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ABSTRACT 

  
Marine noise pollution emerged as an issue of significance in the early 1990s. Since then 

various efforts have been made to help address it, and it has become an issue that the public 

and policy makers recognise as well as being a major focus of marine mammal research. 

Relevant legislation is in place to help mitigate effects in Europe and the US, and 

technological changes are being developed in response to concerns. Whilst many concerns 

remain, and it is too early to judge the impact of many of the relevant developments, marine 

noise pollution is clearly now a prominent mainstream issue for environmental management.     

 
 

INTRODUCTION 

 
Cetaceans live in a medium through which sound propagates extremely well and light does 
not. This explains their heavy reliance on acoustics for navigation, hunting and 
communication. It also helps to explain the increasing use of sound underwater by our species 
in our attempts to efficiently navigate, explore and exploit the seas and what lies beneath 
them. Cetacean conservation and welfare and human-produced sounds in the oceans are 
sometimes in conflict, and that includes both sound generated as an acoustic tool and that 
produced incidentally to other activities, notably shipping noise. Various substantive reviews 
have considered this topic in recent years (for example, Richardson et al., 1995; Gordon and 
Moscrop, 1996; NRC, 2003, Simmonds et al., 2004; Hildebrand, 2005; Jasny 2005; and 
Weilgart, 2007). 
 
The 2003 National Research Council report and Hildebrand’s 2005 review identified the 
major marine noise sources and their characteristics These lists include commercial shipping 
(with sound emissions greatest in the ‘great circle routes, coastal and port areas); seismic 
airgun arrays for oil and gas exploration (with emphasis on the continental shelf); naval 
sonars (variable below 70º latitude and with emphasis in coastal areas); fisheries sonars 
(primarily coastal and over the continental shelf);  unknown research sonars; and acoustic 
deterrent and harassment devices used by fisheries and aquaculture facilities (again mainly in 
the coastal zone).  
  
 
MILESTONES IN THE EMERGENCE OF MARINE NOISE POLLUTION AS A 

RECOGNISED THREAT 

 
It was in the early 1990s that marine noise pollution first emerged as a significant 
environmental issue, by which we mean one that required regulation and management, 
including the attention of legislators. Various matters came together during this period.  The 
ATOC project, mentioned below, brought the noise issue to the forefront in the media, but 
various atypical live strandings of groups of beaked and other whales, particularly repeated 
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stranding events on the shores of the Canary Islands, raised suspicion that marine noise could 
be having a greater impact than previously thought. The first published record that connected 
beaked whale strandings to military events was in 1991, when Simmonds and Lopez-Jurado 
(1991) reported that several beaked whale stranding events between 1982 and 1989 coincided 
with naval activities in the Canary Islands.  Almost a decade later, there was a high profile 
stranding event in the Bahamas following a military exercise, where the first post-event 
evidence was gathered (Balcomb and Claridge, 2001; Parsons et al., 2008). Others 
subsequently came to light and the International Whaling Commission’s Scientific Committee 
noted  that “there is now compelling evidence implicating military sonar as a direct impact on 
beaked whales in particular”. These and other atypical stranding were, as Jasny subsequently 
put it, a ‘wake up call to a significant environmental problem’ (Jasny, 2005; and see Dolman 
et al., 2010 for a summary of events).  
 
The use of loud noise in an effort to measure ocean temperatures across entire ocean basins 
was another issue that caused considerable concern and gained public attention (e.g. 
Simmonds, 1992; Anon, 2013). Arguably, the Acoustic Thermometry of Ocean Climate 
(ATOC) experiment and its predecessor (the Heard Island Feasibility  Test) set the scene for 
the requirement for formal Environmental Assessments to be made for noise-making 
activities. In 1995, Scripps Institute for Oceanography and the US Navy  reached an 
agreement with several plaintiffs (including NRDC) to conduct a more extensive, multi-year 
Marine Mammal Research Programme together with the ATOC  experiment.  A year later, 
many of these same plaintiffs came an agreement with the U.S. Navy to establish a research 
programme to look at Low Frequency Active Sonar (Jasny, 2005). 
 
