on marine mammals; and (3) interest from
the oil industry to provide some much needed research
funding in this area.
The opening question is part of the larger issue of
sound in the oceans and its effect on marine mammals, and
it is in this context that much of the discussion will follow.
Most experts in the field believe that there is a very low
probability of physical injury from air-gun operations.
More worrisome is the possibility of air-gun noise masking communication, hampering the ability to identify
and/or escape predators, or identifying/catching prey.
Another area of uncertainty is whether the use of air guns
can cause populations to move from preferred habitats,
feeding grounds, breeding and resting areas during movements along migratory pathways. In short, does the use
of air-gun arrays reduce the mammals’ ability to survive?
This basically is a scientific statement of the question,
without any political, regulatory, or governmental context, and data needed to answer this question, in a basic
and fundamental way, have not been generated. Placing
this bottom-line question in a regulatory context introduces another level of complexity.
Some current benchmarks. Since 1995, when the seminal
book Marine Mammals and Noise, authored by Richardson
et al., was published, a great deal has transpired on the
issue, leading to the current notable points:
• The U.S. Navy has become increasingly involved in all
aspects of the issue and now provides about $10 million
per year (about 80% of the world total) in funding for
research related to the effect of sound on marine mammals.
• Public awareness about this issue has exploded.
• This public awareness is a global phenomenon.
• Government, oil industry, academia, and nongovernmental organizations have worked together to produce
research, develop recommended seismic survey operations procedures, publish reports, and demonstrate the
viability of multidisciplinary, cooperative approaches
(more about this later).
• 180 dB re 1µPa (peak) has become (albeit unsupported
by hard scientific data) the de facto danger threshold level
suggested by biologists who are experts in the field (at
least until better data are generated).
• The seismic industry knows with much more certainty
what its air-gun arrays emit, and is better able to communicate this to the other parties involved in this issue
than it was 10 to 15 years ago.
• Unequivocal data now exist that demonstrate that seismic air-gun arrays alter the behavior of marine mam0000
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Figure 1. (a) Digital
acoustic tag for use on
large whales. (b) A threeperson crew in a small
boat approaches the
whale. The tag is at the
end of a 30-ft pole, and
the boat is maneuvered
near enough to the whale
that the pole handler can
plop down onto the
whale the far end of the
pole, which has the tag
attached. (Figure 1a courtesy Peter Tyack. Figure
1b photos courtesy of Bill
Lang [top] and Peter
Tyack [bottom].)

Figure 2. Movement data from a female sperm whale
that is swimming near the surface, diving to a depth of
about 20 m on the first occurrence of a work boat
approaching, and then diving to a depth of about 15 m
on the second occurrence. The accelerometer data also
show a change in the whale’s activity as the work boat
approaches and departs each time. An interesting sidenote to this particular example is that the human
observers on board the mother vessel did not observe
this sperm whale making these two relatively shallow
and short-duration (approximately 70-s-long) dives, so
this specific behavioral reaction to a man-made activity
would not have been recorded using conventional scientific observational techniques. (Graphics courtesy of
Peter Tyack.)
mals, but data still do not exist that demonstrate that seismic air-gun arrays cause significant and harmful behavioral changes in marine mammals, particularly at the
stock/population level.
• There is still an appalling lack of data about the effect of
sound on marine mammals, hence the critical need for
research.
• The biological community engaged in research in this
area is actually quite small, so that $2 million per year
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ing. As soon as the air guns ceased operations, the seals
returned to their normal area and normal activities. The
tag technology provided for very high probability in correctness of cause-and-effect interpretation.
Another interesting development is the digital acoustic
tag (DTAG), still under development at Woods Hole
(Figure 1a). This tag can accommodate high data volumes
and also involves high data rates. It has been used successfully in field projects over the last two years in the
Mediterranean and the Gulf of Mexico. This tag, intended
only for use on large whales, is attached with suction cups
(Figure 1b). As opposed to the satellite tags, the DTAGs
are intended to stay attached only for a matter of hours.
The longest duration that one has stayed attached so far
is 19 hours, but the norm is 2-10 hours, during which a
great deal of useful data can be recorded.
Figure 3. 90 minutes’ worth of dive geometry data from
a female sperm whale recorded using the DTAG. The
record, beginning in the upper left-hand corner, shows
that she dived to a depth of about 400 meters and
stayed there for about 22 minutes, moving mostly
south, before heading back to the surface, where she
remained for about 11 minutes before she dived again.
This second dive took almost 40 minutes, and the maximum depth reached was almost 500 m. Sperm whales
have been known to dive to depths as great as 2000 m
and stay submerged for periods greater than an hour
(they hold their breath when they dive). (Graphics
coursety of Mark Johnson.)
in research funds would be a very significant amount
(more about this later).
• Research funds are needed, not only to do the research,
but to train more researchers.
