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The recent update of the HELCOM Baltic Sea Action Plan in has created an urgent
need for reviewing the major sources of underwater noise, their known and likely
impact on the marine environment and possible ways to mitigate the impact. Impulsive
noise sources (pile driving, seismic surveys, underwater explosions, low-frequency
sonars etc.) are known to cause negative effects in marine mammals and fish.
Mitigation includes: a) reduction in produced noise (source modification), b) reduction
in radiated noise (abatement) and c¢) reduction in received noise (restriction of
activities in sensitive areas and periods, deterrence from dangerous zones prior to
impact). Continuous low-frequency noise is predominantly generated by commercial
vessels and recreational boating, with additional contribution from offshore
infrastructure (oil and gas, renewables). Mitigation measures are primarily source
modification (improving design and operational procedures/speed reduction) and
time/area restrictions (including regional/local speed limits and/or requirements for
vessels to abide by specific noise emission standards). Additional sources currently not
monitored include echosounders and high frequency sonars, net pingers and sedl
scarers, and equipment other than air guns for exploring the uppermost layers of the
seabed (subbottom profiling and surveying).
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Preface

HELCOM updated the Baltic Sea Action Plan (BSAP) in 2022. Several pro-
cesses fed into this update and one of these were the Sufficiency of Measures
(SOM) platform project, which evaluated the level of implementation and ef-
ficiency of actions from the preceding BSAP. Underwater noise, however, was
not part of the old BSAP.

In parallel with the SOM-Platform project and update of the BSAP has been
the development of a HELCOM Regional Action Plan (RAP) on underwater
noise in the Baltic, developed by the expert network, EN-Noise. The under-
water noise RAP was adopted as a HELCOM recommendation in 2021.

This report collects the background documentation that was used as input to
both the SOM-Platform project and the RAP. The main focus has been on ef-
fects on marine mammals and to a lesser degree on fish, reflecting the similar
differences in the level of knowledge about impacts. Although negative effects
of underwater noise on invertebrates are well documented too, the current
knowledge regarding effects on invertebrates is not at a level, where general
conclusions can be drawn and they have thus been excluded from this review.

The work was funded through a contract with the Danish Ministry for Envi-
ronment and Agriculture.



Sammenfatning

I tiden mellem den ferste handlingsplan for Ustersgen (Baltic Sea Action Plan)
blev vedtaget i 2007 og den nyligt reviderede plan fra 2021, er undervandsstoj
kommet pa dagsordenen og blevet anerkendt som en vigtig presfaktor pa det
marine miljg. Dette har skabt et behov for en gennemgang af de vigtigste kil-
der til undervandsstgj, deres pavirkning p& marine organismer og mulige ma-
der at reducere/afveerge pavirkningerne.

Med vedtagelsen af det Europeeiske Havstrategidirektiv blev dette til den vee-
sentligste kilde i defineringen af mal og metoder til regulering af undervands-
stej i Europeeiske havomréader, herunder Jstersgen. Et nogleelement i Hav-
strategidirektivet er opdelingen af stgjkilder i to hovedgrupper: impulsstgj og
vedvarende stgj. Talrige evrige kilder er ikke omfattet af disse to kategorier,
hvilket har fort til en tredje kategori af ”ovrige lydkilder”.

Impulsstgj

Kilder til impulsstgj omfatter peeleramning, seismiske undersggelser med
luftkanoner, undervandseksplosioner og lavfrekvente sonarsystemer. Alle
disse kilder er kendt for at kunne pavirke havpattedyr og fisk negativt. Effek-
terne reekker fra forstyrrelse af adfeerd og fortreengning til veevsskade, og i
yderste fald ded. Da disse kilder er meget udbredte er der et udtalt behov for
afvaergeforanstaltninger.

Afvergeforanstaltninger for impulsstej folger tre generelle principper for re-
duktion af pavirkning fra stej: reduktion af den producerede stgj (modifice-
ring af kilden), reduktion af den udstrélede stgj (afskeermning) og reduktion
af den modtagne stgj (begreensning af aktiviteter i felsomme omrader og pe-
rioder, bortskreemning forud for anvendelse). De tre metoder udelukker ikke
hinanden, men kan anvendes sidelgbende for at gge effekten.

De mulige eendringer af lydkilden for impulsstej er specifikke for de enkelte
stejkilder, og deekker over at reducere den udstralede effekt til det minimale
niveau kreevet for at lgse opgaven, og at aendre udstyr og procedurer for at
minimere stgj, der er et produkt af den primeere aktivitet (f.eks. peeleramning,
hvor stgjen ikke tjener noget formal), og skifte teknologi til mindre stgjende
alternativer (fx fundamenter, der ikke kreever peeleramning og fjernelse af
ueksploderet ammunition ved andre metoder end bortspreengning).

Afskeermning af impulsstgjkilder er hovedsageligt begraenset til aktiviteter,
hvor stgjudsendelsen ikke sker med et formal i sig selv, som f.eks. paeleram-
ning og eksplosioner. Flere typer af effektive afskeermingssystemer er tilgeen-
gelige, baseret pa luftboblegardiner eller andre typer af absorberende materi-
aler, der kan fungere som afskeermning mellem kilden og modtagerne (dy-
rene).

Planleegning af aktiviteter i tid og rum kan veere seerdeles effektiv til at ned-
saette den samlede pavirkning pa bestandsniveau, ved at henvise (om muligt)
aktiviteterne til omrader af mindre betydning for dyrene og/eller til perioder
pa dagen eller aret, hvor dyrene er mindre folsomme for pavirkning fra stejen.



Vedvarende lavfrekvent stgj

Samlet set er fragtskibe den mest betydelige kilde til lavfrekvent undervands-
stgj, hvorfor sterst opmaerksomhed har veeret rettet mod negative effekter af
skibsstgj. Andre kilder kan dog vere af samme eller endog sterre lokal/regi-
onal betydning, i seerlig grad drift af offshore infrastruktur (olie- og gasplat-
forme og vedvarende energiinstallationer), samt private bade.

Feelles for disse kilder er at de er talrige, og i de fleste tilfeelde mobile, og ud-
sender stgj mere eller mindre kontinuerligt. Dette gor at afvaergeforanstalt-
ninger primeert begreenser sig til modifikationer af stgjkilden, og til restrikti-
oner i rum og tid, idet afskeermning i de fleste tilfeelde er af begreenset veerdi.
For skibes vedkommende kan den udstralede stgj reduceres ved at optimere
design, vedligehold og driftsmenstre af skrog, propeller og maskiner, men
ogsa simpelthen ved at seette farten ned. Dette gor, at en reekke muligheder
for regulering og forvaltning er til stede for betydningsfulde og/eller sarbare
omrader, idet pdvirkning fra stgjen kan nedbringes, ikke bare ved begreens-
ninger i rum og tid, men ogsa mindre indgribende tiltag, sdsom regionale/lo-
kale hastighedsgraenser, evt. i kombination med krav om overholdelse af seer-
lige standarder (klassificeringer) for stgjudsendelse.

Andre stgjkilder

De nuverende indikatorer for undervandsstegj i HELCOMSs overvagningspro-
gram og stojkriterierne i Havstrategidirektivet omfatter ikke alle stgjkilder,
der potentielt kan pavirke havmiljeet negativt. Der er derfor behov for fort-
satte underspgelser for at afdeekke udbredelsen af disse stgjkilder, og for at
kvantificere og forsta effekten pd marine organismer.

Blandt de mest udbredte menneskeskabte stgjkilder i havet er ekkolod og
kommerecielle sonarsystemer. De fleste af disse systemer er karakteriseret ved
en relativt lille pavirkning pa grund af moderate kildestyrker, og ofte meget
smalle, nedadrettede udstralingsmenstre. Den primzre arsag til bekymring
for pavirkning er derfor det store antal, den store udbredelse og det faktum
at de ofte er teendt konstant (lovkrav pa kommercielle skibe). Andre systemer,
herunder visse sonarsystemer, kan have kraftigere lydstraler, der er rettet
fremad eller til siden ift. skibets sejlretning og dermed har sterre potentiale
for pavirkning af omgivelserne.

Potentielle negative effekter af ekkolod mm. kan afveerges og begreenses pa
forskellig vis. Afheengigt af kravene til systemets anvendelse kan designet een-
dres, med eendrede signalegenskaber og dermed mindre potentiale for pa-
virkning af sarbare arter. Centralt er imidlertid ogsd maden udstyret anven-
des pa, hvor man vil kunne eéendre udsendingen af lyd adaptivt, atheengigt af
de gjeblikkelige forhold. Sddanne tilpasninger kunne veere i signalfrekvens,
kildestyrke, signalvarighed og repetitionsrate.

Garnpingere og seelskreemmere er beregnet til at holde havpattedyr veek fra
fiskeredskaber og havbrug. Dette kan imidlertid skabe ugnskede sideeffekter,
iform af uforholdsmaeessig stor forstyrrelse og fortreengning, ud over hvad der
kreeves for at opfylde det primeere formal med udstyret. Der er sdledes behov
for udvikling af svagere pingere, kun herbare i den umiddelbare naerhed af
garnet, hvilket vil reducere bade habitattab og stejforurening i det hele taget.
Seelskreemmere er meget kraftigere og kan forstyrre havpattedyr over store
afstande. Der er sdledes behov for malrettet regulering af deres brug, saledes
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at behovet for at holde seeler vaek fra fiskeriudstyr afbalanceres med den ugn-
skede fortreengning af dyr pa sterre afstand.

En sidste gruppe af lydkilder, der ikke har haft sterre opmaerksomhed, er ud-
styr til geoakustiske undersogelser af de overste lag i havbunden, ud over
udstyr med luftkanoner (der er inkluderet under impulsstejkilder ovenfor).
Sadanne systemer har potentiale for betydelig pavirkning lokalt omkring op-
malingen og undersggelser er derfor nedvendige for at kortleegge omfanget
af brugen af dette udstyr og méder at reducere pavirkningen pd, gennem tek-
nologiske zendringer og/eller aendringer i anvendelsen.



Summary

Since the first Baltic Sea Action Plan (BSAP) was adopted in 2007 and the pre-
sent updated action plan from 2021, underwater noise has entered as an
acknowledged pressure on the Baltic Sea marine environment. This creates an
urgent need for reviewing the major sources of underwater noise, their known
and likely impact on the marine environment and possible ways to mitigate
the impact.

Since the endorsement of the European Union Marine Strategy Framework
Directive (MSFD), this document has been the key framework defining regu-
lation of underwater noise in European waters, including the Baltic Sea. A key
element in the MSFD is the division of noise sources into two major categories:
impulsive noise and continuous noise. Numerous additional sources of un-
derwater noise are not covered by these two categories, which leads to a third,
‘Other’ category.

Impulsive noise

Sources of impulsive noise include pile driving, seismic surveys involving air-
guns, underwater explosions and low-frequency sonars and all of these
sources are known to cause negative effects in marine mammals and fish.
These effects range from disturbance and deterrence, to bodily injury and in
extreme cases even death and due to the widespread use of these impulsive
sources, mitigating measures are required.

Mitigation of impulsive noise follows the general three principles for reducing
impact: reduction in produced noise (source modification), reduction in radi-
ated noise (abatement) and reduction in received noise (restriction of activities
in sensitive areas and periods, deterrence from dangerous zones prior to im-
pact). The three methods are not mutually exclusive, but can be combined and
thereby increase the overall mitigation achieved.

Source modifications for impulsive noise is source specific and relies on re-
ducing overall radiated power to the minimally required level for accomplish-
ing the task; modifying equipment and procedures to reduce radiated noise
as a by-product of the primary activity (such as for pile driving, where the
noise serves no role in itself); and changing technology to quieter alternatives
(foundations not relying on pile driving for installations, destruction of explo-
sives (unexplored ordnance) with methods other than detonation).

Noise abatement for impulsive sources is largely restricted to sources where
the sound is not emitted for a purpose, such as pile driving and explosions.
Several types of efficient abatement techniques are available, involving air
bubble curtains or other types of absorptive materials used as a shield be-
tween the source and the receivers (the animals).

Extensive time-area planning is highly useful in reducing the overall impact
on populations of animals, by restricting activities (when possible) to areas of
lesser importance to the animals and/ or to times of the day or year, where the
animals are less sensitive to impact from noise.



Continuous low-frequency noise

The overall most important source of continuous low-frequency noise is com-
mercial vessels, which is why most attention has been directed at impact from
ships. Other sources can be of similar or even larger local/regional im-
portance, most importantly operation of offshore infrastructure (oil and gas
platforms, offshore renewables) and recreational boating.

Common for these sources are that they are numerous, in most cases mobile,
and more or less continuously emitting noise. These factors limit the mitiga-
tion measures primarily to source modification and time/area restrictions, as
abatement techniques in most cases are less feasible. For ships and boats the
radiated noise can be reduced by improving design, maintenance and opera-
tion of the hull, propellers and engines, but also simply by reducing speed.
This means that there are several tools available in management of im-
portant/sensitive areas, as the impact from noise can be reduced by not only
time/area exclusion, but also less restrictive measures such as regional /local
speed limits and/or requirements for vessels to abide by specific noise emis-
sion standards.

Other noise sources

The current indicators of the HELCOM monitoring program related to under-
water noise, as well as the criteria of the MSFD, do not cover all noise sources
that could potentially affect marine life detrimentally. There is thus a need for
continuous research into the extent of these noise sources (mapping the pres-
sure on the ecosystems) and understanding the effects of these noise sources
on the organisms (mapping the impact).