Within a few years, some regional conventions acknowledged the significance of marine 
noise pollution to their interests, notably ACCOBAMS and ASCOBANS1 (see Dolman et al., 
2010 for a review). In 2003, anthropogenic noise was raised both at the second meeting of the 
ACCOBAMS Scientific Committee and also at the Advisory committee of ASCOBANS; 
various resolutions and actions followed (Dolman et al., 2010). These have included the 2007 
ACCOBAMS ‘Guidelines to address the impact of anthropogenic noise on marine mammals 
in the ACCOBAMS area’ and resolution 4 adopted by the 5th meeting of the parties to 
ASCOBANS on Adverse Effects of Sound, Vessels and Other Forms of Disturbance on Small 
Cetaceans. This ‘‘requested Parties and Range States to:  

• develop, with military and other relevant authorities, effective mitigation measures 
including Environmental Impact Assessments and relevant standing orders to reduce 
disturbance of, and potential physical damage to small cetaceans; 

• conduct research and develop appropriate management measures, guidelines and 
technological adaptations to minimise any adverse effects on small cetaceans of the 
above sound sources; and 

• develop and implement procedures to assess the effectiveness of any guidelines or 
management measures introduced.” 

 
Generally the efforts of these agreements have focused on improving understanding of 
impacts through increased and co-ordinated research; critically examining existing 
management measures; and the development, implementation and reporting back on 
mitigation measures undertaken. OSPAR2 has also produced reports on marine noise and the 
EU Marine Strategy Framework Directive is the first regulation that specifically addresses 
and mentions noise. 
 

                                                 
1 ASCOBANS stands for the Agreement on the Conservation of Small Cetaceans of the Baltic, 
North East Atlantic, Irish and North Seas and ACCOBAMS the Agreement on the Conservation of 
Cetaceans in the Black Sea, Mediterranean Sea and contiguous Atlantic area 
 
2 Convention for the Protection of the Marine Environment of the Northeast Atlantic 
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Another milestone on the road to addressing noise pollution was the substantive review 
conducted by the US Marine Mammal Commission (MMC). In 2004, the United States 
Congress directed the MMC to “fund an international conference or series of conferences to 
share findings, survey acoustic ‘threats’ to marine mammals, and develop means of  reducing 
those threats while maintaining the oceans as a global highway of  international commerce”. 
The MMC duly convened an Advisory Committee on Acoustic Impacts on Marine Mammals 
and sponsored a series of meetings and workshops to gather information necessary to carry 
out the directive and prepare its report which was issued to Congress in March 2007 (Marine 
Mammal Commission, 2007). Among the Commission’s recommendations were (i) the 
establishment of a coordinated national research program on the effects of anthropogenic 
sound on marine mammals and the marine environment; (ii) the establishment of consistent 
standards for the regulation of sound in the marine environment; and (iii) the promotion of 
U.S. leadership in international matters related to anthropogenic sound in the marine 
environment. 
 
In a publication associated with the MMC’s workshops, Cox et al. (2006) confirmed the 
plausibility of a newly-identified mechanism, known as “gas and fat embolic syndrome,” 
behind the noise-related mortalities of beaked whales (Cox et al. 2006). This mechanism, 
which was principally brought to light by Fernandez and his laboratory at the Universidad de 
Las Palmas de Gran Canaria, and Jepson and his colleagues at the Zoological Society of 
London, was consistent with pathologies seen in sonar-stranded beaked whales, such as 
haemorrhaging around the brain  and lesions in vital organ tissues (Jepson et al., 2003; 
Fernandez et al., 2005). The finding had significant implications for both research and 
management. For research, it opened up several lines of investigation into marine mammal 
diving physiology and the susceptibility of marine mammals to decompression sickness. For 
management, it raised profound questions about the effectiveness of near-source mitigation to 
prevent injury and death, since gas-bubble injury, being behaviourally mediated, could occur 
at much greater distances than those associated with direct acoustic trauma.  
 
Importantly, in recent years the USA’s Marine Mammal Protection Act’s regulatory scheme 
has increasingly been applied to major producers of ocean noise, to the point where most 
“incidental take” authorisations issued under the Act are at least partly, and in many cases are 
primarily, focused on acoustic impacts (Roman et al., 2013). For example, although some 
significant gaps remain, most naval activities within the U.S. territorial sea and EEZ are now 
the subject of programmatic rulemakings; in the oil and gas sector, operators regularly apply 
for MMPA incidental harassment authorizations as a condition of their geophysical 
exploration permits in the Arctic. 
 
To help managers address the impact thresholds outlined in the MMPA, Southall et al. (2007) 
reviewed the available literature and offered initial scientific guidance regarding avoiding 
injurious exposure to the different groups of marine mammals. However, Southall et al. 
(2007) specifically avoided providing suggestions regarding behavioural responses, primarily 
given the contextual complications. Some of the original issues, including further discussion 
of behavioural context, were subsequently addressed (Ellison et al., 2011); however, the 
guidance remains controversial, laden with caveats, requiring revision to reflect recent 
findings on auditory impacts, limited beyond injury, heavily US-centric, and increasingly 
outdated. Despite this, the Southall et al. (2007) review has become widely used by regulators 
and industries around the world as no alternative currently exists. However, work is in 
progress to revisit these criteria and the assumptions upon which they are based, with a wider, 
non-US focus (Tougaard et al. In prep.), and US regulators are themselves in the midst of 
heavily revising their behavioural guidelines for seismic surveys. Consequently, discussions 
regarding the appropriateness of various thresholds will continue. 
 