• Electronic tagging technology has developed to the point
of providing data as close to cause and effect of sound
on mammals in the field as would seem practically possible (although this technology will still see vast
improvements in the very near term) (more about this
later).
• The IAGC section in Houston (following leads of IAGC
groups in the United Kingdom and in Australia) has
decided to take an active role in this issue (more about
this later).
Tagging technology. Recent developments will allow
researchers to monitor the behavior of marine mammals
in the wild as never before. One type of tag developed at
Oregon State University uses ARGOS satellite technology
and is inserted beneath the skin of relatively large whales.
These tags remain in place for weeks to months and allow
scientists to track the surfacing locations of individuals for
however long these tags stay attached.
A tag developed by Dave Thompson and colleagues
at St. Andrews University in Scotland can monitor marine
mammals’ movements, dive behavior, stomach temperature, and heart rate. This tag technology has been used on
smaller marine mammals such as 90-lb ringed seals up to
3-ton elephant seals. For the tags used in the application,
which are glued on to animals which are captured and
released, the limiting factor for tag longevity has been battery life. Scientists have also done short-term experiments
with air-gun arrays and tagged harbor seals, and have
observed how the seals went off their normal dive activity and feeding behavior when the air guns were operat76
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Sperm whale studies in the Gulf of Mexico. Sperm
whales, an endangered species, inhabit deeper waters
(approaching 1000 m and deeper) and produce sound to
echo-locate their food, to communicate with each other, and
to navigate in the ocean. Given this combination of factors, in July 2000, the Minerals Management Service (MMS)
and the National Marine Fisheries Service (NMFS), in conjunction with the Office of Naval Research (ONR), began
a pilot study on sperm whales in the Gulf of Mexico. In
July 2001, a new project, the Sperm Whale Acoustic
Monitoring Program (SWAMP), began in the Gulf of
Mexico. Initiated and primarily funded by the MMS,
SWAMP is a cooperative effort with the NMFS managing
the field study, ONR supporting the tags’ R&D, and NOAA
providing the RV Gordon Gunter. With participating
researchers from Woods Hole Oceanographic Institution
and Oregon State University for the tagging effort and other
academic organizations and individuals working on biology, ambient noise, and physical oceanography, SWAMP
is a truly broad-based and cooperative study. The seismic
contractors have cooperated to some extent, and through
the increased efforts of the IAGC, their effort should
increase substantially.
Figures 2-4 illustrate some of the data capable of being
delivered by the DTAG. It should be noted that sperm
whales frequently emit sounds at levels in the range of 200225 dB re 1µPa (rms), and the peak frequency typically will
be about 2 kHz (Figure 4). They use the clicks for navigation and to locate food sources. The fact that sperm whales
can dive to depths of about 2000 m and withstand the large
pressures associated with those depths and that they themselves generate sounds at levels only 10-15 dB lower than
the loudest levels generated by seismic surveys (although
their peak levels will be about 2kHz rather than the 50 Hz
of seismic surveys) leads experts to believe that seismic
operations probably do not cause any problems for sperm
whales. Before committing to that position, however, technical experts within the regulatory groups want to be sure
that seismic operations do not cause any masking problems for the whales.
The near future. As indicated above, it is now possible to
do field studies on the behavior of marine mammals in
ways not possible just a couple of years ago. Combining
some of these tagging technologies is the next step.
Additionally, the development of passive acoustic monitoring systems, based on hydrophone technology, to detect
and locate marine mammals is accelerating. ONR has been
funding developments in this area and among different
groups. Those involved in SWAMP use two systems to

Figure 4. Pitch, roll, and audio data extracted from the
portion of the DTAG record indicated by the small
rectangle in Figure 3. Note the red curve in the middle
of the upper graph, which is the roll curve, shows two
360º rollovers that occur within about 50 s of each
other. The bottom plot is fascinating. The frequency of
sound or noise signals is plotted along the vertical axis
and time of day is plotted along the horizontal axis.
Hot colors indicate high amplitudes. There appear to
be at least four identifiable groups of noise or signals
in this plot: (1) clicks from the sperm whale to which
this particular recording tag was attached. As you can
see, the clicks are emitted about every half second, are
quite broadband and are relatively high amplitude; (2)
weak click signals which are ghosts from the seafloor
and sea surface; (3) an air-gun signal from a seismic
survey operation located about 8 miles from this particular sperm whale (received level of 138 dB re 1 µPa
[rms], which is absolutely consistent with what would
be expected from a large output array assuming spherical spreading); and (4) relatively low-frequency, highamplitude background noise. The obvious question is
whether the 360º rollovers are a response to the airgun signal. (Graphics courtesy of Mark Johnson.)
learn, among other things, when the sperm whales are
resurfacing so they can be ready and waiting to tag them.
