
 

 

 

UHI Research Database pdf download summary

A brief overview of current approaches for underwater sound analysis and reporting

van Geel, Nienke; Risch, Denise; Wittich, Anja

Published in:
Marine Pollution Bulletin
Publication date:
2022

The re-use license for this item is:
CC BY
The Document Version you have downloaded here is:
Publisher's PDF, also known as Version of record

The final published version is available direct from the publisher website at:
https://doi.org/10.1016/j.marpolbul.2022.113610

Link to author version on UHI Research Database

Citation for published version (APA):
van Geel, N., Risch, D., & Wittich, A. (2022). A brief overview of current approaches for underwater sound
analysis and reporting. Marine Pollution Bulletin, 178, [113610]. https://doi.org/10.1016/j.marpolbul.2022.113610

General rights
Copyright and moral rights for the publications made accessible in the UHI Research Database are retained by the authors and/or other
copyright owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with
these rights:

1) Users may download and print one copy of any publication from the UHI Research Database for the purpose of private study or research.
2) You may not further distribute the material or use it for any profit-making activity or commercial gain
3) You may freely distribute the URL identifying the publication in the UHI Research Database

Take down policy
If you believe that this document breaches copyright please contact us at RO@uhi.ac.uk providing details; we will remove access to the work
immediately and investigate your claim.

Download date: 23. May. 2023

https://doi.org/10.1016/j.marpolbul.2022.113610
https://pure.uhi.ac.uk/en/publications/1f8d09c6-1ced-436c-b755-f0d14885c055
https://doi.org/10.1016/j.marpolbul.2022.113610


Marine Pollution Bulletin 178 (2022) 113610

0025-326X/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

A brief overview of current approaches for underwater sound analysis 
and reporting 

Nienke C.F. van Geel *, Denise Risch, Anja Wittich 
Scottish Association for Marine Science (SAMS), Oban, Argyll, PA37 1QA, Scotland, United Kingdom   

A R T I C L E  I N F O   

Keywords: 
Acoustic monitoring 
Metrics 
Sound level reporting 
Noise impacts 
Standards 

A B S T R A C T   

Soundscapes have substantially changed since the industrial revolution and in response to biodiversity loss and 
climate change. Human activities such as shipping, resource exploration and offshore construction alter natural 
ecosystems through sound, which can impact marine species in complex ways. The study of underwater sound is 
multi-disciplinary, spanning the fields of acoustics, physics, animal physiology and behaviour to marine ecology 
and conservation. These different backgrounds have led to the use of various disparate terms, metrics, and 
summary statistics, which can hamper comparisons between studies. Different types of equipment, analytical 
pathways, and reporting can lead to different results for the same sound source, with implications for impact 
assessments. For meaningful comparisons and derivation of appropriate thresholds, mitigation, and management 
approaches, it is necessary to develop common standards. This paper presents a brief overview of acoustic 
metrics, analysis approaches and reporting standards used in the context of long-term monitoring of soundscapes.   

1. Introduction 

Over the last decades, there has been increasing concern about 
underwater noise resulting from anthropogenic activities and its impacts 
on marine life (e.g., Duarte et al., 2021). In response, many countries 
have started to monitor underwater sound levels, and require reporting 
on activity related noise levels and associated impacts on (protected) 
marine species for licensable activities (e.g., Colbert, 2020; Marotte 
et al., 2022; Merchant et al., 2016; Van Parijs et al., 2021). 

Noise has been defined as unwanted sound, sound that serves no 
function, and sound that interferes with a signal of interest. These 
descriptions are not mutually exclusive and it is clear that the definition 
of noise is somewhat subjective and dependent on both the perspective 
of the producer, as well as the receiver (McKenna et al., 2016). Some 
sounds, such as those produced as a by-product of shipping, are largely 
without function for both the producer and the listener, and thus be 
widely classified as noise. In other cases, such as seismic exploration, the 
produced sounds are intentional, and thus signal rather than noise for 
the producer, but unwanted and therefore noise for the listener. On the 
other hand, sounds can also be produced unintentionally, without 
function for the producer but with benefit for the listener, for example 
predators eavesdropping on movements of their prey. While some 
sounds introduced by human activities, for example those produced by 

tidal turbines (Risch et al., 2020), might be a mixed blessing, as they can 
act as cues for animals to avoid collisions, most sounds generated by 
human activities are unwanted signals to marine species (Duarte et al., 
2021). Here we therefore adopt a general definition of underwater noise 
as including all sounds produced either intentionally or unintentionally 
by human activities (McKenna et al., 2016). In contrast, the broader 
term underwater sound considers the soundscape as a whole, including, 
but not necessarily distinguishing between, biological, geophysical and 
anthropogenic sounds. Within this paper, we will concentrate on current 
approaches for underwater ambient sound measurements with a focus 
on monitoring of underwater noise as defined above. 

Anthropogenic underwater noise is produced by a variety of sources, 
including commercial shipping and recreational vessel traffic, detona-
tion of explosives, seismic exploration, navy and scientific sonars, 
pingers and acoustic deterrent devices used in directed fisheries and 
aquaculture, pile-driving and other construction work, and operational 
noise from marine industries (Duarte et al., 2021; Hildebrand, 2009). 
Anthropogenic noise can also be propagated into the ocean from 
terrestrial and atmospheric realms. For example, the contributions from 
airplanes have recently been highlighted as an overlooked source of 
underwater noise especially in confined areas with frequent overflights 
(Erbe et al., 2018). The different sources of anthropogenic noise vary in 
signal level and frequency, as well as over time and space. Many overlap 
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with one another, as well as with natural sound sources (earthquakes, 
tidal turbulence, wind, and rain), thereby creating complex soundscapes 
of noise, especially in coastal regions near urban centres and close to 
major shipping lanes (Farcas et al., 2020; Hatch et al., 2008; Sertlek 
et al., 2019). Underwater sound assessments and modelling in these 
environments are further complicated by a variety of physical and 
environmental parameters affecting frequency-dependent sound prop-
agation. For example, tidal height affects sound levels in shallow water 
because water depth constrains the propagation of lower frequency 
sound (Jensen et al., 2011). Such complexities in sound propagation and 
environmental interactions need to be considered carefully when 
assessing potential impacts of underwater noise, as underestimates of 
noise exposure can lead to a failure to recognise risk of injury and 
disturbance to marine species (Farcas et al., 2016). 