Another key development was the involvement of Okeanos – Foundation for the Sea. This 
foundation advanced discussion of underwater noise, by funding and organising five seminal 
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workshops on critical and emergent topics: (1) spatio-temporal management (Agardy et al., 
2007); (2) the interaction between noise and stress responses (Wright & Highfill, 2007); (3) 
the impacts and management of shipping noise (Wright, 2008); (4) the management of 
cumulative impacts (Wright, 2009); and (5) alternatives to airguns in seismic surveys 
(Weilgart, 2010). Independently funded, these workshops were attended by a wide variety of 
experts from more disparate fields leading to extremely productive, truly multi-disciplinary 
discussions. Perhaps the most notable outcome of these workshops, however, was the 
Hamburg Protocol, which called for a “reduction in the contributions of shipping to ambient 
noise energy in the 10-300 Hz band by 3dB in 10 years and by 10dB in 30 years relative to 
current levels” (Wright, 2008). The statement from all participants of the shipping workshop, 
including ship owners and engineers, contributed significantly to motivating the current IMO 
process for the development of voluntary guidelines for quieter commercial vessels (IMO 
2013; see below). 
 
In 1992, the EC Habitats Directive (92/43/EEC) came into force in Europe, requiring (among 
other things) that all relevant EU member states protect the harbour porpoise and bottlenose 
dolphin, pursuant to Annex II, by designating marine protected areas (MPAs), referred to as 
Special Areas of Conservation (SAC). Ross et al. (2011) since included consideration of noise 
in their advice to managers and conservation practitioners on the determination of which 
habitats are in need of protection for small coastal cetacean populations. The Habitats 
Directive also goes further, requiring strict protection for certain European Protected Species 
listed on Annex IV, including all cetaceans, throughout their entire range 
 
The recent Marine Strategy Framework Directive (MSFD) (2008/56/EC) explicitly includes 
consideration of underwater noise in determinations of good environmental status (GES). 
Thus Member States are required to monitor and ultimately limit the amount of anthropogenic 
noise in European waters (see Van der Graaf et al., 2012). Time will tell how useful the 
MSFD noise indicator is to understand and mitigate noise to within environmental limits. 
 
Several resolutions of the International Whaling Commission, including Resolutions 1997-7 
and 1998-5, have directed the IWC’s Scientific Committee (SC) to provide regular updates on 
environmental matters that affect cetaceans, including noise pollution, and its Scientific 
Committee has had noise pollution on its agenda since its 49th meeting in 1999 when it 
identified it as a priority for consideration (Simmonds and Dolman, 2000). In addition the 
Scientific Committee also reviews unusual mortality events. 
 
Finally, steps towards a greater appreciation of cumulative impacts of noise have been taken 
in an increasing number of jurisdictions beyond the US. For example, in the guidelines for 
seismic survey EIAs in Greenland, Kyhn et al. (2011) suggest that a joint cross-company 
noise propagation model is prepared to inform the cumulative impact assessment. Cumulative 
impact assessment is also under way in Scotland, associated with the rapidly developing 
marine renewable energy industry, where a primary concern associated with the construction 
of large wind farms is the intense noise associated with pile driving turbines into the seabed. 
 
 
THE DEVELOPMENT OF RELATED RESEARCH 

 
Any appropriate search with a web browser will now find many hundreds of scientific papers 
concerning noise in the marine environment. Many are focused on impacts on marine wildlife 
and fisheries.  
 
For some time much of this research has focused on physical impacts on cetaceans, especially 
their hearing and ears and the causes of atypical strandings. Emphasis has been given to 
introduced sounds within the frequency ranges that cetaceans use to vocalise but, very 
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recently, research has  shown that sounds outside of this range may also be important and 
attention has expanded to include behavioural effects (e.g. Melcon et al., 2012).  
 