OceanEar, a division of Westland GeoProjects in the United
Kingdom, is commercializing a very short streamer intended
to be used by seismic contractors to locate cetaceans prior
to and during seismic survey operations. The development
of this system was initiated by Shell in the United Kingdom,
and the company has also provided funding for its commercialization. There are several other systems under development, and somewhere among all of these, there will be
one or more that will afford better measurements than visual
monitoring.
The IAGC in the United Kingdom, along with the U.K.
Offshore Operators Association (UKOOA), the Joint Nature
Conservancy Council (JNCC), several universities, and several oil companies and seismic contractors in their respective European offices have been involved cooperatively since
the late- to mid-1990s in trying to sort out the effects of air
guns on marine mammals, and working with the regulatory
bodies in the United Kingdom. The IAGC, the Australian
Petroleum Production and Exploration Association,
Environment Australia, Curtin University, and various oil

companies and seismic contractors have been working
together on this issue in Australia. The IAGC in the United
States has now committed itself to an active role and has set
up a task force to further research all the details of the outputs associated with normal marine seismic surveys (including the acoustics used to monitor the locations of the
streamers), and to provide a standardized way of presenting those details/data to the other participants in the marine
mammal discussions.
Also, there is an effort under way to produce a “road
map” of the research required to improve our understanding of the effect of noise, but particularly air guns, on marine
mammals. This road map will form the centerpiece of a proposal to be presented to the oil industry in hopes of initially
raising about $2 million per year for the first couple of years
to begin this research. The major elements are in place for
an international, cooperative, and multidisciplinary program, if the funding can be generated. Several oil companies have indicated interest in supporting such an effort
(and, in fact, some already provide substantial support in
this area). WesternGeco is willing to commit $500 000 to kick
off this endeavor.
Supporting such a program makes economic sense given
the fact that many groups question the effectiveness of the
mitigation measures employed today, primarily soft starts,
or ramp-up, and surface visual monitoring, and shut down
when marine mammals are seen within the safety zone.
These and other measures predicated on little or no scientific basis cost the industry many times more than $2 million per year.
Currently, Environment Australia is imposing probably
the most stringent conditions on seismic surveys of any regulatory body in the world. ExxonMobil has been facing a
very difficult situation offshore Sakhalin Island. Offshore
eastern Canada has become a hot spot for the issue of air
guns and marine mammals. The MMS and the NMFS are
sorting out what to do about permits for seismic surveys, as
well as for explosive removal of platforms, in the Gulf of
Mexico. When this issue of TLE reaches you, the second submission of an environmental assessment on geologic and geophysical activity in the Gulf of Mexico, resubmitted for
another look at the seismic portion, will just be making its
public appearance. Seismic surveying on the North Slope of
Alaska and in the North Sea have regularly employed mitigation measures for years. Various countries in Central and
South America have now started asking questions about the
effects of seismic surveys when such activities are proposed
in their territorial waters. The same is true now in some places
offshore Africa and in the Far East.
Clearly, the issue about the effects of noise on marine
mammals is more visible, more international in scope, and
more susceptible to misinformation than ever. The oil industry should offer a reasoned voice about what types and levels of noise it generates. It should provide windows into how
its operations work on a day-to-day basis to the other participants in this discussion. (The fact that seismic surveys are
shot Zamboni style and that an individual mammal will only
experience sounds above a level of 180 dB re 1µPa-m for ~40
shots and ~6.5 minutes once a day or so for a few days is
still brand-new information to major players in the discussion and is important to keep in mind.) To disseminate this
type of information, the oil industry should provide a few
people to interact with the biological community involved
in this discussion, and to interact with the regulatory bodies. And finally, the industry should give careful consideration to the proposal to support research when it comes out
in the next couple of months.
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Do seismic air-gun arrays cause significant and harmful impacts to marine mammals in routine practice? There
is no definitive answer at this time, simply because the data
are insufficient.
Suggested reading. Marine Mammals and Sound: Progress Since
1994, (2000) National Academy Press, Washington. Marine
Mammals and Noise by Richardson et al. (1995), Academic
Press. A special section on the effect of air guns on marine
mammals in the August 2000 issue of TLE. An editorial on
the same topic in the April 2000 issue of TLE. LE
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Jack Caldwell has had a relatively normal geophysicist’s career for 20odd years, but for the last few years, another
dimension has been added. What started out
as a regular presentation at a Minerals
Management Service workshop in California
in 1996 has evolved into a rather involved set
of activities related to the issue of noise in the
oceans. Caldwell has been working closely
with biologists and acousticians to help sort
out the effects of sound (particularly from airgun arrays) on marine mammals. He has been
communicating back to the oil industry to
help it understand the significance of the activities with regard to this
issue. For his efforts in this area, he has received the Corporate
Leadership Award from the Minerals Management Service. Last
February, he was appointed to the National Research Council, Ocean
Studies Board, Committee on Assessing Ambient Noise in the Ocean
with Regard to Potential Impacts on Marine Mammals.
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