In addition, the hearing ranges, sensitivities, and behavioural vari-
ability of individual species' response to noise, need to be considered (e. 
g., Ellison et al., 2012; Tougaard and Beedholm, 2019). However, there 
are still large knowledge gaps for many species and cumulative impact 
assessments (including multiple noise sources, and in combination with 
other stressors) remain a challenge. 

Similar to the physical complexities of underwater sound propaga-
tion, the analysis of acoustic data and sound level reporting can be 
confusing. A large number of acoustic terms, definitions and metrics 
exist, but the rationale for their use is not always clear or consistent 
(Shannon et al., 2016; Wilford et al., 2021). This can be confusing, not 
just for stakeholders from different fields and novices in underwater 
acoustics, but even for experts with years of experience (McKenna et al., 
2016). Comparing sound levels obtained from a variety of recording 
devices with different calibration standards (Sousa-Lima et al., 2013), 
analysed using different processing frameworks, and expressed in 
various summary metrics can be particularly challenging for regulators 
wishing to make an informed decision on potential impacts of different 
sources. When analytical protocols and standards used are not clearly 
documented, it becomes difficult to determine whether reported varia-
tions in sound levels between studies represent real differences or are a 
product of differing data recording, processing, or reporting decisions. 

This paper summarises a report which was prepared for a workshop 
focused on the development of suitable metrics to quantify underwater 
noise impacts on North Atlantic right whales in Canadian waters (Mar-
otte et al., 2022; Risch et al., 2019). The paper aims to summarise some 
of the more commonly used sound analysis parameters and metrics 
employed in underwater sound assessments and noise impact studies as 
a starting point for non-experts. 

2. Underwater sound recording, measurement and analysis 

When setting up projects with the aim to assess underwater sound 
levels, one of the first decisions to be made is about the recording 
equipment, calibration, and field recording protocol. There is a wide 
variety of acoustic recording devices, and platforms from which they can 
be deployed (Sousa-Lima et al., 2013). The choice about which of these 
are best to use in a given context will depend on the research question, 
project objectives, monitoring requirements, as well as available re-
sources. Independent of which equipment is used, it is important to be 
clear about system limitations in terms of frequency range, as well as 
temporal and spatial coverage. For example, sound recording equipment 
usually present constraints in terms of dynamic range, the frequency 
band that is recorded, and system noise floor. The following is a brief 
overview of commonly used spectral and temporal parameters used in 
underwater sound recording and analysis. 

2.1. Sound pressure and sound exposure level 

The human ear can resolve sound intensities spanning several orders 
of magnitude through a complex nonlinear response. Partly in response 
to this fact about human hearing, the logarithmic decibel (dB) scale was 

introduced to measure the wide range of sound intensities experienced 
by humans (Richardson et al., 1995). Sound levels (in dB) for a specified 
frequency range are expressed as the ratio of the integral over a stated 
time interval of squared sound pressure (P2 in Pascal - Pa) divided by the 
duration of the time interval, to a squared reference pressure (P0

2). This 
ratio is then transformed logarithmically using base 10 and multiplied 
by 10 (Eq. 1). The standard reference pressure in water is 1 μPa2. 

Lp = 10 log10

[
1

t2 − t1

∫ t2

t1

P2

P0
2 dt

]

; dB re 1 μPa2 (1) 

The notation for mean-square sound pressure level (SPL; Lp) used 
here is following the standard ISO 18405:2017 (ISO, 2017a), as sum-
marised by Ainslie et al. (2022). Lp is numerically identical to the root- 
mean-square (RMS) sound pressure level (Lp,rms), which can be derived 
by taking the square root of the squared pressure ratio and changing the 
leading constant to 20. The in-water reference pressure for Lp,rms is then 
1 μPa. 

It is important to consider in what context to use different noise level 
metrics to appropriately reflect signal levels and assess their potential 
impact. For example, Lp,rms is widely used to characterise continuous 
sources (e.g., vessel noise) (e.g., Merchant et al., 2012; Zhang et al., 
2020), while signal levels of impulsive sound sources (e.g., pile-driving, 
explosions) are typically described as zero-to-peak sound pressure level 
(Lp,0-pk) (e.g., Martin and Barclay, 2019), and sometimes as peak-to-peak 
sound pressure level (e.g., Bailey et al., 2010). Lp,0-pk is defined as the 
maximum absolute pressure deviation in a given time interval, and is 
sometimes also termed peak sound pressure level (Lp,pk) or simply the 
amplitude of a signal. 

Peak-to-peak sound pressure level is equivalent to the sum of the 
magnitudes of the peak positive and peak negative pressures (Lucke 
et al., 2009). Peak-to-peak sound pressure is not specifically defined by 
the ISO (2017a) standard. In practice, zero-to-peak sound pressure level 
and cumulative sound exposure level are often used to describe impul-
sive sound levels for noise impact assessments (Faulkner et al., 2018; 
NMFS, 2018). 

Sound exposure level (SEL; LE,p) measures sound energy by taking 
into account received sound pressure level and exposure duration. LE,p 
expresses total sound energy over a specified duration (t) (Eq. 2) and is 
thus useful for comparing total acoustic energy of sounds with different 
durations. 