Some of the most ubiquitous sound sources present in our oceans today are
echosounders and other commercial shipboard sonar systems. Many of these
systems are characterised by a relatively small footprint, due to moderate
source levels and highly directional, downward-facing beams. The primary
concern for impact from such systems comes because of the sheer number of
systems installed and their continuous operation (required by law on com-
mercial vessels). Other systems, including various sonars, have more power-
ful beams that are directed forwards or sideways from the ship and thereby
have larger potential for impact.

Potential impact of sonars and echosounders can be mitigated in various
ways. Depending on the use of the instrument, the design can be changed,
with altered signal properties and thereby less potential for impact on marine
life. Central, however, is also adjustable operation modes, allowing adapta-
tion of the emissions to the circumstances. Such adaptations include changes
of signal frequency, source level, ping duration and ping rate.

Net pingers and seal scarers are devices used to deter odontocetes and seals
from fishing gear, aquaculture and construction installations. This creates un-
wanted side effects in the form of additional disturbance and displacement,
beyond what is required to meet the primary purpose of the device. Future
research should be focused on the development of low source level net ping-
ers that could be audible only within close range of the net; this would reduce
noise pollution as well as habitat loss. Seal scarers, on the other hand, are more
powerful and able to disturb marine mammals over great distances. Specific
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regulation for their use is likely required, to balance the needs for deterrence
with the unintended displacement at long range.

A last group of sound source that has received relatively little attention is
equipment other than airguns (as they are included under impulsive sources
above) for seismic exploration of the seabed (sub-bottom profilers and their
like). Such systems have potential for significant impact on a local scale and
research is required in order to map the potential impact from these devices
and ways to mitigate the impact, through technological developments and/or
modifications to the way they are operated.

11



1 HELCOM and underwater noise

Between the old Baltic Sea Action Plan (BSAP), adopted in 2007 and the up-
dated action plan from 2021, there has been a large development in respect to
monitoring, assessment and regulation of underwater noise. Underwater
noise was thus not recognized explicitly as a pressure factor in the BSAP2007,
but has been so subsequently as a consequence of implementation of the EU
Habitats directive (European Commission, 2008). Central in this implementa-
tion was the decision by the HELCOM Ministerial Meeting in 2013 to establish
a monitoring and assessment program for underwater noise and the commit-
ment by the 2018 Ministerial Meeting to develop and implement a Regional
Action Plan on underwater noise.

In brief, the status of implementation of these decisions are that two indicators
of underwater noise have been implemented as pre-CORE indicators in the
HELCOM monitoring program. These indicators have been developed to be
in accordance with recommendations from the EU Commission (2017) regard-
ing implementation of the MSFD criteria D11C1 (impulsive noise) and D11C2
(continuous, low-frequency noise). Details can be found in the HELCOM doc-
umentation for the monitoring programs (link).

Furthermore, the HELCOM Regional Action Plan for underwater noise was
adopted by HELCOM in 2021 (HELCOM, 2021b). The RAP lists and describes
35 actions to be implemented at the regional level, as well as 17 actions to be
implemented nationally. Additional actions directed towards reducing the
impact of underwater noise are included in the BSAP2021, as actions S55 to
S63 (HELCOM, 2021a).
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2 Actions directed at impulsive noise

Impulsive noise is poorly defined in the context of MSFD, but from guidance
documents from the EU expert group on underwater noise (TG-Noise) it is
clear that the primary sources are pile driving, seismic surveys involving air-
guns, underwater explosions and low-frequency sonars (Dekeling et al.,
2014). All of these sources are known to cause negative effects in marine mam-
mals and fish, ranging from disturbance and deterrence to bodily injury and
in extreme cases (such as explosions) even death. There is thus a need for tools
to regulate activities and methods for mitigating detrimental effects. In the
following, the four main sources of impulsive noise are discussed, in particu-
lar with respect to actions that can potentially reduce impact.

2.1 Pile driving

Pile driving of large steel monopiles in offshore waters has increased rapidly
in recent years due to the expanding development of offshore wind energy.
Already by 2019 there were more than 4500 grid-connected offshore wind tur-
bines across eleven countries, equivalent to a capacity of 18499 MW
(WindEurope, 2019). The large steel monopiles most commonly used as foun-
dation for the wind turbines are usually driven 20-30 m into the seabed with
hydraulic hammers, which generates very high amplitude impulsive sounds.
Source levels between 235 dBre 1 pPapp and 262 dB dBppre1 pPaat1 min 10
m water depth have been estimated (Nedwell et al.,, 2003; Tougaard et al.,
2009; Bellmann et al., 2020). Noise from pile driving can be detectable at dis-
tances of tens of km (Tougaard et al., 2009; Bailey et al., 2010; Tougaard et al.,
2012). The single pulses are between 50 and 100 ms in duration with approxi-
mately 35-65 strikes per minute (Kastelein et al., 2013). At close range (up to 2
km distance from the piling source), the noise is highly broadband. Peak
sound energy occurs between 100 Hz to 2 kHz, but a significant amount of
energy can be found also at higher frequencies, up to 100 kHz (Tougaard et
al., 2009; Bailey et al., 2010).

Several studies have looked at the effects of pile driving noise on harbour por-
poises. Harbour porpoise echolocation activity has been shown to decrease
significantly within 11-21 km from pile driving locations (Tougaard et al.,
2009; Brandt et al., 2011; Déhne et al., 2013). Dahne et al. (2013) also conducted
aerial surveys and reported strong harbour porpoise avoidance within 20 km
from pile driving activity. In studies on animals in captivity, it has also been
shown that pile driving noise can cause a decrease in foraging efficiency.
Kastelein et al. (2019) tested two captive harbour porpoises with a fish-catch-
ing task (i.e. retrieving dead fish from a net feeding cage) under quiet and
noisy acoustic conditions (sound exposure levels, SELs, between 125 and 143
dB re 1 pPaZ%s). Physiological responses have also been recorded in captive
harbour porpoises exposed to pile driving playbacks (46 strikes/min) at five
sound pressure levels (SPLs) (6 dB steps: 130-154 dB re 1 pPa). The respiration
rate increased in response to the pile driving sounds (Kastelein et al., 2013;
Kastelein et al., 2022). At the highest sound pressure levels, startle-like re-
sponse were also seen, with animal jumping out of the water more often than
without sound present.

Harbour seals seem to present similar avoidance behaviours when exposed to
pile driving noise. Using telemetry data, Russell et al. (2016) measured a 19-
13



85% significant decrease in seal abundance within 25 km of the centre of the
wind farm. This displacement started at predicted received levels between 166
and 178 dB re 1 pPay, and was limited to the piling activity; within 2 h of
cessation of pile driving, seals were distributed as per the non-piling scenario.
Similar results have been found in grey seals (Aarts et al., 2017). Edrén et al.
(2010) furthermore reported that during pile driving activity, a significant
short-term decrease in the number of seals present at a haul-out site 4 km
away from the wind farm location.

Effects of pile driving on fish physiology and behaviour have also been docu-
mented. Hybrid striped bass (Morone spp.) and Mozambique Tilapia (Oreo-
chromis spp.) exposed to 960 pile driving strikes at one of three treatment lev-
els (cumulative SEL: 216, 213, or 210 dB re 1 pPa?s) showed significant ba-
rotraumas including swim bladder ruptures, herniations, and hematomas to
several organs (Casper et al., 2013). Damages to inner ear hair cells occurred
only at the higher SEL (and not at the lower ones) for the hybrid striped bass,
but only occasionally for the Tilapia. The authors suggest that pile driving
sounds, at the levels tested in this study, may have a more significant effect
on the swim bladders and surrounding organs than on the inner ears of fishes.
Similar swim bladder injuries were also reported for lake sturgeon (Acipenser
fulvescens), Nile tilapia (Oreochromis niloticus) (Halvorsen et al., 2012a) and
Chinook salmon (Oncorhynchus tshawytscha) (Halvorsen et al., 2012b).

Pile driving noise at lower amplitudes triggers behavioural responses in fish.
For example, group cohesion and directional correlation among juvenile sea-
bass (Dicentrarchus labrax) individuals have been shown to be negatively im-
pacted by pile driving noise (Herbert-Read et al., 2017). In another study, sea-
bass exposed to pile driving playbacks showed also startle responses (SPL 164
dB re 1 pPao.p), higher stress levels (increased ventilation rates) and disrupted
anti-predator behaviours (mean peak sound pressure was 152 + 3.5 dB re 1
PParms) (Spiga et al., 2017). Startle responses as well as body pattern changes,
inking and jetting were observed when exposing individual squids (Do-
ryteuthis pealeii) to pile driving recordings (Jones et al., 2020). An experiment
conducted in the wild revealed that in schools of sprat (Sprattus sprattus) and
mackerel (Scomber scombrus) behavioural responses increased with increased
sound levels. These responses included increased dispersion (sprat) and
changes in depth (mackerel). The sound pressure levels to which the fish
schools responded on 50% of presentations were 163.2 and 163.3 dB re 1 pPayy,
and the single strike sound exposure levels were 135.0 and 142.0 dB re 1 pPaZs,
for sprat and mackerel, respectively (Hawkins et al., 2014).

2.1.1 Mitigation

Several countries in Europe have introduced legal restrictions for underwater
noise to protect marine wildlife and therefore there is an increasing need to
mitigate various forms of underwater noise. For example, in German waters
a mandatory threshold of 160 dB (SEL, single pulse) and 190 dB (peak-to-
peak) at a distance of 750 m during pile driving has been established in 2008
for the protection of marine mammals (German Federal Ministry for the
Environment and Nuclear Safety, 2013; Koschinski and Liidemann, 2020). In
other countries, such as Denmark, there is no fixed exposure limits, but expo-
sure to individual marine mammals during pile driving of a single monopile
are not allowed to exceed the levels associated with an increased risk of noise-
induced permanent hearing loss (Danish Energy Agency, 2022). The exposure
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Figure 2.1. Graph taken from
(Bellmann et al., 2014) with an
example of the 1/3 octave spec-
tra of the median sound exposure
level (SEL) with and without a Big
Bubble Curtain (BBC) in different
system configuration (used sup-
plied air volume) measured at a
distance of 750 m from the pile.

is to be quantified as auditory frequency weighted and cumulated sound ex-
posure level, compared to the PTS-onset thresholds provided by (Southall et
al,, 2019). Today the implementation of technical noise mitigation systems is
a standard requirement at offshore construction sites in many countries, being
considered Best Available Technology (BAT). Several technical noise mitiga-
tion systems listed below have the potential to reduce noise emissions during
impact pile driving of offshore wind turbine foundations. Several of these sys-
tems have the potential to be used in combination, thus increasing the overall
noise mitigation performance.

2.1.2 Bubble curtains

Despite several available solutions, the air-bubble curtain is usually preferred
due to the simplicity in its application in an offshore setting and the efficacy
in the noise reduction (Tsouvalas and Metrikine, 2016). A curtain of air bub-
bles around the pile driving activity has been shown to reduce the noise out-
side of the immediate area of construction. The first to test bubble curtains in
pile driving construction were Wiirsig et al. (2000), they recorded a 3-5 dB
noise reduction, predominantly in the 400 to 6400 Hz band, when bubble cur-
tains were active. This mitigation measure has been tested widely, Bellmann
(2014) reported the testing of more than 20 different system configurations of
(single and double) air-bubble curtains systems across more than 600 founda-
tion installations in nine different offshore wind farms.
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Based on this data, Bellmann (2014) reported that piling noise SEL could be
reduced by 10-18 dB, depending on the diameter of the pile and the bubble
curtain configuration. Similar results were also obtained in 2007 during a
Ferry Terminal pile driving construction in which average sound reductions
achieved with the bubble curtains ranged from 3 to 11 dB (Sexton, 2007). A
more recent publication reported SEL reductions up to 15 dB (depth 25 m) for
single bubble curtains and up for 18 dB (depth 40 m) for double bubble cur-
tains (Koschinski and Liidemann, 2020). See also Bellmann et al. (2020) for
most recently updated measurements. Theoretical models have been devel-
oped to select the most effective bubble curtain setup based on the diameter
of the piles, the acoustic characteristics of the piling noise emitted and the vol-
ume of air available to produce the curtain (Tsouvalas and Metrikine, 2016).
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2.1.3 Hydro Sound Dampers (HSD)

The Hydro Sound Damper (HSD) is a versatile method to reduce noise levels
during offshore pile driving. HSD systems use fishing nets around the pile,
the net is equipped with gas filled elastic balloons and special PE-foam ele-
ments with high dissipative effects to reduce continuous and impact noise.
The advantage of this method, compared to air-bubble curtains, is that it is
independent of external air supply, it is not influenced by tidal currents, it is
less expensive and, in general, easily adaptable to different pile deployments.
HSD have been successfully applied on more than 340 piles in various com-
mercial offshore wind farms at water depths up to 45 m and with pile diame-
ters up to 8 m with a very low rate of malfunctions (<1%; Koschinski and
Liudemann, 2020). Results suggest that piling noise can be effectively de-
creased by 10 - 20 dB in the 100 - 1000 Hz band (Kuhn et al., 2012; Bruns et
al., 2014), even at great depth (SEL reduction 10 - 13 dB, at 40-60 m water
depth; Elmer, 2018). HSD can also be used in combination with air-bubble
curtains, reaching an even higher reduction in SEL, between 19 and 24 dB,
with a pile diameter of 7.8 m and at a water depth of 40 m (Elmer, 2018).