Increasing attention has also been given to the range of potential effects that noise exposure 
might have. For example, increased fisheries bycatch through distraction has been suggested 
(e.g., Nielsen et al., 2012; Wright et al., 2013). Similarly, the potential for the acoustic startle 
reflex to generate fear conditioning has also been considered (Götz and& Janik, 2011). Noise-
induced stress responses in marine mammals have  risen to levels of serious consideration, 
rather than being often dismissed as speculation, following the discovery that cortisol levels 
were reduced in right whales during the period following the 9-11 attacks where the level of 
maritime traffic was substantially reduced (Rolland et al., 2012). In general, there is 
increasing awareness in the research and regulatory communities that noise can alter or 
undermine important biological processes (e.g., Wright and Highfill, 2007). 
 
Additionally, the complexity of assessing the consequences of noise exposure for hearing is 
being realised. For example, there has been the subjective loudness measurements in 
bottlenose dolphins (Tursiops truncatus: Finneran & Schlundt, 2011); the discovery of 
automatic gain control and flexible auditory brainstem responses in harbour porpoises 
(Phocoena phocoena: Linnenschmidt et al., 2012); the mechanism for differentiation between 
outgoing and returning clicks in harbour porpoises (Linnenschmidt & Beedholm, 2012); and 
the reduction in hearing sensitivity following a ‘warning’ sound (at almost TTS levels) in a 
false killer whale (Pseudorca crassidens: Nachtigall & Supin, 2013). All these revelations 
raise doubt over the M-weighted hearing functions proposed by Southall et al. (2007) and 
complicate issues such as masking and the onset of TTS and PTS. Furthermore, the potential 
for excitotoxicity and the permanent degeneration of cochlear afferent nerves associated with 
reversible TTS in mice (Kujawa & Liberman, 2009) also presents a serious challenge to the 
concept that PTS, rather than TTS, represents the onset of injury, as enshrined in Southall et 
al. (2007). 
 
Increasingly, in-field Behavioural Response Studies (BRS) are underway to study diving 
behaviour and sound production of key noise-affected cetaceans in response to a variety of  
purposely-introduced anthropogenic noise stimuli (for example, Southall et al., 2012). Such 
studies have limitations, but are intended to focus key concerns and provide results that will 
inform management decisions. For example, recent studies using information from actual 
naval exercises over hydrophone-instrumented naval ranges and/or sonar playbacks and 
acoustic tags on whales have revealed far greater impacts on whales than previously thought 
at much lower received levels (McCarthy et al. 2011, Miller et al., 2012, Moretti et al., 2010, 
Pirotta et al., 2012, Tyack et al,. 2011). This has caused us to reassess the assumption by 
some that the mere presence of whales in a disturbed environment such as a naval range 
means they suffer no considerable impacts.  
 
Degradation of the acoustic environment or acoustic “scene” is also increasingly seen as an 
important perspective deserving consideration. Considerable reductions in a whale’s 
“communication space” through masking by noise are recognized as serious impacts (Clark et 
al., 2009; Hatch et al., 2012). In this and other ways, chronic noise impacts are finally being 
seen as at least as serious, if sometimes not more so, than fatal, acute impacts such as 
strandings. 
 
Finally, new tools are under development to assess cumulative effects. For example, the US 
National Marine Fisheries Service (NMFS) has produced cumulative noise and cetacean 
distribution maps covering, in varying degrees of resolution, the entire U.S. EEZ, and Roman 
et al. (2013) comment that ‘these maps could well become a transformative tool for cetacean 
management.’  
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SOME PRACTICAL RESPONSES 
 
In recent decades we have also seen the emergence of Marine Spatial Planning and Marine 
Protected Areas to help manage potentially damaging activities at sea, and these are usually 
twinned with environmental assessment, which increasingly encompasses consideration of 
noise and disturbance. There has also been an increase in investment by industry in noise 
reduction and alternative technologies (Roman et al. 2013). In general, however, regulators 
have still not emerged from their nearly exclusive focus on safety zone maintenance – a 
measure whose limitations are widely acknowledged (e.g., Barlow and Gisiner 2006; Parsons 
et al., 2009; Lubchenco, 2010) – as their primary means of noise mitigation.  
 
For at least some noise sources, there is a general consensus that time-area closures represent 
one of the most effective available means of reducing impacts on marine mammals (e.g., 
Agardy et al., 2007; Dolman et al., 2009; OSPAR, 2009; Lubchenco, 2010). Such closures 
have been enacted for some areas. For example, there have been no mass strandings on the 
Canary Islands since the Spanish government imposed a moratorium on naval exercises in the 
waters of these islands in 2004 (Fernandez et al., 2013).  Another example is provided by the 
rerouting of the shipping channel into Boston Harbour through the important whale habitat of 
Stellwagen Bank to reduce collisions with humpback and endangered right whales (Roman et 
al., 2013). Here speed-reduction measures and passive acoustic monitoring are seen as 
measures that can help protect large whales and other marine mammals with likely incidental 
benefits in terms of noise reduction.  
 