LE,p = Lp,rms + 10 log10(t); dB re 1 μPa2s (2) 

LE,p is computed over either a single signal (referred to as single pulse 
or single strike SEL (SELSS) in a pile-driving context) or a longer period 
to calculate cumulative sound exposure (SELcum). For an individual 
acoustic pulse, the ISO standards (ISO, 2017a, 2017b) specify t being the 
entire duration of the received pulse (i.e., the sound exposure level is 
calculated over 100% of the pulse energy), so that the energy can be 
accumulated by adding over multiple pulses. Pulse duration is 
commonly defined as a temporal window containing 90% of signal en-
ergy and has been used in measurements of sound exposure (Madsen, 
2005; Merchant et al., 2015). Current guidelines for assessing the effects 
of anthropogenic noise on marine mammals in the United States of 
America (USA) use a 24-hour period to account for accumulated sound 
exposure expressed as SELcum (NMFS, 2018). However, NMFS (2018) 
recognises that there may be situations where the 24-hour accumulation 
period is inappropriate to use (e.g., if activities last less than 24 hours, or 
if receiving individuals are expected to experience unusually long noise 
exposures). 

Recently, daily SELcum has been suggested as a useful metric for 
analysing and managing longer-term and cumulative effects of anthro-
pogenic noise on soundscapes (Martin et al., 2019), although this may 
not always appropriate when comparing datasets collected using widely 
varying duty cycles (Halliday et al., 2021). Next to providing a better 
understanding of cumulative sound exposure impacts on species, daily 
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SELcum can be used to identify how acoustic habitats are affected by 
human activities. It has been shown that animals are more susceptible to 
impulsive sounds when high levels of continuous sounds are already 
present (e.g., pile-driving in a busy harbour) (Kastelein et al., 2015). 
Although limited by not considering auditory recovery and temporal 
patterns, understanding daily SEL in an area may thus help to initially 
assess how much more noise can be added to an environment before 
risking injury (Martin et al., 2019). 

The distinction between impulsive and continuous signals may be 
subjective for some sounds, such as acoustic deterrent devices (ADDs). 
Also, impulsive sources like airguns and pile-driving can appear to be 
much more continuous sounds at long ranges due to energy propagating 
along multiple paths. Moreover, there is international disagreement on 
how regulators have grouped some noise sources, such as sonar pulses 
from single- and multi-beam echo-sounders and military sonar (Martin 
et al., 2020). 

2.2. Power and sound exposure spectral density level 

Power spectral density describes how signal power is distributed 
with frequency. Mean power spectral density is obtained by dividing the 
mean squared pressure for each frequency band by its bandwidth. To 
calculate power spectral density levels (PSDL), mean spectral power 
density needs to be converted to dB. The sound exposure spectral density 
level (ESDL) quantifies the contribution to sound exposure per unit of 
bandwidth. The reference values for mean squared pressure levels are 1 
μPa2/Hz for PSDL and 1 μPa2s/Hz for ESDL, respectively. PSDL and 
ESDL can be determined over varying frequency (e.g., 1 Hz bands; 

Fig. 1) and time scales (e.g., hourly, daily, monthly, annually). 
PSDL and ESDL express average signal levels within the spectral band 

and are thus well suited to represent amplitudes of broadband, contin-
uous sound (e.g., wind or ship sounds), but for narrowband tones the 
values will vary with the width of the measurement band. Amplitudes of 
narrowband impulsive sounds (e.g., echolocation, pile-driving) should 
therefore be measured using the sound pressure waveform directly 
(Merchant et al., 2015; Richardson et al., 1995). 

2.3. Frequency bandwidths 

The choice of frequency band over which sound levels are sum-
marised depends on the research or management question. Sound source 
characteristics, receiver hearing sensitivities and vocal range, environ-
mental properties affecting propagation, as well as practical signal 
processing choices are all important to consider when deciding on 
analysis bandwidths. Choosing unsuitable analysis bandwidths might 
otherwise lead to inaccurate impact assessments and inappropriate 
management actions (Faulkner et al., 2018). Frequency bandwidths are 
computed as the difference between the upper and lower frequency 
bounds of each band. An example of constant bandwidth is the power 
spectral density with an equal 1 Hz bandwidth (see Section 2.2). In 
contrast, proportional bandwidths show constant ratios of the lower and 
upper frequencies and bands are getting wider with frequency. Exam-
ples of frequency bands of proportional bandwidth are octave (where 
the frequency range doubles from one octave to the next), and one-third 
octave bands (Erbe, 2011). True one-third octave bands are calculated 
by splitting every octave logarithmically into three adjacent bands (i.e., 

Fig. 1. Spectral probability density, percentiles and arithmetic mean (AM), presenting the distribution of sound measurements from a 20-minute recording collected 
off western Scotland on the 19th June 2018 (a). The associated spectrogram (b) shows the presence of continuous vessel noise in the lower frequencies, as well as 
Risso’s dolphin whistles (red boxes) and echolocation (black boxes). The high frequency clicks (peaks at ~29, 37 and 45 kHz) are also clearly reflected in the top 
graph. Sound level statistics were obtained through power spectral density analysis (PSD), using a Hann window, 0% overlap and a 1-second observation window. 
Acoustic data were collected during the COMPASS project, funded by the EU's INTERREG VA Programme managed by the Special EU Programmes Body (SEUPB). 
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a one-third octave (base 2) approximates 0.333; frequency ratio = 21/3 

= ~1.25992) (ISO, 2017a). They are very similar to one-third octave 
(base 10) or decidecade bands (approximating 0.332; frequency ratio =
101/10 = ~1.25892) (ISO, 2017a). The latter have been commonly used 
to summarise underwater ambient sound measurements (e.g., MacGil-
livray et al., 2019; Merchant et al., 2016), and several international 
workshops have recommended their use (Wall et al., 2021). A hybrid 
approach for summarising sound levels, which would use constant 1 Hz 
frequency bands up to 455 Hz and millidecade bands above 455 Hz has 
recently been proposed (Martin et al., 2021). While not widely adopted 
yet, this new approach would allow greater resolution than decidecade 
bands especially in the lower frequencies, while achieving greater data 
compression than equivalent 1 Hz bands (Wall et al., 2021). 