2.1.4 Isolation Casings

An isolation casing is a shell-in-shell system around the pile that help reduce
radiated noise. Piles are inserted from the top into an Integrated Monopile
Installer, that features an acoustically decoupled double wall with an air-filled
interspace and a bubble curtain inside the casing which reduces coupling of
sound pressure waves to the steel shells by absorption, scattering and dissi-
pation effects (Koschinski and Liidemann, 2020). Until now, this system has
been applied in over 450 pile installations for pile diameters up to 8 m. It can
be completely integrated into the installation process keeping installation
time short. Isolation casings can be employed at water depths up to 45 m. By
combining several principles of noise reduction in various layers around the
pile, isolation casings are capable of a high noise reduction comparable to or
exceeding that of a bubble curtain. The noise reduction measured in various
commercial offshore wind farms projects was in the range of 13 to 16 dB (SEL)
even at a water depth of up to 40 m. At frequencies higher than 500 Hz, the
isolation casings can achieve noise reductions up to 40 dB (Koschinski and
Liiddemann, 2020).

2.1.5 Cofferdams

A cofferdam is a steel tube surrounding the pile from the seabed to the sur-
face. In practice, the cofferdam isolates the pile vibrations from water by
means of a cylindrical air gap and thus it effectively reduces sound energy
propagation. During 2011 and 2012, full scale prototype monopiles have been
installed using cofferdams in Aarhus Bight (pile length 36 m, pile diameter
2.13 m, cofferdam diameter 2.5 m, water depth 15 m; McKenzie Maxon, 2012).
The measurements collected during this prototypes” deployment confirmed
that this mitigation methods can significantly reduce piling noise propagation
(SEL reduction up to 23 dB). However, in a concurrent test deployment, the
seal between the cofferdams air gap and the external water failed resulting in
a reduced mitigation performance (SEL 13 dB). This potential weakness of
cofferdams decreased the industry’s confidence in this otherwise very prom-
ising method; Koschinski and Liidemann (2020) report no cofferdams cur-
rently deployed in offshore wind farm constructions.
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2.1.6 BLUE piling

The BLUE piling method uses the principle of pulse prolongation. The BLUE
25M hammer uses a large water column to generate the driving force. Sea-
water inside a steel tube closed at the bottom is pushed upwards and allowed
to fall on the pile resulting in the pulse that drives the pile in the ground. This
cycle is repeated until the pile reaches its desired depth. Using this piling
method, the pulse duration can be increased by a factor of 20 compared to a
hydraulic hammer. When the impact energy is distributed over a longer pe-
riod, the maximum impact force and thus the amplitude of the lateral exten-
sion of the pile is reduced (Koschinski and Liidemann, 2020). The bandwidth
of the noise emitted during BLUE piling is lower than for percussive piling
because the oscillation period of compression waves in the pile is prolonged.
The reduced propagation velocity of the lateral extension directly decreases
the sound emission. Several nearshore and offshore tests with various ham-
mer sizes have been conducted. In a recent test in 2018, the BLUE 25M ham-
mer prototype could be tested: the blows were about 100 ms long (compared
to about 8 ms of a hydraulic hammer) using a pile with a 6.5 m diameter. Noise
reduction in third octave level bands between 100 Hz and 4 kHz were 24 dB
(SEL) lower compared to a reference pile driven conventionally in the same
waters. For broadband values (10 Hz-20 kHz) the SEL reduction was 19-24 dB
(Koschinski and Liudemann, 2020).

2.1.7 Vibropiling

Vibropiling is a technique using flexural oscillations that reduce cohesion in
the pile-soil boundary enabling an easier penetration into a sandy seabed. The
main energy is radiated at lower frequencies compared to impact piling. In
various offshore wind farm constructions, the technique has been applied in
combination with impact piling. Vibropiling can be significantly faster and
noise levels are reduced compared to impact piling. The frequency spectrum
shows strongest noise emissions at the frequency of 17 to 18 Hz and its har-
monics. Noise emissions from vibropiling are in the order of 10 to 20 dB
(Leg30s) below mitigated impact pile driving at identical monopiles
(Koschinski and Liidemann, 2020). Depending on conservation objectives, a
combination of vibropiling and impact piling may contribute to overall reduc-
tions in the noise budget as the installation is quicker and fewer strikes are
needed for subsequent impact piling. Combined with impact piling, vibropil-
ing has been proven effective in various offshore wind farm construction. Vi-
bropiling is reliable, it has short installation time, lower energy demands and
material savings. Therefore, foundation piles exclusively driven with vibro
hammers can be a more cost-effective method which generates lower noise
levels compared to impact piling (Koschinski and Liidemann, 2020). How-
ever, it must be considered that vibropiling produces continuous noise, and
therefore the potential acoustic impact on marine animals, compared to im-
pulsive noise, might need to be reassessed.

2.1.8 Alternative low-noise foundation methods

Hard substrates cannot be penetrated by impact piling and therefore alterna-
tive low-noise foundation methods must be used to install the piles. One
method is vertical drilling, which generates continuous noise, generally with
lower levels that impact piling (estimated SEL of 117 dB at 750 m).
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Noise emission from other methods such as gravity base foundations, suction
bucket jacket (SBJ), and mono bucket foundation, are either equivalent or
lower than ambient noise. The noise emission pertaining to these methods are
usually limited to the noise from the ships linked to construction and suction
pumps used in different ways, depending on the foundation construction
method (Koschinski and Liidemann, 2020).

2.2 Military sonars

Naval mid-frequency active sonar (MFAS) was developed in the 1950s to de-
tect submarines, using frequencies of 8 KHz or higher (D'Amico et al., 2009).
Following this initial development, MFAS operational frequencies were
shifted to lower frequency ranges of 4.5-5.5 kHz. This change in frequency
coincided with a significant increase in mass stranding events of beaked
whales, which were extremely rare prior to the 1960s (only 15 cases reported;
Bernaldo de Quiros et al., 2019). Between 1960 and 2004, 121 anomalous mass
stranding events were reported; of these, half involved Cuvier’s beaked
whales and 37 were either strongly correlated in time and space with naval
activities, or occurred in naval training areas where US Navy and/or NATO
fleets were stationed and operated (D'Amico et al., 2009; Bernaldo de Quiros
et al., 2019). Necropsies performed on 10 of the 14 beaked whales stranded in
the Canary Islands in 2002 during a NATO naval exercise (with MFAS) re-
vealed disseminated microvascular haemorrhages associated with wide-
spread gas and fat emboli within blood vessels and vital organs, consistent
with decompression-like sickness (Jepson et al., 2003; Fernandez et al., 2005).
Experiments that followed these results highlighted also behavioural re-
sponses by beaked whales to simulated and actual mid-frequency sonars. The
beaked whales exposed to three sound playbacks at sound pressure levels be-
low 142 dB re 1 pPa stopped echolocating and performed unusually long and
slow ascents from their foraging dive (Tyack et al., 2011). During an actual
sonar exercise, whales avoided the area of sonar transmission, moving up to
16 km away and returning over 2-3 days only when the sonar exercises ended
(Tyack et al., 2011). These types of results were critical because they demon-
strated disruption of foraging behaviour and avoidance at exposure levels
well below those used by regulators to define disturbance (Tyack et al., 2011;
DeRuiter et al., 2013). More recent studies have suggested impacts on local
populations of beaked whales from repeated exposure to naval exercises. For
example, the population inhabiting the area of the US Navy AUTEC naval
range in the Bahamas had lower abundance and recruitment success (calf to
female ratio) than other off-range Bahamian populations (Claridge, 2013). In
California, Navy activities were suggested as one of the potential causes
(along with ecosystem change) of the steep decline in beaked whale popula-
tions in the California Current system (Moore and Barlow, 2013).

While beaked whales received much of the research efforts due to their clear
sensitivity to naval sonars, a growing body of work reports the evidence of
the effects of sonars also on other species of marine mammals and fish. For
example, a young male beluga whale (Delphinapterus leucas) exposed to mid-
frequency sound (19-27 kHz; 140-160 dB re 1 uPa) exhibited significantly in-
creased heart and respiration rate, with the heart rate increasing with the in-
tensity of the sound level (Lyamin et al., 2015). Tagged blue whales (Balaenop-
tera musculus) showed disruption of feeding activity, avoidance and increased
swim speed when exposed to a mid-frequency sonar’s received levels of 140
dB re 1 pPa (Goldbogen et al., 2013). Sivle et al. (2015) reported that minke
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whales (Balenopterus acutorostrata) exhibited high speed avoidance when ex-
posed to 1-2 kHz sonar signals, with avoidance starting at sound pressure
levels of 130 and 146 dB re 1 pPa. Furthermore, minke whales have been re-
ported stranding during several military sonar-related beaked whale mass
stranding events (Parsons et al., 2008). Finally, other than beaked whales, sev-
eral other species have been reported stranding in coincidence with naval ex-
ercises: dwarf sperm whales (Kogia sima); pygmy sperm whales (K. breviceps);
short-finned pilot whales (Globicephala macrorhynchus); long-finned pilot
whales (G. melas); pygmy killer whales (Feresa attenuata); and several dolphin
species (Stenella attenuata and S. coeruleoalba) (Parsons, 2017). Bottlenose dol-
phins (Tursiops truncatus) exposed to increasing levels of mid-frequency so-
nars playbacks showed increasing behavioural disruption, all dolphins within
the experiment abandoned trained behaviours at exposures of 185 dB re 1 pPa
(Houser et al., 2013b).

Harbour porpoises (Phocoena phocoena) may be sensitive to naval activities too.
In 2005, 85 harbour porpoises stranded along approximately 100 km of Dan-
ish coastline within a week (Wright et al., 2013). The ultimate cause of death
for most individuals was bycatch; however, the bycatch coincided with the
presence of military vessels aggregating in the area for the largest NATO na-
val exercise in Danish waters to date. Although sonar usage could not be con-
firmed in the days leading up to the incident, the timing is noteworthy
(Wright et al., 2013). Temporal threshold shifts (TTS) caused by low and mid
frequency sonar playbacks have been investigated extensively in harbour por-
poise (e.g. Kastelein et al., 2014; Kastelein et al., 2015a). TTS is commonly used
to extrapolate the exposure levels required to inflict minimal permanent in-
jury to the hearing organs (PTS), used as a precautionary criterion for injury
(Southall et al., 2007; Southall et al., 2019). See (Tougaard et al., 2022) for a
recent review.

Dose-response experiments carried out with California sea lions (Zalophus cal-
ifornianus) also showed behavioural responses to the exposure of a simulated
military mid-frequency sonar (3.25 - 3.45 KHz). The severity of the behav-
ioural response increased directly with sound pressure level, which ranged
from 125 to 185 dB re: 1 pPa (rms) (Houser et al., 2013a). In another experiment
in captivity, hooded seals (Cystophora cristata) responded to a 10% duty cycle
exposure with avoidance to signals above 160 to 170 dB re 1 pPa (rms) re-
ceived levels. The responses included reduced diving activity, commence-
ment of rapid exploratory swimming at surface, and eventually displacement
to areas of least sound pressure level. Heart rate increased at the surface indi-
cating emotional activation during sonar exposure; however, during diving
the effect of sonar exposure on the heart rate was absent (Kvadsheim et al.,
2010). In a similar experiment, with a smaller enclosure, two harbour seals
(Phoca vitulina) displayed a range of behavioural responses when exposed to
25 KHz sonar signals. These ranged from no reaction to increased time spent
at the water surface, numbers of jumps, hauling out, and increased swimming
speed. Results suggested that frequency modulated sonar signals with SPL
above 125 dB re 1 pPa were the main cause of significant behavioural re-
sponses (Kastelein et al., 2015b).

Effects of mid-frequency naval sonar on fish have been investigated in a few
studies. Rainbow trout exposed in two different studies with low (170 - 320
Hz) and mid-frequency (2.8 - 3.8 kHz) sonars (signal levels: 193 - 210 dBre 1
pPa RMS (Kane et al., 2010); 220 dB re 1 pPa? s (SELcum) (Halvorsen et al.,
2012c) showed no exposure-related pathologies concerning the inner ear as
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well as no impacts on the animals hearing sensitivity. In contrast, Halvorsen
et al. (2012c) reported that a test group of channel catfish (Ictalurus punctatus)
showed a statistically significant TTS of 4-6 dB at 2300 Hz, but not at lower
tested frequencies, whereas a second test group showed no change. Similar
results were reported also by Halvorsen et al. (2013) who recorded no effects
of low-frequency naval sonar exposure for largemouth bass (Micropterus
salmoides) and yellow perch (Perca flavescens) and small hearing threshold
shifts (4 dB at 800 Hz and 5 dB at 1600 Hz) up to 24 h after acoustic exposure
for channel catfish. The lack of response to both low (1-2 kHz) and mid-fre-
quency (6-7 kHz) naval sonar was also reported in a study conducted in the
wild off Northern Norway on schools of Atlantic herring (Clupea harengus).
The fish schools neither significantly dived nor changed their packing density
in response to low and mid-frequency sonar transmissions received by the
fish at estimated sound pressure levels (SPLs; RMS) up to 176 and 157 dBre 1
pPa and estimated cumulative sound exposure levels up to 181 and 162 dB re
1 pPa? s, respectively (Sivle et al., 2012).

