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Executive Summary 

ExxonMobil Canada Ltd (EMCL) conducted exploratory drilling operations in or near the Flemish Pass to 
look for oil and gas at the Harp (EL 1165B, formerly EL 1135) and Hampden (EL 1165A, , formerly EL 
1134) sites from October 2019 to May 2020. Wood PLC (Wood) contracted JASCO Applied Sciences to 
perform an acoustic monitoring program as part of the overall environmental effects monitoring program. 
To satisfy the conditions of the Environmental Assessment Decision Statement, EMCL was required to 
“verify the accuracy of the Environmental Assessment as it pertains to underwater noise levels” (Section 
3.12.3). The main objective of the acoustic monitoring was therefore to characterize the sounds produced 
by a Mobile Offshore Drilling Unit (MODU) and to provide insight into the effects of its sound emissions on 
marine life, particularly how the measured distances to sound levels associated with temporary hearing 
threshold shift compared to the distances in the EA. EMCL also wanted to understand the effectiveness 
of using bottom-mounted recorders for performing sound source characterizations (SSC) of stationary 
sound sources. Four acoustic recorders were deployed: two near the Harp (EL 1165B) and Hampden (EL 
1165A) sites, one near the midpoint between the two well sites and one on the Sackville Spur at a site 
where baseline marine mammal occurrence data exist from a previous study. 

The presence of the MODU had a significant impact on the surrounding soundscape. The total daily 
sound exposure levels in 300 m of water at a 2 km distance from the MODU (Harp (EL 1165B)) were 25–
30 dB higher when the MODU was present compared to when it was absent. The levels were ~20 dB 
higher 5 km from the MODU in water 1175 m deep (Hampden (EL 1165A)). The presence of the MODU 
increased the power spectral density by ~25 dB at 100 Hz, 15–20 dB at 1000 Hz, 10 dB at 10000 Hz, and 
20 dB at 27000 Hz. Broadband (10 Hz – 200 kHz) levels measured at 2 km (Harp) and 5 km (Hamden) 
from the MODU were ~ 20 dB and ~ 17 dB higher, respectively, compared to baseline levels. These 
increases are generally consistent with previous measurements in the Flemish Pass where the increase 
in broadband sound levels measured 13 km from a MODU was 13 dB (Maxner et al. 2017). The MODU 
underwater radiated noise was computed using the Harp (EL 1165B) data. The median broadband 
source factor was 191.2 dB re 1 µPa²·m². The maximum decidecade was the 200 Hz band, which had a 
median source factor of 183.4 dB re 1 µPa²·m². Acoustic modelling conducted for the deep (>2000 m) 
Scotian Basin Exploration Drilling Project conservatively assumed broadband source levels for a drillship 
and semi-submersible to be approximately 197 dB re 1 µPa @ 1 m RMS SPL (Zykov 2016).  

The Environmental Assessment considered the potential of EMCL’s exploratory drilling activities to illicit 
underwater noise effects on marine mammals based on studies by Zykov (2016) and Quijano et al. 
(2017). Zykov (2016) modelled sound levels associated with several oil and gas activities, including an 
operating semi-submersible platform such as that used in this study, in deep water off the Scotian Shelf. 
Quijano et al. (2017) provided a qualitative assessment on the applicability of the Zykov (2016) modelled 
ranges to various sound level thresholds based on environmental conditions in the Flemish Pass. They 
concluded that for shallow sites, such as Harp (EL 1165B), distances to thresholds corresponding to high 
levels (e.g., sound pressure level (SPL) thresholds of 180–190 dB re 1 µPa) could be longer than those 
modelled for the Scotian Basin Exploration Drilling Project. The opposite would be expected for lower 
sound level thresholds (e.g., SPL of 120 dB re 1 µPa), which should yield shorter ranges. Due to 
similarities in source levels, seabed geoacoustics, and sound speed profiles, Quijano et al. (2017) 
indicated that the Zykov (2016) results provided a good reference for the expected sound levels at deep 
sites of the current Project (e.g. Hampden (EL1165A), 1175 m deep). Therefore, distances to thresholds 
for scenarios involving a drillship/semisubmersible platform with or without a supporting vessel were 
predicted to be similar to those for the Scotian Basin modelling sites. The 120 dB re 1 µPa SPL threshold 
was expected to be reached at maximum distances Rmax >150 km in winter and Rmax ~51.6 km in 
summer. The long winter propagation ranges were not observed in this study, and propagation in general 
may have only, at best, approached the summer ranges in Zykov (2016).  
 
In a more recent modelling study involving sites close to those monitored in this program, Zykov (2018) 
estimated ranges to sound level thresholds for a drillship whose source level was comparable to that of 
the MODU used in this drilling program. The ranges to various SPL isopleths were about five times 
shorter than in the Scotian Shelf study (Zykov 2016). In the study described in this report, sound levels 
from the MODU measured in 875 m of water about 30 km away (Mid) showed that SPL in the 100-1000 
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Hz band increased by ~ 9 dB when the MODU was present and reached ~ 112-115 dB re 1 µPa. In 
comparison, Zykov (2018) estimated that SPL would remain above 120 dB within 10.5-34 km from the 
drill ship, depending on the season. These modeling results are more consistent with the measured levels 
presented here, particularly considering that near-bottom sound levels presented here are expected to be 
lower than the maximum-over-depth levels presented in the modeling studies.  
 