Mammalian hearing functions by separating sounds into its fre-
quency components for processing. Critical bandwidths (CB) are an es-
timate of the width of auditory frequency filters, which describe a 
signal's detectability in the presence of ambient sound. In general terms, 
narrower filter bandwidths increase the signal-to-noise ratio of a signal 
and improve signal detection (Erbe et al., 2016). CBs vary with fre-
quency and tend to widen with increasing frequency. Determining CBs 
in marine mammals is challenged by their aquatic lifestyle and only a 
few species have been measured to date (Erbe et al., 2016), with even 
less data available for fish species (Slabbekoorn et al., 2019). However, 
in humans and some terrestrial animals CBs can be approximated to the 
width of one-third octave frequency bands and initial results indicate 
that this is similar in marine mammals (Erbe et al., 2016; Richardson 
et al., 1995). In the absence of accurate data on CB for individual marine 
mammals, one-third octave bands related to each species' vocalisations 
are therefore commonly used to approximate the frequency range of 
sound that could mask biologically meaningful signals (Clark et al., 
2009; Cunningham and Mountain, 2014). 

2.4. Frequency weighting 

Many potential impacts of noise depend on a species' auditory 
thresholds, i.e. its ability to detect signals above a certain background 
sound level. To generate sound level measurements that account for 
frequency dependent hearing abilities, frequency weighting adjusts 
sound levels in each frequency band by an amount that is proportional to 
the species' hearing sensitivity for that specific frequency range 
(McKenna et al., 2016). The auditory frequency weighting function thus 
acts like a filter that is being applied to measured or predicted sound 
levels. Frequencies where animals are more susceptible to noise expo-
sure are emphasised and frequencies where animals are less susceptible 
to noise are de-emphasised (Houser et al., 2017; Tougaard and Beed-
holm, 2019). 

Frequency weighting functions can be developed for species for 
which hearing thresholds across the full frequency spectrum of their 
hearing range are well understood (Houser et al., 2017). Audiograms, 
derived through behavioural experiments or electrophysiological mea-
surements, are available for a limited number of marine mammal species 
(Jäckel et al., 2022). Consequently, species-specific weighting functions 
have been developed for a few species, including the common bottlenose 
dolphin (Tursiops truncatus) (Finneran and Schlundt, 2011) and harbour 
porpoise (Phocoena phocoena) (Terhune, 2013; Wensveen et al., 2014). 

In the absence of species-specific data, five to six functional hearing 
groups, each with a group-specific frequency weighting function, are 
currently being suggested to assess impacts of noise on marine mammals 
(NMFS, 2018; Southall et al., 2019). The diversity of fish and inverte-
brate species and a general lack of data with respect to their hearing 
ability, make a similar categorisation approach for these species chal-
lenging (Hawkins and Popper, 2017). 

Care should be taken when applying frequency weighting to assess 
injury potential. Frequency weighting reflects the ability of an animal to 
hear sound and does not necessarily predict how animals perceive or 
behaviourally react to the same sound (NMFS, 2018). Further, 

behavioural responses are also influenced by contextual factors such as 
health, motivation, current behavioural state and previous exposure to 
the sound source under consideration (Tougaard et al., 2015). Finally, it 
is also important to consider that sounds that are inaudible to animals 
might still be capable to cause tissue damage (Hawkins and Popper, 
2017). 

2.5. Duty cycle 

Duty cycles can be defined as the fraction of time that an intermittent 
source is actively transmitting during sound transmission. For example, 
a source transmitting for 1 hour per day has a duty cycle of 1/24 =
~0.04 (4%). SELcum measurements will have to take into account the 
duty cycle of a given signal to accurately predict the potential for 
auditory injury and other impacts. In the context of acoustic recordings, 
the duty cycle determines the amount of data that are collected within a 
given period. In many field studies, it is prohibitive to collect data for 
100% of the time due to battery and storage space constraints. 
Depending on the study, duty cycles of 25–50% are common, with 
choices regarding the length and distribution of individual sampling 
periods dependent on hardware capabilities as well as the type of signal 
being monitored. Rather than collecting fewer data in the field, some 
studies also introduce a duty cycle during data analysis to reduce pro-
cessing time. In either case, a compromise between reduced data vol-
umes/processing time and maintenance of data accuracy needs to be 
found, which will vary with research and management objectives (Riera 
et al., 2013; Thomisch et al., 2015). It has been suggested that recording 
more often at shorter duration (for example 1 minute every 6 minutes, 
rather than 10 minutes every hour) provides more reliable estimates of 
daily SEL, as well as greater likelihood of confirming the presence of 
vocalising baleen whales, than recording for longer with larger gaps 
between samples (Martin et al., 2019; Thomisch et al., 2015). However, 
recording duration should be long enough to accurately calculate signal 
amplitudes in the lower frequencies (Ward et al., 2021). 

The chosen duty cycle (whether applied in the field or during anal-
ysis) is important and needs to be acknowledged when comparing noise 
levels between studies. Average differences between sound levels have 
been shown to vary by 2–6 dB depending on choice of duty cycle 
(Hawkins et al., 2014). 