There are three main standard methods to mitigate the potential impacts of
naval sonar sound on marine mammals: avoidance of sensitive areas, imple-
mentation of operational procedures and maintenance of ‘exclusion zones’
around the sound source through animal monitoring (Dolman et al., 2009). In
general, navies self-regulate and deploy their own mitigation strategies; for
more details on how each country implement its own mitigation strategies
during naval exercises (Dolman et al., 2009).

2.2.1 Avoidance of sensitive areas

Most naval mitigation guidelines loosely define sensitive areas as breeding,
feeding or migration habitat for marine mammals; in addition, some specific
measures for beaked whales are usually considered. For example, the waters
around the Canary Islands are known to be a favourable habitat for beaked
whales, thus a 50 nm exclusion zone is clearly defined and implemented
around the Canary Island for Spanish navy vessels (Aguilar and Martin,
2007). Italy and NATO guidelines suggest avoidance of complex seabed to-
pography (canyon, mounts) that beaked whales are likely to inhabit. Further-
more, the Italian Navy imposes a ‘buffer’ zone of 5 km to keep sonar use out-
side relevant areas such as whale sanctuaries (Dolman et al., 2009). Another
example is the USN National Defence Exemption (NDE), which specifies con-
ditions of heightened risk for beaked whales for mid-frequency active sonar
exercises taking place in established ranges. These conditions include rapid
bathymetry changes, the use of multiple ships or submarines over extended
periods, the presence of channels and bays, and the occurrence of significant
surface ducts. It is questionable how many areas would actually meet these
narrowly defined criteria, as well as the fact that if these conditions are pre-
sent, the guidelines suggest only increased vigilance if the military test could
not be avoided (Dolman et al., 2009). An interesting tool developed by the
Norwegian Defence Research Establishment (FFI) for the Norwegian Navy to
aid the planning and operation of sonar exercises is SONATE (Nordlund and
Kvadsheim, 2015). SONATE combines cartographic information on historical
and current species distribution, fishing activity and fish farms with the
guidelines that define the actions to mitigate environmental impact.

Environmental impact assessments/statements (EIAs/EIS) are often a legis-
lative requirement to plan and execute naval exercises that involve active so-
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nars. Even if challenging, EIAs and EIS are instrumental in assessing the cu-
mulative impacts of exercises in particular areas of frequent sonar occurrence.
As an example of the ongoing and regular use of a maritime exercise area
without (at least until 2009) EIAs and EIS is brought up by Dolman et al.
(2009). The Joint Maritime Course (JMC) military training exercise was con-
ducted three times a year in coastal and deep waters to the North and West of
Scotland between 1946 and 2006. Military jets, submarines, warships (includ-
ing minesweepers and sub-hunters), landing craft, power boats and sono-
buoys were utilised during these exercises. The authors suggest that an EIA
would be beneficial to understand if over a 60 year time period the presence
and combination of these activities could have negative impacts on the rich
marine fauna of the West coast of Scotland (Dolman et al., 2009).

2.2.2 Implementation of operational procedures

One of the main mitigation measures that is often used during naval exercises
that involve active sonars is a ramp-up or soft-start procedure. During a ramp-
up procedure, the source level of the sonar is increased gradually at the start
of the operation. The rationale is that this gradual increase in source levels
would give animals in vicinity of the source the opportunity to move away
and therefore minimise the negative effects of a sonar source at full power.
Several navies have employed ramp-up procedures in an attempt to mitigate
the known effects of military sonars on marine mammal hearing and behav-
iour. Although the ramp-up procedure is widely adopted, only a few studies
have looked at its effectiveness. For example, an experimental study on
humpback whales conducted in northern Norway suggested that although in
a few instances sonar ramp-up decreased the SPLma.x and the SELcum of the
signals the whales were exposed to, the overall results indicated that the
ramp-up had limited mitigative effects (Wensveen et al., 2017). The authors
recorded changes in heading (interpreted as avoidance manoeuvres) in only
50% of the whales exposed to the sonars; therefore, they suggest that ramp-
up procedures could be more effective for species more responsive to sonar
noise. A similar point was raised in another study (Von Benda-Beckmann et
al., 2014) in which the authors modelled the effectiveness of ramp-up simu-
lating the level of sound killer whales (Orcinus orca) would be exposed to from
a generic sonar operation. The results indicated again that the presence of
ramp-up procedures could reduce the risk of killer whales receiving sound of
sufficient intensity to cause harm to their hearing. However, the effectiveness
of the ramp-up procedure was strongly dependent on the assumed response
threshold, the behavioural context, and varied based on ramp-up duration -
although beyond 5 min the predicted mitigating effect did not change signif-
icantly. Other factors that limited the effectiveness of this mitigation proce-
dure included high source level, rapid moving sonar source, and long periods
of silence between sonar transmissions (Von Benda-Beckmann et al., 2014).

2.2.3 Exclusion zones

Exclusion zone procedures are various operational responses to the presence
of marine mammals within a pre-determined radius of the sound source. The
implementation of real-time mitigation is dependent on the detection of ani-
mals within the exclusion zone using visual and/or acoustic methods. Visual
monitoring is the primary method of animal detection across all navies. It is
obviously dependent on environmental factors such as weather condition or
darkness but also the number of marine mammal observers (MMOs), their
experience, the regularity of their breaks, their objectivity (crew member or
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independent third party) and their level of training (Weir and Dolman, 2007).
In some regions of the US, aerial surveys are required before, during and after
the naval exercises to complement visual monitoring from vessels. Most na-
vies acknowledge also the efficacy of real-time passive acoustic monitoring
(PAM) for enhancing detection probability for marine mammals (Dolman et
al., 2009). However, despite use of both visual and auditory information in
real-time monitoring, the detection success (percent of animals actually pre-
sent that are detected) can be very low, especially during poor weather and
for deep-diving and/or otherwise inconspicuous species, such as beaked
whales and porpoises.

The exclusion zone (or ‘safety zone’) is usually defined as the radius sur-
rounding the sonar source within which real-time mitigation measures are
implemented if animals are detected. Exclusion zones vary considerably from
navy to navy and can be larger for naval sonar than for seismic surveying,
where a 500 m exclusion zone is standard (Dolman et al., 2009). For example,
while the Canadian Navy designates an exclusion zone of 1.85 km for baleen
whales (and 1 km for all other marine mammals), the Italian Navy indicates
1.5 km for all marine mammals indistinctively. The Royal Australian Navy
has the largest designated exclusion zone (3.66 km) while the French Navy,
while operating an exclusion zone, does not specify a distance (Dolman et al.,
2009). As a general rule, whenever animals are sighted within the exclusion
zones the sonar is either power down or shut down, depending on the dis-
tance to the vessel.

As of 2009, Dolman et al. (2009) underlined how it was not clear under what
circumstances the naval mitigation measures were a requirement under envi-
ronmental legislation in each region. Mitigation procedures seem to be de-
signed and implemented on an entirely self-regulatory basis by the regional
navies. Furthermore, the guidelines are frequently punctuated by clauses
such as ‘whenever practicable” ensuring a lack of accountability in the case
that the suggested mitigation procedures are not deployed. In addition, some
of the guidelines are selective to naval activities occurring in national waters
only, without taking into consideration the vast majority of the world’s oceans
which are still open to naval activities without any marine mammal mitiga-
tion measures in place (Dolman et al., 2009).

2.3 Seismic Airguns

Airguns towed behind seismic survey vessels used for seabed mapping and
hydrocarbon exploration, and produce impulsive, high intensity sounds.
Sound source levels of 248-255 dB re 1 uPa,.p are typical of large-scale seismic
arrays (Kavanagh et al., 2019). Most of the energy produced by airguns is con-
centrated below 200 Hz, although there is considerable amounts of energy
above ambient noise also at higher frequencies (Greene Jr. and Richardson,
1988; Harwood and Wilson, 2001; Hermannsen et al., 2015b; Kyhn et al., 2019).
Due to their low frequency spectrum, airgun sounds can travel over large dis-
tances. In a study conducted in the Atlantic Ocean, airgun sounds could be
recorded almost 4000 km from the survey vessel, and at some locations airgun
sounds could be recorded more than 80% days/month for more than 12 con-
secutive months (Nieukirk et al., 2012).

Recently, to address the need for coordinated monitoring and assessment of
impulsive noise in the Northeast Atlantic, OSPAR (the Regional Seas Conven-
tion for the Northeast Atlantic) commissioned the International Council for
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Figure 2.2. Graph taken from
Merchant et al. (2020) represent-
ing the Overall Pulse Block Day
(PBD) by source type for the en-
tire OSPAR Maritime Area during
2015-2017. See Merchant et al.

(2020) for details on the methods.

the Exploration of the Sea (ICES) to develop and maintain the OSPAR impul-
sive noise register (link) in 2015, later also joined by HELCOM. The results of
this international effort are effective in showing how dominant and ubiqui-
tous seismic airgun activity is compared to other impulsive noise activities
such as sonars, pile driving and explosions, see Figure 2.2 (Merchant et al.,
2020).
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A recent study that modelled over 8000 hours of cetacean survey data across
a large marine ecosystem found a significant effect of seismic activity across
multiple marine mammal species and habitats. Baleen and toothed whale
sightings decreased during active seismic surveys by 88% (82-92%) and 53 %
(41-63%) respectively, compared to control surveys (Kavanagh et al., 2019).
Several studies have confirmed the conclusions of Kavanagh et al. (2019) by
providing further evidence of behavioural disruption and spatial avoidance
caused by airgun noise exposure, especially in baleen whale species which are
presumed to overlap in their hearing with the low frequency bands of airgun
noise (Gordon et al., 2003; Di Iorio and Clark, 2010; Castellote et al., 2012;
Cerchio et al., 2014; Blackwell et al., 2015; Dunlop et al., 2017).

Odontocetes show avoidance responses to seismic airguns too. For example,
harbour porpoises in the North Sea have been monitored acoustically during
a seismic survey conducted between July and November 2016. The results
showed a decrease in echolocation signals up to 8-12 km from the active air-
guns; the authors suggest that this might indicate temporary displacement of
porpoises or a change in porpoise echolocation behaviour (Sarnociriska et al.,
2020). Similar results, but at a much higher spatial scale have been described
by van Beest et al. (2018) after exposing tagged harbour porpoises to airgun
pulses at ranges of 420-690 m with noise level estimates of 135-147 dB re 1
uPa?s (SEL). Three of the five individuals tagged displayed either rapid and
directed movements away from the airgun location, or disruption of baseline
diving behaviour. Complete recovery to natural behaviour occurred after 24h.
Temporary displacement of harbour porpoises caused by a seismic survey has
been documented also by Thompson et al. (2013) who measured group re-
sponses over ranges of 5-10 km at SEL of 145-151 dB re 1 pPaZs.

Although seals seem to be less sensitive to airgun noise, behavioural disrup-
tions have been recoded. For example, grey seals showed avoidance and
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switched from foraging to transiting behaviour and increased hauling out af-
ter being exposed to a single airgun or small airgun array. Harbour seals ex-
hibited a more dramatic avoidance behaviour, they stop feeding and showed
a heart rate decrease (Thompson et al., 1998). A visual survey conducted
onboard a seismic vessel off Northern Alaska measured similar seal sighting
rates between active and inactive airguns (Harris et al., 2001). However, seals
tended to be significantly farther away during full-array seismic activity. Par-
tial avoidance was recorded within 150 m of the seismic vessel, but animals
seemed to not move further than 250 m.

Behavioural disruption and avoidance also characterise the response of fish
and squid to airgun noise. Captive marine fish and squid exposed to noise
levels between 120 and 184 dB re 1 pPa?s (SEL) responded by moving to the
bottom of the water column and swimming faster in more tightly cohesive
groups as the noise levels increased. Airgun noise levels exceeding 147-151
dB re 1 pPa SEL significantly increased the occurrence of alarm responses in
both fish and squid (Fewtrell and McCauley, 2012). In another study, video
recordings of fish abundance on a reef revealed that during a seismic survey
7.9 km away, reef-fish abundance declined by 78% in the evening hours when
fish habitat use was highest on the previous three days without seismic noise
(Paxton et al., 2017). Fish behavioural disruption and avoidance can lead also
to reduced catch in fishery. In a study that looked at the effects of seismic
surveys on fish abundance, fishing success has been shown to be reduced for
at least 5 days after the airgun activity terminated, up to a distance of 33 km
from the survey track (Hirst and Rodhouse, 2000). Slabbekoorn et al. (2019)
highlighted also that the impact of seismic surveys on fishing catch rates can
both be positive or negative depending on the type of fisheries: catch rates can
go up for gill nets, which depend on swimming activity, or can go down for
longlines, which depend on active foraging. The comprehensive literature re-
view produced by Slabbekoorn et al. (2019) is also important because it un-
derlines current knowledge gaps and the need to investigate more behav-
ioural changes for free-ranging fish caused by seismic surveys, and how these
changes affect energy budgets and feeding/mating performances. Further-
more, the authors provide a conceptual framework for upscaling individual
impacts to the population, community and ecosystem level through experi-
mental and theoretical approaches.