Following recognition by the International Maritime Organisation of the global threat posed 
by underwater shipping noise, efforts have been made to address this, particularly through the 
development of ship-quieting technologies for commercial vessels.  The Design and 
Equipment Subcommittee of the IMO has offered technical advice and voluntary guidelines 
in reducing water-borne shipping noise (IMO 2013), and their guidelines will come before the 
IMO’s Marine Environment Protection Committee in March 2014 for potential adoption. 
Achieving compliance, however, will require engagement by merchant fleets, ship 
classification and green certification societies, and port authorities, and additional research 
will be needed to refine the guidelines into a working noise emissions standard for 
commercial ships. Operating vessels at slower than previous cruising speeds has been a way 
of saving fuel costs but slow steaming also has environmental benefits, including substantial 
noise reductions (Leaper and Renilson, 2012; for further discussion see: Renilson and Leaper 
(submitted).). 
 
Significant efforts are also under way to reduce marine noise from other marine industries. 
The 2013 US Bureau of Ocean Energy Management workshop on quietening technologies for 
seismic surveys, pile driving, and shipping held in Silver Spring, Maryland, is an example of 
both the profile that this issue now has and that technological approaches are being sought 
(BOEM, 2013). In Europe, major progress in noise attenuation technology has been made for 
pile-driving, led in particular by Germany, which last year set an action-forcing standard for 
development of better systems (BOEM, 2013). For seismic exploration, an important 
alternative technology exists in marine vibroseis, a controlled source that can significantly 
lower peak pressure by spreading acoustic energy over time and that can largely eliminate 
noise output above 100 Hz (Weilgart , 2010; Weilgart 2012, BOEM, 2013). Numerous 
companies are now designing vibroseis systems, with at least one on schedule to produce a 
commercially available array by the end of 2013 (BOEM, 2013). Accelerating development 
and use of these technologies will require the engagement of regulators (Weilgart , 2010; 
Weilgart 2012).  
. 
 

DISCUSSION AND TENTATIVE CONCLUSIONS 
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In 2004, Simmonds commented that ‘over the course of the last couple of decades, scientists 
and conservationists have become increasingly aware of threats to biodiversity that are diffuse 
and hard to assess but are, nonetheless, of great concern’ (Simmonds, 2004). He gave three 
examples: climate change, chemical pollution and marine noise pollution and, of these three; 
he suggested chemical pollution had received the greatest attention, with response 
mechanisms already enshrined at that time in a host of national and international law. He 
contrasted this with noise pollution in the marine environment which he characterised at that 
time as ‘an emerging, but undoubtedly serious, concern’, where ‘its implications are less well 
understood than other global threats’. He suggested that the issue was at the same stage that 
had been reached with chemical pollution some thirty years earlier (Simmonds, 2004). 
 
This preliminary assessment shows that significant progress has been made with marine noise 
pollution. Public awareness has greatly increased in recent years (Jasny, 2005), and we agree 
with Roman et al. (2013) that ‘it is now a major topic of research, regulation, and public 
advocacy’. In the US, marine mammal research has seen an ‘explosion of investment in the 
issue’, often driven by litigation, NGO and public pressure, and regulatory requirements, and 
fed by user groups such as the U.S. Navy and the oil and gas industry, which annually fund 
more than $25 million in related research. This is mirrored to some extent outside of the US, 
although it is difficult to find appropriate metrics, and the same legislation that helps to drive 
this situation (principally the US Marine Mammal Protection and Endangered Species Acts) 
does not exist. Nonetheless we can see significant progress in other jurisdictions as well, as 
reflected in national and supranational legislation (e.g., the MSFD), increasing numbers of 
scientific papers and publications related to acoustics, and regulatory recognition and 
engagement.  
 
In making this positive observation, we do not mean to indicate that everything is progressing 
as well or as quickly as it  should to adequately protect marine wildlife. Roman et al. (2013) 
provide some significant insights into ongoing problems. We also note concerns about the 
conflict of interest and resulting loss of credibility of research funded directly by noise 
producers (Wade et al., 2010).  Not much progress has been made in this area, despite 
suggestions that having an independent, non-aligned body commission and design research 
and distribute funds from noise producers would remedy this issue.   
 
Marine noise pollution is only gaining in prominence as a pressing issue, especially with 
increasing and unprecedented industrial development in our seas and oceans. What was only 
two decades ago a little known issue can now be seen as a significant, mainstream one that is 
witnessing rapid development in research, mitigation, technology development, and 
monitoring.  
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