2.6. Kurtosis 

Multiple behavioural measurements have indicated that SPL (or SEL) 
on its own insufficiently characterises variation in sound amplitude 
(including the rise time of impulsive signals) and resulting potential risk 
of hearing impairment (Müller et al., 2020). Kurtosis (or sound pressure 
kurtosis; ISO, 2017a) has recently been suggested as a metric to assess 
the impact of impulsive signals in long-term ambient sound recordings 
(Martin, 2019), and as an indicator of impulsiveness in sound exposure 
assessments and soundscape analysis (Martin et al., 2020; Wilford et al., 
2021). Kurtosis (β) is a unitless measure that describes the ‘tailedness’ of 
the probability distribution of a variable. Excess kurtosis (i.e., β − 3) 
subtracts the kurtosis of the normal distribution; the tails of the pressure 
distribution could then be equal (zero β), sharper (positive β), or flatter 
(negative β) compared to the Gaussian distribution. Studies on terres-
trial mammals have shown that kurtosis values of impulsive sounds may 
play an important role in determining Permanent Threshold Shift (PTS) 
occurrence (Hamernik et al., 2003). For different functional groups, the 
kurtosis of the frequency-weighted sound pressure can be calculated 
(Müller et al., 2020). Thus, kurtosis may be used to characterise 
impulsive sound sources more comprehensively and assess the potential 
for hearing damage. 

2.7. Particle motion 

One aspect of underwater sound monitoring which has often been 
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excluded from analyses is particle motion; the oscillating back and for-
ward movement of particles as a sound wave propagates (Nedelec et al., 
2016; Popper and Hawkins, 2018). Whereas hearing in marine mam-
mals relies on detection of the sound pressure component of sound-
waves, all fish and a large variety of marine invertebrates primarily 
sense sound through particle motion (Nedelec et al., 2016, 2021). Given 
a general lack of studies investigating the effects of particle motion on 
marine species, noise impact assessments for species for which it is an 
important sensory input modality are currently limited (CMS Secre-
tariat, 2017; Hawkins and Popper, 2017). This is primarily due to the 
absence of readily available instrumentation for collecting direct field 
measurements, a lack of convergence on measurement and calibration 
standards, as well as limited guidance on data analysis and modelling 
methods (Farcas et al., 2016; Nedelec et al., 2016; Popper and Hawkins, 
2018; Robinson et al., 2014; but see Nedelec et al., 2021). Consequently, 
understanding of the role particle motion plays in the biology and 
ecology of these species, especially marine invertebrates, is also still 
limited (Popper and Hawkins, 2018). Extensive assessments of current 
understanding and identification of particular knowledge gaps and 
recommendations to address these are provided by Hawkins and Popper 
(2017), Popper and Hawkins (2018), and Slabbekoorn et al. (2019). 

Particle motion can be specified in terms of sound particle 
displacement, particle velocity, or particle acceleration (ISO, 2017a), 
each involving a different reference unit (dB re 1 pm, dB re 1 nm s− 1, and 
dB re 1 μm s− 2 for the root-power of these three quantities, respectively). 
Although these three quantities are directly related with regard to fre-
quency, acceleration is considered most relevant as it is closest aligned 
with the auditory system functioning of fish and invertebrates (Nedelec 
et al., 2016). 

Particle motion can be calculated indirectly from sound pressure 
measurements (e.g., Rogers et al., 2021). The validity of this approxi-
mation depends on detailed knowledge of various factors, including the 
distance to the sound source, proximity of sea surface and seabed 
boundaries that could impact wave propagation, size of the sound 
source, cut-off frequency, wavelength of the sound, and variation in 
sound propagation (Nedelec et al., 2016). Such information is rarely 
available in the shelf seas and shallow-water habitats which are typically 
targeted for long-term acoustic monitoring programmes, and direct 
(near field) measurements of particle motion in these habitats requires 
the use of particle motion sensors. 

Three methods for measuring particle motion are typically applied: 
1) calculation of the pressure gradient between two or more hydro-
phones; 2) measurements taken by velocity sensors (geophones); and 3) 
obtaining measurements with accelerometers. It has been argued that 
the usage of accelerometers may be the best option (for arguments see 
Nedelec et al., 2016; Popper and Hawkins, 2018). Voltage fluctuations 
recorded by these instruments are converted to represent particle ac-
celeration. As for sound pressure, the resulting waveforms can subse-
quently be presented in different metrics such as zero-to-peak or peak- 
to-peak amplitude, SEL and rise time (for impulsive sounds), and 
sound pressure level, root mean squared level and associated percentile 
statistics (for continuous sounds) (Nedelec et al., 2021; TNO, 2016). 

2.8. Processing parameters: temporal observation and analysis windows 

Acoustic measurements are always made across an interval of time. 
The signal duration, temporal pattern, and decisions on temporal inte-
gration times all play an important role on the choice of metric and the 
resulting measurements. As with all choices regarding acoustic analyses, 
these decisions will be driven by the research/management question, 
source, and receiver characteristics, and are not easily standardised 
across studies. 

It is important to report over which time interval (i.e., the temporal 
observation window) acoustic metrics such as Lp,rms, L p,0-pk and L p,pk-pk 
are calculated, since time is an inherent dimension of these measure-
ments. For SEL measurements, noise levels can be integrated over a 

range of different time intervals, the length of which should also always 
be reported. Temporal integration of individually received signals plays 
an important role in the way animals perceive and process sounds and 
hence whether they might show a behavioural response due to sound 
exposure (Tougaard and Beedholm, 2019). Although more research is 
necessary, in marine mammals, auditory integration times for narrow-
band signals have been measured to be in the order of tens to a few 
hundred milliseconds (Kastelein et al., 2010a, 2010b; Madsen, 2005). 
Observation window lengths in this range are therefore recommended 
for masking models of specific signals and when comparing signal levels 
of shorter pulsed signals to audiograms to establish audibility (Erbe 
et al., 2016). 