To reduce the risk of potential impacts, licensees involved in offshore seismic
surveys are often required to carry out an Environmental Impact Assessment
(EIA), to plan accordingly their operations and to monitor during the survey
the presence of marine mammals and other potentially sensitive species, so
that mitigation actions can be taken. The purpose of the EIAs is to describe the
activity, outline the regulatory framework and requirements, identify the en-
vironmental aspects, assess the single and cumulative environmental impacts,
provide a plan to mitigate the identified risks, and finally assess if the residual
risk is acceptable (Broker, 2019). Some of the aspects that should be taken into
consideration during planning stage are to use the lowest practicable power
levels to achieve the geophysical objectives of the survey, seek methods to
reduce unnecessary high frequency noise produced by the airguns. Further-
more, available animal distribution data should be obtained, such that the ma-
rine mammal/fish species likely to be present during the survey are known,
allowing the survey to be planned to avoid periods of high animal density
(Kyhn et al., 2011a; JNCC, 2017). Finally, possible cumulative effects caused
by other seismic operations in nearby licensing areas should be considered
(Kyhn et al., 2011b).
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Figure 2.3. Image taken from
Broker (2019) outlining the con-
centric regions around the sound
source that correspond to the dif-
ferent severity levels of impact.

During the survey the potential impacts of airguns sounds on marine mam-
mals are categorised by decreasing severity: mortality, injury, PTS/TTS, be-
havioural disturbance and communication masking. With decreasing re-
ceived sound levels and impact severity, the concentric regions around the
sound source increase in surface area (see Figure 2.3). However, the sound
propagation properties of water means that the ranges at which masking and
behavioural responses are likely to occur are often orders of magnitudes
larger than the ranges where TTS and PTS is likely to occur (Tyack and
Thomas, 2019).

Permanent Threshold Shift X
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--------------------------------------- (<10-100’s of meters),
higher severity
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Behavioral responses
77777777777777777777777777777777777777777777777777 Larger spatial scale (up
Masking to 10’s of kilometers),
7777777777777777777777777777777777777777777777777777 V lower severity

The efficacy of visual monitoring by Marine Mammal Observers (MMOs) is
dependent on daylight hours, good weather conditions and animal behav-
iour. Current guidelines prescribe also the use of passive acoustic monitoring
(PAM) to overcome the limitations of visual observation (Kyhn et al., 2011b;
JNCC, 2017). PAM detects an animal's vocalisations using hydrophones, mon-
itored by human observers and/or using acoustic analysis software, such as
PAMGuard software (www.pamguard.org; Gillespie et al., 2008), to detect,
classify and localise marine mammal vocalisations in real-time. Additional
promising approaches that could potentially enhance the detection of marine
mammals in low visibility conditions include active acoustic monitoring (so-
nar), thermal imaging (thermal IR) and radar. See Verfuss et al. (2018) for eval-
uation of the currently available monitoring systems for seismic surveys. They
conclude, that as there is no single monitoring system that can provide high
detection probability over a wide range of species and environmental condi-
tions, the combination of two or more monitoring systems employing differ-
ent and complimentary methods is undoubtedly the most effective way to in-
crease the overall detection efficiency and conduct monitoring and mitigation
during seismic surveys.

2.4 Underwater explosions

Underwater explosions are used in a variety of contexts such as seismic sur-
veys (albeit rarely), construction and demolition, coastal developments, naval
exercises, fishing and removal of unexploded ordnances (UXOs). Underwater
explosions generate a series of pressure pulses, after-flows of water and bub-
ble waves in the water column which can cause disturbance, injury, or even
death, to marine mammals and other marine species at considerable distances
from the source (Harwood and Wilson, 2001). Impact from explosions come
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in two types: blast trauma to tissue, especially in connection to air-filled cavi-
ties such as lungs and intestines (Lance and Bass, 2015; Lance et al., 2015); and
auditory trauma, where the middle ear and/or inner ear is damaged.

2.4.1 Blast trauma

Tissue damage due to blast trauma occurs because of differential acceleration
of tissues with different densities and compression followed by inflation of
air-filled pockets in lungs (swimbladders for fish), intestines, and middle ear
and associated sinuses, caused by the high overpressure quickly followed by
rarefaction on the shock wave. Ketten et al. (1993) examined the temporal
bones from two humpback whales, which died following a 5000 kg charge
explosion in Trinity Bay, Newfoundland. Evidence of mechanical trauma con-
sistent with a blast injury was found in all four ears. Experiments with mon-
keys, sheep and dogs formed the basis for defining a safe limit for marine
mammals of 35 kPa - ms (expressed as the acoustic impulse) (Yelverton et al.,
1973), later adjusted to 30 kPa - ms based on a review of human injuries and
fatalities caused by underwater explosions (Lance et al., 2015). These thresh-
olds are exceeded within distances of several kilometres of larger explosions,
such as clearing of UXOs, indicating significant risk of injury or even death
within this zone around the blast site. See also von Benda-Beckmann et al.
(2015).

2.4.2 Acoustic trauma

Substantial effort has been directed at defining criteria and establishing
thresholds for onset of acoustic trauma in marine mammals. This work re-
sulted in the first comprehensive review by Southall et al. (2007), where min-
imal permanent threshold shift (PTS) is recommended as criterion for injury
and exposure limits established by extrapolation from thresholds for onset of
temporary threshold shift (TTS) in marine mammals. TTS can and has been
measured experimentally in a wide range of marine mammals (Finneran,
2015). Thresholds have recently been updated (Southall et al., 2019) and are
expressed as a dual criterion, consisting of a cumulated sound exposure level
and a peak pressure, whichever is exceeded first. Pairs of sound pressure lev-
els and peak pressures have been established for seven different functional
hearing groups of marine mammals, each with a group-specific auditory fre-
quency weighting function (Southall et al., 2019).

2.4.3 Mitigation

Mitigation could entail precautionary safety distances as seen in the previous
study, or methods to decrease the transmission of acoustic energy, like air
bubble curtains. After World War Il large amounts of ammunitions, including
mines and chemical weapons were dumped into the Baltic and North Sea.
Following the plan to remove and detonate more than 100 mines and war-
heads 2.5 km off the coast of North Germany, Sundermeyer et al. (2012) in-
vestigated the efficacy of air bubble curtains using test charges. The test area
is a well-known harbour porpoise habitat, and porpoises are found in the area
all year round. Results on the acoustic presence of harbour porpoises in the
area suggested that detonation of test charges in April and June 2008 led to a
prolonged absence of porpoises. Furthermore, porpoises avoided the test site
over a range of 10 km for 12 h after detonation. The use of air bubble curtains,
set in three different configurations, led to a reduction in peak sound pressure
level between 11.1 and 17.3 dB re 1 pPa. The authors of the study concluded
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that the detonation of sea mines and warhead, with charges up to 350 kg
(much larger than the test charges), should be avoided unless animals can be
effectively excluded from the risk zone and effective mitigation procedures
could be employed to reduce the emitted sound levels (Sundermeyer et al.,
2012). Schmidtke et al. (Schmidtke et al., 2009; Schmidtke, 2011) also studied
the efficacy of an air bubble curtain to attenuate the shock wave from detona-
tion of WW2 sea mines and showed that it was possible to reduce peak levels
with a functional bubble curtain.

More recently, (Siebert et al.,, 2022) documented severe tissue injuries in
stranded porpoises, many likely fatal, following a major UXO clearing cam-
paign in the Western Baltic, further highlighting the significance of the im-
pact.

Promising alternatives to detonating UXOs in place include various types of
chemical disintegration or slow burning of the explosives (deflagration, or
low-order detonation). This can be accomplished in ways that greatly reduce
the peak pressure (Robinson et al., 2020) and thereby greatly reduce or even
eliminate the risk of tissue damage and acoustic trauma.
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3 Actions directed at continuous noise

Marine traffic in the world’s oceans has increased steadily in the last century.
Between World War II and 2008 the global number of ships increased by a
factor of 3.5 while the gross tonnage increased by a factor of 10 (Frisk, 2012).
This increase in marine traffic altered the soundscape of the oceans, which
was until then dominated by sound from natural sources (biological and geo-
physical). In a study conducted in the North East Pacific, and potentially in-
dicative of other regions, it was estimated that since the 60s, low frequency
continuous noise (dominated usually by shipping noise) in deep water has
increased with 3 dB per decade (Andrew et al., 2002; McDonald et al., 2006).
In addition, recent model projections taking into account economic trends
suggest that this increase in noise will continue to grow by a factor of 1.9 by
2030 (Kaplan and Solomon, 2016).

3.1 Effects of continuous noise

The concern for the effect of shipping noise on marine wildlife is not new, but
dates back to the early 1970s (Payne and Webb, 1971; see recent review by
Erbe et al., 2019). Recent research into this field in the last couple of decades
have made policy makers and stakeholders acknowledge the problem (e.g.
NMEFS, 2018) and work towards mitigation solutions (e.g. IMO, 2014). Alt-
hough there are significant knowledge gaps, it is now well accepted that in-
creasing shipping noise levels are detrimental for marine species that rely on
sound. Noise from shipping can alter the behaviour, mask reception of other
sounds, as well as cause physiological effects (Wright et al., 2007).

The shipping routes found in the Baltic Sea are used by about 2000 ships at
any given moment and about 3,500-5,500 ships navigate through the Baltic
Sea per month. More than 50% of the ships are general cargo ships. Approxi-
mately 20% of the ships in the Baltic Sea are tankers carrying in total over 200
Mio. tons of oil, about 11% are passenger ships carrying about 50 million pas-
sengers (Matczak, 2018). This high density of human activities poses potential
problems regarding the impact of noise on both marine mammals and fish
species inhabiting the Baltic waters.

3.1.1 Masking of detection and communication

Depending on its hearing abilities, an animal can detect a sound source
against the ambient noise, if its hearing is more sensitive than the ambient
noise under prevailing conditions, as is most commonly the case for mammals
within their frequency range of best hearing. An increase in ambient noise will
however lead to deterioration, or masking, of the perception of sound by the
animal (Erbe et al., 2016). Masking occurs naturally in the marine environ-
ment, as wind, waves and other animals (conspecifics and other species) ele-
vate the ambient noise. However, in the presence of anthropogenic noise, such
as ship noise, masking can drastically reduce the detection range of animal
signals. Masking is perhaps the most pervasive way in which continuous
noise affects the life of marine mammals and fish (Erbe et al., 2016). Masking
is defined as the process by which the ability to detect or recognise a sound is
degraded by the presence of a ‘masker” sound. From a quantitative point of
view, masking refers to the amount of dB by which an auditory detection
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threshold is raised in the presence of a masker sound (American National
Standards Institute, 2013).

Marine mammals and fish rely heavily on acoustic signals during their life
cycles. Within the Baltic ecosystem, acoustic signals are used in a variety of
contexts, including navigation, sexual display and mother-calf communica-
tion in harbour porpoises (Clausen et al., 2010), courtship in seals (Van Parijs,
2003; Van Parijs et al., 2003), spawning and school coherence in cod and her-
ring respectively (Hawkins and Rasmussen, 1978; Wilson et al., 2004). Most of
the energy in ship noise is emitted at low frequencies (centred in the 20-200
Hz band; Tyack, 2008) with the potential to mask signals produced by seals
and fish. In addition, high-frequency components are also present in ship
noise (up to 160 kHz at short distances = 1 km) and should be considered
when estimating potential masking effects for harbour porpoises
(Hermannsen et al., 2014).

Several compensatory mechanisms are available to animals to alleviate the
effects of masking. 1) Increasing the signal amplitude is a way of enhancing
the signal-to-noise ratio of vocalisations and to stand out over background
noise, this is also known as Lombard effect (Lombard, 1911). 2) The second
compensation strategy to respond to band-limited noise involves changing
the frequencies (and their modulation) of vocalizations to shift away from the
frequency band in which noise is concentrated. 3) Increasing repetition rate
and call redundancy increases the probability of being detected by a conspe-
cific and reduces the potential for masking. However, these compensatory
mechanisms only serve to increase the range of useful signal to noise rations
in which communication can occur reliably. Ultimately, under given ambient
noise conditions (whether purely natural or with smaller or larger anthropo-
genic contributions) and sound propagation conditions, there is a maximum
range, beyond which communication between individuals of a given species
is no longer possible. If ambient noise is further increased, for example by a
passing vessel, this maximum communication range must decrease. The con-
clusion is that adding more noise to a soundscape where one or more species
are noise-limited in their communication range must lead to a reduction in the
maximum communication range.