Temporal observation window specification may be influenced by 
the frequency range of interest. In the context of ambient sound ana-
lyses, integration times of less than 1 second may result in insufficient 
resolution at lower frequencies, as temporal resolution is inversely 
related to frequency resolution. For example, accurate representation of 
lower frequency such as the lower components of ship noise (up to 10 
Hz) requires a temporal observation window of at least 30 seconds 
(Robinson et al., 2014). In addition, source and receiver characteristics 
and practical signal processing consideration (e.g., computing efficiency 
and analysis time), as well as comparability with historic studies might 
also determine the choice of temporal observation window. For 
example, a duration of ~3 minutes was used in pioneering ambient 
sound studies and has been used to allow comparisons to these earlier 
studies and determine long-term trends in ambient sound levels (Ainslie 
et al., 2018; Andrew et al., 2002; McDonald et al., 2008). National and 
international guidelines, and project-specific standards (see Section 4) 
differ in the applied temporal observation window(s) over which mea-
surements are computed (e.g., ranging from 1 second to 1 year; IQOE, 
2019). In general, a 1-minute observation window is considered essen-
tial, with a 1-second resolution preferred where possible (IQOE, 2019). 

When analysing long-term trends in ambient sound level measure-
ments, short-term measurements of acoustic metrics are often sum-
marised over longer periods. These temporal analysis windows are 
generally chosen as they relate to objective reality and/or from a human 
perception point of view (e.g., seconds, minutes, hours, days, weeks, 
months, or years). Ultimately, the applied temporal analysis window 
duration will depend on the required accuracy, research or management 
question, as well as the granularity of the recorded acoustic data. 

3. Sound level reporting and metrics 

Sound levels can be averaged and summarised along multiple di-
mensions, including frequency, time, geographic location, and depth. 
Which averaging and summary method is best to use depends on the 
signals of interest and question. For example, monitoring projects with a 
focus on anthropogenic noise might use different metrics and summary 
statistics than studies of natural soundscapes (Miksis-Olds et al., 2018). 
Ideally, the method selected for averaging will be meaningful in a 
physical and biological sense. Brief descriptions of relevant metrics for 
averaging and summarising sound levels, and their advantages and 
disadvantages, are presented below. 

3.1. Averaging methods 

3.1.1. Arithmetic mean 
The arithmetic mean (AM) is the average of the squared sound 

pressure (Dekeling et al., 2014), and sometimes termed RMS level or 
linear mean (Merchant et al., 2018a). Although this metric can be 
expressed in dB, the averaging takes place with values of squared sound 
pressure before conversion to dB. The advantage of this metric is that it 
provides estimates independent of the choice of temporal analysis 
window (Dekeling et al., 2014). The metric is sensitive to outliers. For 
example, when high-amplitude transients occur frequently throughout 
the monitoring period, the AM tends to provide higher values than the 
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median, indicating the skewness of the data (Robinson et al., 2014). 

3.1.2. Median and mode 
The median is equal to the 50th percentile. The median depends on 

the chosen time window, but is generally less influenced by transients 
and is therefore more representative of background sound levels in the 
absence of high amplitude transients (Merchant et al., 2012; Van der 
Schaar et al., 2014). The median sound level is independent of whether 
it is computed before or after conversion to dB. The mode is the sound 
level with the greatest probability. The mode is also sensitive to the 
applied temporal analysis window, which needs to be constant to 
establish a trend (Dekeling et al., 2014). 

3.2. Statistical representation 

3.2.1. Percentile statistics and exceedance levels 
Apart from the averaged values expressed as AM or median, the 

distribution of ambient sound levels is also important to consider. Useful 
ways to represent the spread of such data include percentile statistics 
expressed as a boxplot, showing the median, mean, and selected per-
centiles, or as an empirical cumulative probability distribution function 
(ECDF) presenting exceedance levels or percentiles. 

Percentiles are inversely related to exceedance levels. Exceedance 
levels are typically annotated as Lx. For example, L95 indicates the sound 
level that is exceeded 95% of the time and is equal to the 5th percentile 
statistic (Merchant et al., 2015; Fig. 1). The 50th percentile (L50) is the 
median sound level measured across a certain analysis window. Per-
centiles provide an estimate of the distribution of sound levels over time 
and have been used to characterise the percentage of time in which 
sound levels exceed a certain threshold level (Hatch et al., 2012; Putland 
et al., 2018). The definition of percentiles can be somewhat ambiguous 
when comparing different studies. For example, depending on defini-
tions used, the 10th percentile can either mean the value exceeded 10% 
of the time (L10) or not exceeded 10% of the time (L90) (Robinson et al., 
2014). Percentiles are commonly used when summarising underwater 
sound levels (e.g., Merchant et al., 2015, 2018b) and multiple interna-
tional workshop recommendations came to the consensus on using 
percentiles to report sound level statistics (Miksis-Olds et al., 2021). 

3.2.2. Spectral probability density (SPD) 
The spectral probability density (SPD) illustrates the distribution of 

sound levels based on their empirical probability density (Merchant 
et al., 2013; Fig. 1). The method has been proposed to investigate 
multimodality of sound or system limitations such as the instrument 
noise floor influencing measured ambient sound levels. Essentially, SPD 
values reveal the variation of sound levels in a certain frequency band, 
which may also be useful to identify the distribution of particular 
anthropogenic and natural sound sources and investigate the variation 
in sound levels between multiple sites (Haver et al., 2017, 2019) or over 
different periods. 

4. Sound monitoring standards 

There is a growing recognition for the importance of standards and 
best practice guidance with respect to reported sound level metrics, as 
well as in language and terminology surrounding underwater sound 
monitoring and management (e.g., Ainslie et al., 2022; IQOE, 2019; 
Martin et al., 2021). Consistency from data collection through to anal-
ysis and reporting is clearly desirable to facilitate communication, 
collect data of appropriate quality and to provide consistent and 
compatible results. In the past, the lack of clarity when reporting sound 
levels has sometimes led to misinterpretations and confusion in the 
scientific literature and among conservation practitioners and the public 
(Chapman and Ellis, 1998; Faulkner et al., 2018; Wilford et al., 2021). 
For example, impact zones for auditory injury of impulsive sounds have 
originally been established based on Lp,rms (Madsen, 2005), while it is 

now common practice to define impulsive noise criteria using Lp,0-pk and 
SELcum (Faulkner et al., 2018). Equally important is greater clarity 
regarding the quantification of sound levels, since choices of, for 
example, temporal observation and analysis windows and filter band-
widths will influence reported summary level statistics (Robinson et al., 
2014). Guidelines on standardised noise impact assessments and sound 
level monitoring, provided by regulators and expert groups should be 
considered when planning new monitoring projects (Faulkner et al., 
2018; Gedamke et al., 2016; NMFS, 2018). While regulatory re-
quirements specify what needs to be monitored, and how this will be 
assessed, standards and guidelines specify how this is to be realised and 
implemented. 

The International Quiet Ocean Experiment (IQOE) has compiled a 
comprehensive inventory of existing standards and guidelines for ocean 
sound observations (IQOE Working Group on Standardization, 2018). 
This document summarises current standards relating to acoustic 
quantities and units, acoustic terminology, reference quantities and fil-
ters, calibration, measurements, as well as other guidelines and project- 
specific standards. 

It is important to make a distinction between and recognise the 
different goals of the various international standards (e.g., ISO, 2017a), 
international guidelines (e.g., ISO, 2019), national guidelines (e.g., COL, 
2018; Robinson et al., 2014), and standards developed by long-term 
acoustic monitoring project (e.g., JOMOPANS1, and QuietMed I2 & II). 
Some international standards are focussed on measurement of specific 
anthropogenic noise sources such as vessels (ISO, 2016, 2019), and pile- 
driving (ISO, 2017b). While there are several standards relevant to 
ambient sound measurements in air (e.g., ANSI / ASA, 2013), at present, 
there is no international standard for underwater ambient sound mea-
surements, although such a standard is under early stages of 
development3. 

An IQOE workshop developed guidelines for ocean sound observa-
tions (IQOE, 2019), summarising recommendations for international 
uptake, and highlighting those elements for which no consensus was 
reached. Likewise, the IQOE recently published an inventory of existing 
standards and guidelines relevant to marine bioacoustics (IQOE Marine 
Bioacoustical Standardization Working Group, 2021), collating infor-
mation related to terminology, metrics, reporting, and effects on marine 
life. 

Despite the absence of internationally agreed standards, several 
workshops (e.g., IWC, 2014; COL, 2018; IQOE, 2019) identified 1-min-
ute averages as the essentially required analysis window, with 1-second 
averages desired where feasible. In terms of frequency, these workshops 
reached consensus on a minimal resolution of decidecades, with 1 Hz 
bands preferred where practical (Martin et al., 2021). 

At present, there are no international standards for undertaking 
particle motion analysis, including both formal advice on how to 
incorporate this approach in impact assessment for fish and in-
vertebrates, as well as protocols for taking particle motion measure-
ments underwater (Popper et al., 2014; Prideaux, 2017). A best practice 
guide was recently developed by Nedelec et al. (2021), comprehensively 
discussing the physics of particle motion, and how to measure particle 
motion, including instrumentation, calibration, data collection, pro-
cessing and reporting aspects. Additional relevant standards have been 
developed for the Joint Industry Programme on E&P Sound and Marine 
Life (TNO, 2016). 

1 JOMOPANS (Joint Monitoring Programme for Ambient Noise North Sea) 
standards: https://northsearegion.eu/jomopans/output-library/  

2 QuietMed standards: http://www.quietmed-project.eu/deliverables/ 
3 ISO (International Organization for Standardization), ISO/TC 43/SC 3 Un-

derwater Acoustics – ‘Working Group 5’ and ‘ISO standards under development’ 
sections. https://www.iso.org/committee/653046.html 
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5. New approaches for underwater sound monitoring and 
management 

While noise impacts are often managed based on assessments of 
short-term effects of individual loud sources, it is clear that studying 
longer-term trends and variability in acoustic habitats is important, 
because such variability may modulate responses of animals to noise in 
the short-term (Francis and Barber, 2013). For example, species that live 
in habitats that are relatively quiet or show less variability may be more 
sensitive to noise and respond to lower noise exposure levels than spe-
cies that live in environments with higher sound levels, independent of 
whether they are from natural or anthropogenic origin. Additionally, the 
masking effects of higher sound levels necessarily place lower bounds on 
noise levels that could have biological effects, regardless of species' 
auditory sensitivities. Understanding such dynamics between species 
and their natural habitats may improve predictions of potential impacts, 
the expected success of mitigation, and the recovery from noise impacts 
(Gomes et al., 2021). Over the last decade, several approaches focusing 
on acoustic masking (Erbe et al., 2016), loss of communication space 
(Cholewiak et al., 2018; Clark et al., 2009), or the description of 
soundscapes using acoustic indices (Elise et al., 2019; Sueur et al., 
2014), have been developed to take account of variability in acoustic 
habitats and assess cumulative noise effects. 

In a management context, the recognition of possible long-term 
acoustic impacts on ecosystem health spurred the development of a 
framework of risk-based noise exposure maps and indicators to establish 
quantitative noise budget targets (Merchant et al., 2018b). Next to 
sound exposure, this framework takes the management area, receptor 
species, and population density into account. In the USA, the National 
Oceanic and Atmospheric Administration (NOAA) developed an Ocean 
Noise Strategy which aims to combine knowledge on species presence 
and characterisation of important (acoustic) habitats with current un-
derstanding of impacts due to anthropogenic noise (Gedamke et al., 
2016). The risk-based approach builds upon species density maps and 
distribution data by identifying important Biological Important Areas 
(BIAs) (and times of year) where marine species engage in activities that 
contribute to individual fitness and provide benefits to the population as 
a whole. The identification of these BIAs can assist resource managers 
with decision-making and planning to reduce human noise impacts 
(Ferguson et al., 2015). As part of the Oceans Protection Plan, an Ocean 
Noise Strategy is currently also being developed for Canada. 