3.1.2 Effects on behaviour

Effects of continuous noise, such as ship noise, on fish and marine mammal
behaviour is extremely variable, ranging from freezing, over avoidance to out-
right flight responses. No matter what the response is, however, the inevitable
result is that less time can be spent on whatever the animal was doing at the
time of disturbance. A second consequence of this loss of opportunities for
feeding, sleeping, nursing offspring or mating, is that many small disturb-
ances accumulate over time. Disturbance thus inevitably means less food in-
take, less rest and sometimes increased energy expenditure, due to evasive
behaviours - all, which contribute to an overall loss of fitness to the animal.
However, measuring and quantifying behavioural changes and in particular
the energetic consequences, in marine animals is logistically complicated and
moreover, complicated by the fact that animal responses are strongly context-
specific, with variables such as age, behavioural state (foraging, nursing etc),
sex, life history as well as acoustic characteristics of noise all mediating the
response to noise (Southall et al., 2021). Linking short term behavioural re-
sponses to long term impacts at individual and population level remains one
of the greatest challenges of this research field (HELCOM, 2019).
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Observations during abundance studies using transects have shown that har-
bour porpoises react to ships at moderate distances from the ship (800-1000
m; Barlow, 1988; Palka and Hammond, 2001; Bas et al., 2017) probably trig-
gered by the noise of the research vessels. More recently, dedicated sound ex-
posure experiments showed harbour porpoises reacting strongly to medium
and high frequency components (above 2 kHz) of shipping noise at relatively
low amplitudes (Dyndo et al., 2015). The most recent study that looked at the
effects of ship noise on harbour porpoises showed that tagged individuals en-
countered ship noise 17-89% of the time (16 kHz third-octave; Wisniewska et
al., 2018). Furthermore, high-noise level events coincided with vigorous fluk-
ing, bottom diving, interrupted foraging and cessation of echolocation. This
lead to significantly fewer prey capture attempts at received noise levels
greater than 96 dB re 1 puPa (16 kHz third-octave; Wisniewska et al., 2018).
Considering the high metabolic rate harbour porpoises need to maintain to
survive in the cold Baltic waters, foraging disruption caused by shipping
noise might entail negative short- and long-term fitness consequences
(Wisniewska et al., 2016).

The effects of shipping noise on seal behaviour have not been documented
comprehensively. Terhune et al. (1979) measured a marked decrease in harp
seal (Pagophilus groenlandicus) vocalizations when vessels were transiting in
the study area. Tripovich et al. (2012) documented avoidance behaviour and
increased aggression of Australian fur seals (Arctocephalus pusillus) at a haul-
out site to high amplitude playbacks of shipping noise. In a different study,
the presence of vessels negatively impacted the probability of harbour seals
to be hauled out; in addition, large-sized tourism vessels were significant pre-
dictors of ending haul-out bouts (Blundell and Pendleton, 2015). Similarly,
grey seals appear to have been displaced by high levels of vessel traffic during
the construction of an underwater gas pipeline through a bay on the north-
west coast of Ireland, most likely due to ship noise disturbance (Anderwald
etal., 2013).

3.1.3 Physiological stress responses

Physiological stress caused by ship noise has been documented only a handful
of times in marine mammals due to the difficult logistics of designing con-
trolled experiments. In captivity, belugas exposed to anthropogenic noise
showed a significant increase in heart rate (Lyamin et al., 2015). In the wild,
Rolland et al. (2012) documented a decrease in baseline levels of stress-related
faecal hormone metabolites (glucocorticoids) of North Atlantic right whales
(Eubalaena glacialis) in conjunction with an underwater noise decrease of 6 dB
(with a significant reduction under 150 Hz) caused by reduced ship traffic
following the events of 11 September 2001.

In multiple fish studies, exposure to ship noise has shown to trigger an in-
crease in hormones (e.g. cortisol) which are usually associated with stress re-
sponses (Smith et al., 2004; Wysocki et al., 2006; Anderson et al., 2011). In ad-
dition, ample evidence in multiple species suggests that ship noise can also
disrupt embryogenesis and larval development by increasing embryos heart
rate, reducing yolk size at hatching time, and introducing larval malfor-
mations and growth delays (Morgan et al., 1999; Davidson et al., 2009; de Soto
et al., 2013; Nedelec et al.,, 2015; Sierra-Flores et al.,, 2015; Fakan and
McCormick, 2019). However, in most cases of studies on fish and fish larvae,
the stimulus is poorly characterized, as only the pressure part of the sound
field was measured. The particle motion part of the sound field, which fish, in
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contrast to mammals, are known to be highly sensitive to (Sand and Enger,
1973; Sand and Karlsen, 2000), were thus ignored.

3.2 Operational solutions to minimise cavitation noise:

Most of the global transportation is carried out by cargo vessels (container
ships, oil and gas tankers, bulk carriers, general cargo ships, car carriers etc.).
Minimization of cost of transport is the major design criterion for these ships
and because there is an inverse relationship between efficiency of the propel-
ler and amount of cavitation (up to a certain point, where cavitation becomes
detrimental), some propeller noise resulting from cavitation is accepted for
the sake of fuel efficiency as long the propellers are not damaged and the crew
does not experience excessive discomfort due to noise or vibration (AQUO,
2015).

Cavitation, which is the formation of bubbles in a liquid when the pressure
reaches the vapor pressure and noise is generated at the collapse of these bub-
bles, represents the dominant source of noise resulting from commercial ship
traffic. Cavitation can take various forms and originate in various structures
connected to the propeller, including propeller blades, propeller hub as well
as hull appendages. An important point made by Spence and Fischer (2017)
is that cavitation can be reduced efficiently through propeller design, but that
successful propeller designs are not universal. The propeller design needs to
be developed for the specific wake profile of the vessel in question.

3.2.1 Regular propeller/hull maintenance:

Regular propeller and hull cleaning represent fundamental practices to main-
tain the fuel efficiency of a vessel. Furthermore, these practices implicitly re-
duce the radiated noise too because by decreasing the frictional resistance of
the hull/propeller caused by biofouling, the same vessel speed could be at-
tained using less propulsion power, thereby reducing load on propeller and
hence less cavitation (IMO, 2014; AQUO, 2015). Propeller/hull cleaning
should be performed periodically while the vessel is dry-docked, and in con-
junction with the application of antifouling coatings. A 5 % increase in speed
due to maintenance could result in a radiated noise reduction of 1-2 dB
(AQUO, 2015). The advantage of this measure is that it is fully applicable to
any ship, making it a simple and effective solution for maintaining optimal
fuel costs as well as reducing radiated noise (Hilliard et al., 2014; IMO, 2014;
AQUO, 2015; Hemmera Envirochem, 2016).

3.2.2 Vessel speed and routing control

When it comes to vessel traffic control, no solution can be ‘one size fits all” as
each geographical area is characterised by a unique combination of ship traffic
dynamics, environmental parameters and marine wildlife. Noise mapping
tools and simulations are extremely important to develop relevant, site-spe-
cific traffic control scenarios that could be presented to stakeholders, in order
to deploy effective noise mitigation measures. There are three potential miti-
gation measures that could be implemented at the level of the control of ship
traffic: introduction of speed limits, marine spatial planning, and application
of noise labels (AQUO, 2015).

The amount of cavitation created by a ships propeller and, consequently, the
amount of noise radiated from the ship, is strongly dependent on the speed
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of the vessel and generally monotonically increasing above the cavitation in-
ception speed (AQUO, 2015). However, vessels with controllable pitch pro-
pellers (CPP) operated at high revolution rates can emit high underwater
noise even at low speeds (AQUO, 2015), leading to non-monotonic relation-
ships between speed and noise. Setting regional or local speed limits, either
absolute (in knots) or relative (percent of designed service speed) would help
lowering the amount of noise radiated by fixed pitch propeller ships. Such a
reduction, however, must be counterbalanced by the increased transit time,
leading to an increase in cost for a commercial operator for moving more
slowly, but also the reduced fuel consumption per travelled distance (cost of
transportation) must be factored in.

The recent Enhancing Cetacean Habitat and Observation (ECHO, 2019) pro-
gram led by the Vancouver Fraser Port Authority conducted a vessel slow-
down research trial in Haro Strait, a key summer feeding area for the southern
resident killer whale (Orcinus orca) population. This voluntary slowdown trial
demonstrated that reducing vessel speeds can be an effective measure to de-
crease underwater noise generated by ships and its impact on the surround-
ing soundscape. The speed limits were set at 15 knots or less for vehicle carri-
ers, cruise and container vessels and at 12.5 knots or less for bulkers, tankers,
Washington State Ferries and government vessels. Voluntary participation
has been high (87 %) and 77% of all transits fell within 1 knot of the target
speed limits. Results from 2017-2018 trials indicated a median reduction of
broadband received sound pressure level (SPL) of 1.5-1.7 dB. Furthermore,
noise modelling predicted a reduction between 15-22 % of affected foraging
time on an average traffic day due to the slowdown, potentially improving
foraging conditions for this killer whale population (ECHO, 2019). Although
the specific set up of the ECHO program cannot be transferred directly to
other geographical areas, the important lesson that can be taken away is that
that coordinating a voluntary ship slowdown for commercial ships outside
port authority’s jurisdiction is complex, and it involves collaboration with
many stakeholders (federal agencies, shipping associations, ship agents and
operators, pilots and researchers).

AQUO (2015) lists several potential spatial panning measures that could be
applied to reduce radiated noise. Ship traffic can be concentrated, similar to
Traffic Separation Schemes (TSS) to concentrate ship traffic to prescribed
routes that would guide vessels away from noise sensitive areas. On the other
hand, ship traffic could also be spread out (diluted). This measure would aim
at homogenising traffic density, in order to avoid high intensity noise
hotspots. Similarly, separation between single vessels along the shipping lane
could lead to the same result. Another possibility is to form ship convoys,
grouping several ships based on their speed capabilities and noise radiation
characteristics could help by masking the noise radiated by the quieter ships
by the louder ones. This will ultimately lead in a spatial/temporal reduction
of noise exposure across the marine area of concern. In the end, the manage-
ment objective must be clear, before decisions on which scheme(s) to select.
More specifically: is the aim to reduce the occurrence of high-intensity events
in identified hotspots for marine life, in which case re-routing and dilution is
the answer. Or is the aim to reduce the average exposure to more evenly dis-
persed marine life, in which case concentration and convoying is the answer.

A fifth possible measure when planning marine traffic is to exploit bathyme-
try features across the area of interest. Due to absorption of sound waves in
the sea bottom and reflection in the water surface respectively, low frequency
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sound propagate poorly in shallow waters, as opposed to deep waters where
it can travel long distances. Moreover, natural features such as underwater
canyons or islands can help confine or block underwater noise. Therefore, the
geographical features and bathymetry of an area should always be considered
when planning ship traffic routes; for example, by establishing TSS above and
along underwater canyons and shallow waters or by using islands to block
ship traffic noise across an area of concern.

Finally, ships could be categorised based on the amount of noise they produce
(AQUO, 2015) in a classification system. This could help regulate or prohibit
the access to sensitive areas if underwater radiated noise from a given ship
exceeds a set noise level, specific for the sensitive area. During the last few
years, several ship classification societies have developed environmental cer-
tification programs in which shipbuilders and operators can voluntarily enrol
into to measure and reduce radiated noise from their individual ships. Non-
government organisations such as Bureau Veritas, DNV GL, RINA, and Green
Marine are responsible for establishing, maintaining and inspecting to tech-
nical standards for the construction and operation of vessels. These certifica-
tion programs are important because they leave more flexibility to the ship
operator by which means the required reduction of single vessel radiated
noise is achieved. Furthermore, certification metrics can be used within incen-
tive-based policies and programs. An example of this is the EcoAction Pro-
gram developed by the Vancouver Fraser Port Authority. This program,
launched in 2007, offers discounts (up to 47 % off) on harbour dues to vessels
meeting voluntary environmental best practices (certified by the above men-
tioned organisations) that reduce emissions, underwater noise and other en-
vironmental impacts (Hemmera Envirochem, 2016).

3.3 Technical Solutions to reducing ship noise

As a supplement to operational measures to reduce underwater noise from
ships, there are numerous technical solutions to reducing radiated noise. All
of these, however, ultimately face an unfavourable trade-off between propel-
ler efficiency (and hence fuel use) and radiated noise, beyond some optimal
point, specific for the given propeller design and vessel type. This means that
a ship cannot be designed to have an arbitrarily low noise profile without an
associated increase in fuel use (cost of transportation).

3.3.1 Coating of propeller surface

Anti-fouling coating have been used for many years in the marine industries;
applied on the ship hull they prevent fouling that increases the frictional re-
sistance of the hull. This is true also for propeller coating, that has been re-
ported to increase a propeller efficiency by 6%, compared to an uncoated pro-
peller (Atlar et al., 2002). It has been demonstrated that propeller coating can
also influence cavitation. Bagheri et al. (2017) tested an Intersleek 700 coating
of 200 pm thickness on a 5-blade propeller inside a cavitation tunnel. Their
results indicated that propeller coating could prevent cavitation inception re-
sulting in a noise decrease of 2-4 dB at frequencies lower than 1 KHz, com-
pared to an uncoated propeller tested in the same conditions.

3.3.2 High skew propellers

An option to decrease cavitation is to modify the skew of the blade, which
makes the blade curve in the direction of the water flow (Smith and Slater,
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1988). High skew propellers receive lowers blade-rate pressures, leading to
decreased ship vibrations and reduced cavitation (Renilson Marine
Consulting Pty, 2009; Spence and Fischer, 2017). This type of propeller design
is commonly used in warships and high-powered merchant ships to reduce
their noise output and vibration (Renilson Marine Consulting Pty, 2009). The
use of high skew propellers is thought to decrease irradiated noise by up to
10 dB, and increase the propeller's cavitation inception speed by up to 2 knots
(Hilliard et al., 2014).

3.3.3 Contracted and loaded tip (CLT)

Noise reduction can be attained also by implementing modern propeller de-
signs, developed specifically to increase propeller efficiency and decrease
noise output. An example of these types of propellers is the CLT propeller, in
which each blade tip features a backward or perpendicular plate. This plate
acts as a barrier between the back and front of the blade resulting in a decrease
of water flow between the high- and low-pressure sides of the blade leading
to an increase in propeller efficiency between 5-8% (Meccanica, 2014;
Ebrahimi et al., 2019). For this specific design, in CLT propellers the probabil-
ity of cavitation is less than in conventional designs, therefore decreasing the
irradiated noise. They are produced by the Spanish company SISTEMAR and
they have been deployed already on more than 280 vessels of various type
(Gonzalez- Adalid etal., 2006; Renilson Marine Consulting Pty, 2009; Gennaro
and Gonzalez- Adalid, 2012; Meccanica, 2014).

3.3.4 Kappel propellers

In this propeller design the blade tips are smoothly curved towards their suc-
tion side. The first full-scale Kappel propeller was deployed in 2002 on a prod-
uct carrier showing a 4% increase in propeller efficiency compared to conven-
tional propellers (Andersen et al., 2005). Furthermore, in a study on the appli-
cation of Kappel propellers to submarines, Andersen et al. (2009) tested in a
three stage development process 8 different configurations of Kappel propel-
lers that varied in number of blades (7 or 8) and geometric configurations. The
results suggested that propellers with an even number of blades (8 in this
case) could reach a substantial noise reduction of more than 10 dB (at frequen-
cies around 100 Hz) compared to a propeller with an odd number of blades
(7, in the study).

3.3.5 New blade section (NBS) propellers

The New Blade Section (NBS) propeller has been developed by Sumitomo
Heavy Industries Marine & Engineering Co., Ltd and is referred as a highly
efficient propeller, with smaller diameter and better cavitation performance
compared to conventional propellers (Sasaki and Patience, 2005; Renilson
Marine Consulting Pty, 2009).

3.3.6 New Profile Technology (NPT) propellers

This propeller design has been developed by Stone Marine Propulsion (SMP)
Ltd and is characterised by a smaller optimum diameter, lighter weight, and
higher efficiency compared to conventional designs. The underwater noise
radiation reduction of the NPT propellers measured on a medium-size re-
search vessel was considerable reaching for frequencies over 100 Hz reduc-
tions in the order of 10-20 dB (Carchen et al., 2015).
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3.3.7 PressurePores

A recent retrofit solution developed to reduce propeller cavitation is repre-
sented by the PressurePores™ technology, developed by the UK based Oscar
Propulsion company (Aktas et al., 2020). This solution involves the drilling of
strategically located pressure-relieving holes across the propeller blades to de-
crease the amount of tip-vortex cavitation. The authors report a decrease of
cavitation noise up to 17 dB with a 2% reduction in propeller efficiency.

3.3.8 Controllable pitch propellers (CPP)

Propeller blade’s angles can be fixed (fixed pitch) or adjustable (controllable
pitch propeller, CPP); both options have pros and cons but when a CPP is
implemented with a variable speed diesel or electric engine propeller cavita-
tion is reduced (Spence, 2007). This cavitation reduction originates from an
improved blade angle in relation to specific vessel speed and RPM.

3.3.9 Propeller hub modifications

Propellers” hubs tend to generate vortices; these vortices reduce efficiency and
are usually prone to cavitation and, consequently, are an important compo-
nent of the propeller irradiated noise (Renilson Marine Consulting Pty, 2009).
Propeller Boss Cap Fins (PBCF) consists of small fins attached to the propeller
hub. They have been designed in Japan and they are effective in decreasing
the magnitude of hub’s vortices and, consequently, reducing cavitation
(Ouchi et al., 1991; Sun et al., 2016). PBCFs are considered a practical solution
to reduce noise due to their easy installation, which takes an estimate of 5
hours while dry docked (Renilson Marine Consulting Pty, 2009; Hemmera
Envirochem, 2016). Several studies confirm that the implementation of PBCFs
leads to an increment of 2-6 % in propeller efficiency, a 4% reduction in fuel
consumption, and 3-6 dB reduction in propeller irradiated noise (Ouchi et al.,
1991; Ouchi and Tamashima, 1992; Mewis and Hollenbach, 2006; Hansen et
al,, 2011; Ma et al., 2014; Sun et al., 2016). More specifically, Gassmann et al.
(2017) measured irradiated noise from five MAERSK G-class vessels before
and after being retrofitted with PBCF. The authors estimated a median reduc-
tion of 6 dB in the low-frequency band (8 - 100 Hz) and a median reduction of
8 dB in the high-frequency band (100 - 1000 Hz) after the vessels have been
retrofitted. However, the effect of retrofitting confounds with other changes
to the ships operation, most importantly an increase in draft, which means the
propeller depth is lower. This has additional effects on sound radiation, which
were not accounted for (Christ de Jong, pers. comm.).

3.3.10 Costa Propulsion Bulb (CPB)

The interaction between the propeller and the rudder has a significant effect
on the efficiency of propulsion. Various designs like the twisted rudder and
the rudder fins have been shown to increase efficiency but their effect on irra-
diated noise has not been confirmed yet (Hemmera Envirochem, 2016). How-
ever, a solution that seem to be effective for noise abatement is the Costa pro-
pulsion bulb (CPB). This design features a propeller and a rudder integrated
hydrodynamically by fitting a bulb to the rudder in line with the propeller
shaft (Leaper et al., 2014). This solution eliminates the hub cavitation vortex
and is stated that can decrease noise levels by 5 dB (Ligtelijn, 2007).
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3.3.11 Wake inflow devices

The water flow in which propellers operate behind the ship is non-uniform.
Vessel designers usually need to strike a balance between delivering to the
propeller a uniform flow while attempting to have a full hull design to in-
crease the vessel carrying capacity. Wake inflow devices can help by improv-
ing the uniformity of the water flow into the propeller leading to reduced cav-
itation (Renilson Marine Consulting Pty, 2009; Leaper et al., 2014).

3.3.12 Mewis duct

The Mewis duct is designed by Becker Marine Systems and its objective is to
improve the flow into the propeller. Feizi Chekab et al. (2014) tested this type
of duct in conjunction with propellers with different numbers of blades. Their
results indicated that when a 5-blade propeller was implemented in conjunc-
tion with the Mewis duct cavitation and thrust fluctuation decreased, which
led to a consistent noise reduction (Ebrahimi et al., 2019).

3.3.13 Schneekluth duct

This type of duct was designed to equalise the upstream flow towards the
propeller leading to reduced cavitation and noise. While the reduction in
noise has not been documented or tested in detail so far, it has been shown
that the employment of this duct leads to a 12% reduction in fuel consumption
and up to a 50% decrease in vibration (Feizi Chekab et al., 2013).

3.3.14 Twisted rudder

Convectional rudders are subject to uneven forces down their length as a re-
sult of the rotation vortex produced by the propeller. The twisted rudder has
an altered angle of attack that points into the vortex, this allows the rudder to
generate additional thrust as opposed to drag. Moreover, cavitation across the
rudder tends to decrease. The manufacturer of this design, Becker Marine Sys-
tems, claims that its twisted rudders reduce cavitation noise, however, no con-
crete evidence is provided (Mappress, 2014). A previous study by Ahn et al.
(2012) tested the twisted rudder efficacy on two container carriers showing an
improvement in cavitation performance.

3.3.15 Air injection to propeller and bubble curtains

A potential solution described in AQUO (2015) to decrease the amount of pro-
peller cavitation is to inject air upstream of the propeller. This design features
a hydrodynamically designed ring with injection holes at the trailing edge
equally spaced around the propeller circumference. Results indicated a sig-
nificant reduction in radiated noise in the order of 10-15 dB in the frequency
range 40 - 400 Hz. The reduction of propulsive efficiency correlated with the
use of air injection is only 0.5 %; furthermore, the power demand for air com-
pression is practically negligible. However, overall efficiency decreases by 2-
3 % due to the drag from the addition of the upstream ring. This inconven-
ience could be addressed by combining air injection with methods to improve
wake, which would lead to both a reduction of radiated noise and an in-
creased fuel efficiency.

AQUO (2015) also investigated another solution to decrease the amount of
commercial vessel radiated noise by producing a bubble curtain to isolate the
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propeller and the hull from the surrounding fluid. Bubble curtains are con-
ventionally used by naval vessels to decrease their acoustic detectability. For
a generic cargo vessel at 14 kn, AQUO (2015) researchers estimated a potential
reduction of radiated noise between 3 - 6 dB, depending on the frequency
range. This solution could be both applied for new designs as well as for ret-
rofits. However, this solution could be less attractive for commercial vessels
as it requires additional maintenance.

3.3.16 Machinery noise

Machinery induced underwater noise is usually generated by the vibrations
produced by the machinery/engine structures, propagating through the hull
structure and into the water. Effective mitigation measures to reduce machin-
ery noise usually consist of decreasing the strength of the noise source (engine
type) or by isolating the noise source from the ship hull (elastic mounting,
dampening).

Slow speed (2-stroke) engines are used in the vast majority of commercial ves-
sels, especially on long trans-continental routes, due to their high fuel-effi-
ciency. Due to their large weight and power, slow speed engines need to be
directly bolted to their foundation ("hard-mounted’); therefore, the use of elas-
tic mounting is not a feasible option.

Medium speed (4-stroke) diesel engines can be mounted elastically, which
makes them a great option to reduce underwater noise. Elastic mountings can
reduce their noise output by 10 dB at low frequencies and 20 dB at high fre-
quencies (AQUO, 2015). However, compared to slow speed engines, medium
speed engines have a higher operational cost over trans-continental routes.
Nonetheless, for smaller vessels operating on intra-European routes this type
of engine in combination with CP propellers could be an optimal option to
consider (AQUO, 2015; Hemmera Envirochem, 2016).

High speed (4-strokes) engines are typically used for special ship types such
as High-Speed Crafts (HSC), pleasure boats or smaller naval and offshore sup-
ply vessels. These engines tend to emit low machinery noise as they are usu-
ally mounted elastically and characterised by very compact housings. How-
ever, they are not a feasible option for commercial ships due to their high cost,
low fuel-efficiency and limited available powers (AQUO, 2015).

Steam/ gas engines are a very effective option to reduce machinery noise due
to their low structure borne noise levels and due to the fact they can be better
isolated than diesel engines. AQUO (2015) reports that their drawback is the
low fuel-efficiency compared to diesel engines, which does not make them a
feasible option for commercial vessels. However, a consortium of companies
(GTT, CMA CGM and its subsidiary CMA Ships and DNV GL) released a
technical and feasibility study for a Liquified Natural Gas (LNG) fuelled, gas
and steam turbine powered, and electrically driven container vessels (Wiirsig
and Adams, 2015). This solution would offer a more efficient, more flexible
and greener box ship design compared to the current 20,000 Twenty-foot
Equivalent Units (TEU) slow speed diesel engines used in ultra large con-
tainer vessels.

Diesel-Electric propulsion is a hybrid form of propulsion used commonly on
cruise liners and research vessels. It utilizes diesel engines to power electric

37



generators which are connected to electric motors that drive the shaft and pro-
peller. Diesel-electric propulsion is significantly quieter than slow speed die-
sel engine and has the added advantage of being able to be elastically
mounted further reducing the vibrations. However, the cost of a diesel-elec-
tric engine is prohibitive for commercial vessels and it necessitates clean fuels,
which makes it an unrealistic choice for the majority of commercial vessels
(AQUO, 2015).
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4 Actions directed at other noise sources

The current indicators of the HELCOM monitoring program related to under-
water noise, as well as the criteria of the MSFD does not cover all noise sources
that could potentially affect marine life detrimentally. There is thus a need for
continuous research into the extent of these other noise sources (mapping the
pressure on the ecosystems) and understanding the effects of these noise
sources on the organisms (mapping the impact).

4.1 Echosounders and sonars

One of the most ubiquitous sound sources present in our oceans today is rep-
resented by commercial shipboard sonar systems (i.e. echosounders;
Merchant et al., 2020). Commercial sonar systems are widely used in a variety
of marine activities, including science, fishery industry, oceanographic re-
search, benthic habitat mapping, and geophysical exploration (Mayer, 2006;
Foote, 2009), in addition to the more traditional navigation and military uses.
Many generic ‘fish-finders” are also in use on recreational vessels, these rep-
resent a lower-cost alternative to scientific echosounders and their potential
effects are largely unknown (Cholewiak et al., 2017). Many commercial sonar
systems are categorized into one of three main classes: single-beam echo-
sounders (SBES), side-scanning sonars (SSS) or multibeam sonars (MBES).
Typical frequency ranges for these systems fall between 12 kHz and 700 kHz,
with maximal source levels often ranging from 210 to 240 dBre 1 pPaat 1 m
(Lurton and DeRuiter, 2011). A notable exception is military antisubmarine
warfare (ASW) sonars, which typically have peak frequencies below 10 kHz.
These sonars, however, are already covered by the impulsive noise indicator
(MSFD criterion D11C1). While SBES are categorized by narrow apertures
(typically 2-12°), with most energy concentrated directly below the ship,
MBES may be configured with many beams spanning up to 150° or more. Ad-
ditionally, omnidirectional sonars have become popular for long-range fish
detection (Cholewiak et al., 2017).