Similarly, soundscape planning, as an analogy to landscape planning, 
is a relatively new conceptual framework. One form of soundscape 
planning is based on the idea of acoustic niche formation in natural 
acoustic communities. The concept may be used to develop strategies for 
noise management by reducing overlap between sound sources and 
impacted species in either the spectral, temporal, or spatial dimension, 
or a combination thereof (Duarte et al., 2021; McCordic et al., 2021; Van 
Opzeeland and Boebel, 2018). 

Another new soundscape analysis approach is that developed by 
Sertlek et al. (2019) and Sertlek (2021) of constructing an acoustic en-
ergy budget based on calculating the acoustic energy (in J) and energy 
density (in J/m3) from sound pressure level maps. The advantage of this 
method is that it allows cumulative assessments of sources of continuous 
and impulsive anthropogenic noise (typically expressed in different 
metrics), as well as natural sound contribution (e.g., wind), and inves-
tigate the relative and total contribution of these sound sources spatially, 
temporally and spectrally. 

6. Conclusion and recommendations 

Choices with regard to reported metrics and granularity of analysis 
will ultimately depend on the research or management question. Where 
possible, it is useful to capture the full bandwidth and temporal char-
acteristics of the source in relation to all relevant potential effects upon 
affected species. Duty cycles, applied either during monitoring or later 

analysis, should be carefully selected and their effect on the chosen 
sound level metric be tested prior to application (Martin et al., 2019). 

Recognising that an easy distinction is not always straightforward, it 
is important to consider whether the measured signal is classed as 
continuous or impulsive (Madsen, 2005; NMFS, 2018; Richardson et al., 
1995). Impulsive noise impacts depend on the maximum sound pressure 
level, signal energy across time, as well as the shape of the signal's 
waveform. Recommended parameters to capture signal characteristics 
and estimate impacts for such noise sources (e.g., pile-driving or close- 
range seismic airgun pulses) therefore typically include Lp,0-pk, SELcum, 
signal duration, and kurtosis. 

When considering continuous noise (e.g., shipping, long-range 
seismic airgun signals), Lp,rms is typically calculated. Partly due to 
their relation to mammalian hearing, one-third octave (base 10) (i.e., 
decidecade) bands are generally recommended for such assessments of 
chronic noise and for longer-term underwater sound monitoring. A finer 
resolution of 1 Hz might be desirable in some contexts (IQOE, 2019), 
and the hybrid millidecade spectra has recently been proposed as an 
effective approach to storing and sharing long-term ambient sound data 
(Martin et al., 2021). 

It is important that the total monitored bandwidth covers, at a 
minimum, the main frequency content of a signal. For example, for low 
frequency sources such as shipping, this would include all energy below 
1 kHz (e.g., Erbe et al., 2019; Wenz, 1962; Wittekind and Schuster, 
2016). However, while management was traditionally focused mainly 
on the dominant lower frequencies, it has been shown that the high- 
frequency components of vessel noise may also produce strong behav-
ioural responses in some species (Dyndo et al., 2015). Therefore, 
covering a wider band up to 20 kHz or higher should be considered if 
possible (IQOE, 2019). This also allows potential higher frequency im-
pacts from other noise sources, like pile-driving and seismic surveys that 
can have prolonged and extended acoustic footprints, to be quantified 
and assessed. 

In terms of data aggregation and reporting of long-term sound 
measurements, it is generally recommended to summarise data using the 
arithmetic mean and percentiles (e.g., Miksis-Olds et al., 2021). Pro-
cessed acoustic data should be stored in the highest spatiotemporal 
resolution possible, as this allows upscaling to summarise and visualise 
results (IQOE, 2019). A minimum requirement of 1-minute averages are 
endorsed, while 1-second resolution is desirable. These data can then be 
aggregated in temporal analysis windows of 1-hour, 1-day, 1-month 
(recommended), or 1 year (IQOE, 2019). It also increases the potential 
utility of the data for future research projects. In contrast, downscaling 
from saved low-resolution results to create fine-scale spatial or temporal 
outputs will not be possible without re-processing original acoustic raw 
data. 

Sound level assessments ideally consider the receiver of the signal (i. 
e., the impacted animal) and apply appropriate frequency weighting 
functions to emphasise sound energy at frequencies at which impacted 
species have their most sensitive hearing threshold (e.g., Faulkner et al., 
2018; NMFS, 2018). It has been shown that choosing the right function 
is important (e.g., Tougaard and Dähne, 2017), albeit hampered by 
missing data for many species. Analysis guidelines and regulations using 
frequency weighting functions to assess risk of injury should be 
continuously evaluated and be based on the latest available science 
(Wright, 2015). 

A holistic approach to sound monitoring should consider potential 
short-term as well as long-term effects, and attempt to integrate mea-
surements across various sources, spatial scales, and time windows to 
assess cumulative effects. Anthropogenic noise levels should also be 
evaluated with other co-occurring stressors to assess the cumulative 
impacts of noise pollution to a given population. The NOAA Ocean Noise 
Strategy is an important step along this way. It provides pathways to 
address species level impacts of noise and mitigation thereof, while also 
establishing foundations for the conservation of acoustic habitats and 
applying risk assessment to place-based noise management (Gedamke 
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et al., 2016). New approaches such as soundscape planning (Van 
Opzeeland and Boebel, 2018) may also be useful for conceptualising 
such multi-species and ecosystem-wide impacts of noise on acoustic 
habitats. 

There are considerable data gaps in our current understanding of 
physical and behavioural impacts on many marine species due to noise. 
However, this should not prevent mitigation actions where possible, 
since in many cases relatively small changes to a sound source can have 
positive effects over large habitat areas (Risch et al., 2021). Finally, any 
noise monitoring and mitigation strategy should be set up to be flexible 
and adaptable, allowing evolving scientific evidence to be incorporated 
into future assessments. As a worldwide community working together 
on managing and mitigating the impacts of increasingly noisier global 
oceans, sharing knowledge, data and common analyses approaches 
should therefore be encouraged across group and project boundaries. 
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