Lurton and DeRuiter (2011) tried to estimate the potential effects of echo-
sounders employed in hydrography and seafloor-mapping activities to ma-
rine mammals by analysing different cases. Their conclusions suggested that
while echosounders may transmit at high sound pressure levels, the very
short pulse duration and narrow degree of spatial ensonification (in the case
of SBES) make them unlikely to cause physical damage to marine mammal
auditory systems. However, the authors did not rule out potential behav-
ioural effects at ranges on the order of kilometres (Lurton and DeRuiter, 2011).
Behavioural disturbances caused by echosounders have been confirmed in
several case studies. For example, in a recent experiment 5 pilot whales (Glo-
bicephala macrorhynchus) were equipped with telemetry tags and exposed to a
Simrad EK60 commercial echosounder with maximum received levels (RL)
that ranged between 117 and 125 dB re 1 pPa. The analysis suggested that
during exposure, pilot whales changed their heading more frequently. The
authors suggest that this could represent an increased level of vigilance to-
wards the sound source (Quick et al., 2017). Another study that tested the
same echosounder model on beaked whales showed that animals were signif-
icantly less likely to be detected acoustically when the echosounder was ac-
tive. These results indicated that beaked whales both detected and changed
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their acoustic behaviour in response to echosounders noise; the authors in-
ferred that the interruption of foraging behaviour and the avoidance of echo-
sounder noise could be detrimental for the animal fitness (Cholewiak et al.,
2017). Off Madagascar, a mass stranding event of melon-headed whales (Pe-
ponocephala electra), in which an estimated 50 animals died, was probably trig-
gered by the use of a 12 kHz multibeam echosounder that was operated in
association with seismic exploration (Southall et al., 2013).

Echosounders also have a clear impact on seals; in 2014, Hastie et al. (2014)
tested the effects of two sonar systems (200 and 375 kHz systems) on a grey
seal population. Results from captive seals indicated that both systems had
significant effects on the individuals” behaviour. Specifically, the use of the
200 kHz sonar pushed seals to spend significantly more time hauled out.
While the 375 kHz sonar was active, seals remained in the water but displayed
spatial avoidance from the sound source. These results suggested that alt-
hough peak sonar frequencies were abundantly above seals” hearing ranges,
high levels of sound present within their hearing ranges elicited behavioural
responses. These findings have been confirmed by Deng et al. (2014) in a study
that looked at the spectral properties of the acoustic signals produced by three
commercially available echosounders (SM2000 multibeam imaging sonar,
DT-X Digital Scientific Echosounder, and Model 965 multibeam imaging so-
nar). All three models were found to generate sub-harmonic sounds at fre-
quencies that ranged from 90 to 130 kHz, below the carrier frequency adver-
tised by manufacturers and within the hearing range of some marine mam-
mals (e.g. killer whales, false killer whales, beluga whales, Atlantic bottlenose
dolphins, harbour porpoises, among others). The authors suggested that alt-
hough the amplitudes of these sub-harmonic sounds are not likely to cause
any physical injury, they could potentially affect the behaviour of marine
mammals in proximity to the sources. Excluding echosounders from environ-
mental impact analysis based solely on the carrier frequency output in rela-
tion to the range of marine mammal hearing should be reconsidered (Deng et
al., 2014).

A potential solution to minimise sound exposure levels (corresponding to the
received sound intensity integrated over time) of echosounders could be to
employ them in a more adaptive and integrated way together with the other
safety tools present onboard the vessels (GPS, radar, AIS). For example, echo-
sounder that are used for navigation could be turned off, or decrease the ping-
ing frequency, when the vessel is located in deep waters or areas that do not
present an imminent danger to navigation security, this could be enabled
through integration of echosounder and GPS data.

4.2 Acoustic deterrence devices (pingers and seal scarers)

Net pingers and seal scarers are devices used to deter harbour porpoises and
seals from fishing gear, aquaculture and construction installations; they are
often referred as acoustic deterrent devices or acoustic harassment devices re-
ceptively (ADDs or AHDs). Net pingers use many different types of signals,
with peak frequencies as low as 10-12 kHz and as high as 70-100 kHz. Source
levels also vary, but are generally not higher than 160 dB re 1pPa at 1 m dis-
tance (Carlstrom et al., 2009; Gonener and Bilgin, 2009; Larsen and Eigaard,
2014; Kyhn et al., 2015). Seal scarers, on the other hand, are substantially more
powerful, with source levels up to 195 dB re 1 pPa at 1 m with a frequency
range from 0.5 to 40 kHz (Lepper et al., 2014; Todd et al., 2021). Length and
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interval between seal scarers pulses are often randomized to decrease the po-
tential for animals habituating to the sounds, in order to maintain aversion
effects over time (Hermannsen et al., 2015a; Gordon et al., 2019).

The use of net pingers around gill nets has been shown to reduce the rate of
porpoise by-catch significantly in experimental studies (e.g. Gonener and
Bilgin, 2009; Larsen and Eigaard, 2014). However, several studies highlighted
also that net pingers can cause habitat displacement. For example, Carlstrom
etal. (2009) investigated how the echolocation rates of harbour porpoises were
affected by net pinger activity. Results showed that echolocation rates de-
creased by 50-100 % at recording location placed at 500 m from the pingers.
In a similar experiment, over a longer time frame (28 days), Kyhn et al. (2015)
recorded a decrease up to 65% in harbour porpoise detections during the en-
tire period in which net pingers were active over an area of several km. As
suggested by Kyhn et al. (2015), future research should be focused on the de-
velopment of low source level net pingers that could be audible only within
close range of the net; this would allow to reduce noise pollution as well as
habitat loss.

Seal scarers have higher source levels compared to net pingers and are cali-
brated to broadcast signals predominantly in the seals hearing range at levels
that are directly painful to the animals. Different studies looked at the effects
that seal scarers might have on seals and results seem to be contradictory.
Mikkelsen et al. (2017) exposed harbour seals and harbour porpoises to 500 ms
tone bursts at 12 kHz with a source peak-to-peak level of 165 dB re 1 pPa. Their
results indicated that while harbour porpoises showed avoidance up to
ranges of 525 m from the source, harbour seals sightings increased during
sound exposure within 100 m of the loudspeaker. Similar lack of avoidance
by harbour seals was documented also in the Bay of Fundy, where some indi-
viduals were seen as close as 45 m to an active seal scarer (Jacobs and Terhune,
2002). Conversely, Gordon et al. (2019) observed that all seal observed within
an approximate range of 1000 m responded to the seal scarer playback (pre-
dicted received levels: 134.6 dB RMS re 1 pPa). However, the authors high-
lighted also that the seal responses did not always result in substantial move-
ments away from the source. The maximum response range was 3123 m (pre-
dicted RL: 111 dB RMS re 1 pPa). Graham et al. (2009) tested the effectiveness
of seal scarers in two Scottish rivers used for salmon rod fisheries. The seal
scarers were used to deter seals from a specific area of river and as a barrier
to the upstream movement. The results suggested that the used of seal scarers
reduced the probability of a seal being sighted upstream of the AHD by
roughly 50%. Seal responses to seal scarers have been tested also by Gotz and
Janik (2010) who observed avoidance behaviour at received levels of 135-144
dBre. 1 pPa. Interestingly, in a concurrent experiment with food presentation,
captive individuals habituated quickly to sounds presented at normalised re-
ceived levels of 146 dB re. 1 pPa (RMS). These findings highlight how behav-
ioural context (in this case motivation to approach the food) could play an
important role in responses to acoustic deterrence stimuli, and why it should
always be considered, when possible, to measure the impact of anthropogenic
noise.

While the results regarding the effects of AHDs in seals are mixed, or at least
confounded by variables such as behavioural context, there seem to be a con-
sensus in the literature on the negative impacts of these devices on harbour
porpoises. A study that was conducted in the German North Sea, using pas-
sive acoustic monitoring and simultaneous aerial surveying showed that
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AHDs had a significant deterrence effect on harbour porpoises up to 7.5 km
away, with received levels at about 113 dB re. 1 pPa (RMS) (Brandt et al., 2013);
within 750 m of the recording devices, harbour porpoise detection decreased
by 52-95% of the value before the seal scarer was activated. Furthermore, the
aerial survey revealed a significant decrease in porpoise density from 2.4 por-
poises km2 to 0.3 porpoises km-2 before and during seal scarer operation re-
spectively, over a study area of 990 km2. Hermannsen et al. (2017) reached
similar conclusions in their study, in which they estimated a potential deter-
rence distance for harbour porpoises of 3.1 km from a seal scarer device. In a
review that considered different studies on the effects of seal scarers on har-
bour porpoise, the authors indicated that minimum deterrence distances for
porpoises might vary between 200-350 m (100% individuals deterred) and
1300-1900 m (less than 100% individuals deterred; Hermannsen et al., 2015a).
These studies have raised concerns regarding the unwanted disturbance and
habitat loss that the use of seal scarers in fish farms and offshore constructions
might cause to harbour porpoise populations; therefore, caution should be
applied when planning the use of these devices as potential mitigation
measures (Brandt et al., 2013).

4.3 Sub-bottom profiling activities

Acoustic Sub-Bottom Profiling (SBP) systems are used to determine physical
properties of the sea floor and to image and characterise geological infor-
mation a few metres below the sea floor. SBP systems operate with various
types of sound sources and frequencies (Table 4.1). Different SBP systems are
used depending on the objectives of the survey, water depths and prior
knowledge of the rock types (if known). For example, the 'pinger' is a high
frequency system which operates on a range of single frequencies between 3.5
kHz and 7 kHz. Depending on various factors, such as the type of sediment
and the sound source characteristics (frequency, power), SBPs can achieve sea
floor penetration from just a few meters to more than 50 m and vertical reso-
lution (layer thickness) down to approximately 0.3 m. The non-linear para-
metric sub-bottom profilers simultaneously transmit two signals of slightly
different high frequencies (e.g. 100 and 110 kHz). Their interaction generates
by interference a new low-frequency signal (with the difference frequency).
They can achieve very high vertical resolution and are particularly good to
use in shallow water environments. Furthermore, they have the advantage of
an extremely narrow beamwidth, due to the high primary frequencies), which
limits the leakage of acoustic energy to the sides, thereby reducing the hori-
zontal extent of any disturbance caused by the signal.

Table 4.1. Specifications of common SBP systems. Table adapted from Geoscience
Australia (2020), SL values from Crocker et al. (2019)

System Main frq. SL Penetration depth

range (kHz) (dB re 1 yPa-m)
Parametric ~100 <100 m, vertical resolution < 0.05 m
"Chirper’ 3-40 199 - 208 <100 m, vertical resolution ~0.05 m
'Pinger’ 35-7 10 m to 50 m, vertical resolution 0.2 m
‘Boomer’ 0.5-5 200 -216 30 to 100 m, vertical resolution 0.3 to 1 m
'Sparker’ 0.05-4 207 - 223 To 1,000 m (ideal), vertical resolution >2 m
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5 Concluding remarks

Human-made underwater noise has been recognized as a significant pressure
on the marine environment. Because of this recognition, significant progress
has been made during the last two decades in the understanding of the impact
of noise on marine organisms and means to regulate and mitigate this impact.
Substantial work remains, however, as indicated in the HELCOM Regional
Action Plan on Underwater noise, the Baltic Sea Action Plan and the HEL-
COM Science Agenda.

For the two main types of underwater noise sources - low frequency impul-
sive noise sources and low frequency continuous noise - progress has been
made through monitoring programs related to the EU Marine Strategy Frame-
work Directive. Actions for these types of noise are therefore in the first extent
related to improving the extent and quality of the monitoring programs to
understand the spatio-temporal extent of the noise and quantify the impact.
Secondly, and equally important, is to develop new tools for management and
regulation of the noisy activities and extend and improve existing regulations,
in order to reduce noise emissions and when they cannot be reduced, to re-
duce the impact of the noise on sensitive organisms. Such reductions in emis-
sions can be achieved by implementing best available technology and best
ecological practice (BAT and BEP) whenever possible, and at the same time
secure that technologies and operational protocols continue to improve.

A significant number of noise sources are currently unregulated, largely due
to lack of empirical evidence about the possible impact on marine organisms.
For these noise sources, the primary goal is to combine monitoring to describe
the spatio-temporal extent of these sources (mapping the pressure), with ex-
perimental studies to quantify the magnitude of potential impact from the
noise, whereby the possible need for regulation of these activities can be elu-
cidated.
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MEASURES FOR REDUCTION OF
ANTHROPOGENIC NOISE IN

THE BALTIC
Report to the HELCOM SOM project

The recent update of the HELCOM Baltic Sea Action Plan
in has created an urgent need for reviewing the major
sources of underwater noise, their known and likely impact
on the marine environment and possible ways to mitigate
the impact. Impulsive noise sources (pile driving, seismic
surveys, underwater explosions, low-frequency sonars etc.)
are known to cause negative effects in marine mammals
and fish. Mitigation includes: a) reduction in produced
noise (source modification), b) reduction in radiated noise
(abatement) and c) reduction in received noise (restriction
of activities in sensitive areas and periods, deterrence from
dangerous zones prior to impact). Continuous low-fre-
quency noise is predominantly generated by commercial
vessels and recreational boating, with additional contribu-
tion from offshore infrastructure (oil and gas, renewables).
Mitigation measures are primarily source modification
(improving design and operational procedures/speed
reduction) and time/area restrictions (including regional/
local speed limits and/or requirements for vessels to abide
by specific noise emission standards). Additional sources
currently not monitored include echosounders and high
frequency sonars, net pingers and seal scarers, and equip-
ment other than air guns for exploring the uppermost layers
of the seabed (subbottom profiling and surveying).
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