Marine mammal occurrence at the Sackville Spur in 2019-2020, where the acoustic signature of the 
MODU at Harp (EL 1165B) was not detected, was remarkably consistent with the patterns observed at 
the same location in 2016-2017 for all species. Acoustic detections of blue whale, fin whales, delphinids 
and harbour porpoises at Harp (EL 1165B) declined noticeably after the arrival of the MODU. A period of 
increased detections from mid-December to February for all these species but blue whales suggests that 
their signals were detectable in the presence of the MODU and that the initial drop in detections may 
have been caused by avoidance of the area, rather than masking. Habituation to the MODU’s acoustic 
signature, which may have initially induced a change in acoustic behavior (i.e. reduced, or cessation of, 
calling) could also explain this detection period although the synchronized reappearance of several 
species suggests that environmental factors may rather be at play in this case. At Hampden, acoustic 
detections generally showed no change in occurrence in response to the presence of the MODU, except 
for pilot whales whose detections decreased substantially after its arrival and resumed just after its 
departure. There was no evidence of changes in distribution after the arrival of the MODU at Harp beyond 
32 km since no changes in acoustic occurrence were observed at Mid and Hampden.  

Smaller-scale displacements may have occurred in species with high hearing sensitivity in the frequency 
bands where most of the MODU’s acoustic emissions are concentrated to mitigate the effects of extended 
noise exposures on their auditory organs ([NMFS] National Marine Fisheries Service (US) 2018). Indeed, 
sound levels emitted by the West Aquarius MODU at Harp (EL 1165B) and recorded 2 km away from the 
MODU exceeded the threshold for the onset of temporary threshold shift for continuous sound sources in 
low-frequency cetaceans (baleen whales) on 159 days out of 229 days of operations. TTS thresholds for 
high-frequency cetaceans (e.g. harbour porpoises) were also exceeded on 89 days. Temporary threshold 
shifts (TTS) represents a temporary loss of hearing sensitivity. These results are consistent with those 
from Zykov (2018), who showed that the threshold for the onset of temporary threshold shift could be 
exceeded at a distance of up to 3.25 km from a drillship in baleen whale and 5.9 km in high-frequency 
cetaceans. Both the measured and modelled results assume that an animal remained at the threshold 
distance for a full 24 hours. An animal that passes closer than this distance will have a more rapid onset 
of TTS. An animal that exhibits aversion behavior, as would be expected, and leaves the area when 
sound exceeds the TTS accumulation threshold will not suffer TTS. 

Other effects of noise in the study area included a reduction of the available listening range for all species 
analyzed. The effects were most prominent for the low-frequency cetaceans where the available listening 
range estimated 2 km from the MODU was reduced to less than 5% of the best case when the MODU 
was present. Fin whale choruses also had the ability to significantly reduce their available listening range. 
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1. Introduction 

1.1. Program Overview and Contextual Information 

ExxonMobil Canada Ltd (EMCL) conducted exploratory drilling operations in or and near the Flemish 
Pass to look for oil and gas at the Harp (EL 1165B, formerly EL 1135) and Hampden (EL 1165A, formerly 
EL 1134) sites from October 2019 to May 2020 (Figure 1). The Harp (EL 1165B) well was drilled from 
October 2019 to April 2020, and then surface drilling at the Hampden (EL 1165A) well was performed in 
May 2020. Concerns surrounding the potential effects of sound on marine life were noted in the 
Environmental Assessment Report published by the Canadian Environmental Assessment Agency on 15 
Apr 2019. The study area is known to be used by many marine mammal species including noise-sensitive 
beaked whales, such as northern bottlenose (Davis Strait-Baffin Bay-Labrador Sea population) and 
Sowerby’s beaked whales, as well as endangered blue (Atlantic population) and sei (Atlantic population) 
whales (Delarue et al. 2018) (Table 1). High levels of sound have been associated with hearing injury 
(Southall et al. 2019b), displacement of marine mammals (Richardson et al. 1990, Richardson et al. 
1999), and masking of mammal communications (Hatch et al. 2012, Erbe et al. 2016, Pine et al. 2018, 
Southall et al. 2019a). 

Wood PLC (Wood) contracted JASCO Applied Sciences to perform an acoustic monitoring program as 
part of the overall environmental effects monitoring program. The objective of the acoustic monitoring was 
to characterize the sounds produced by a Mobile Offshore Drilling Unit (MODU) and to provide insight into 
the effects of its sound on marine life including auditory injury as well as possible displacement and 
masking of communications. In order to satisfy the conditions of the Environmental Assessment, EMCL 
was required to “verify the accuracy of the Environmental Assessment as it pertains to underwater noise 
levels” (section 3.12.3). EMCL also wanted to understand the effectiveness of using bottom-mounted 
recorders for performing sound source characterizations (SSC) of stationary sound sources, as they may 
wish to perform an SSC on subsurface pressurization systems in the future. 

The Environmental Assessment considered the potential of EMCL’s exploratory drilling activities to illicit 
underwater noise effects on marine mammals based on studies by Zykov (2016) and Quijano et al. 
(2017). Zykov (2016) modelled sound levels associated with several oil and gas activities, including an 
operating semi-submersible platform such as the one used in this study, in deep water off the Scotian 
Shelf. Quijano et al. (2017) provided a qualitative assessment on the applicability of the Zykov (2016) 
modelled ranges to various sound level thresholds based on environmental conditions in the Flemish 
Pass. They concluded that at shallow sites, such as Harp (EL 1165B), the distances to thresholds 
corresponding to high levels (e.g., sound pressure level (SPL) thresholds of 180–190 dB re 1 µPa) could 
be longer than those modelled for the Scotian Basin Exploration Drilling Project. Shorter ranges than the 
Scotian Shelf results would be expected for lower sound level thresholds (e.g., SPL of 120 dB re 1 µPa). 
Due to similarities in source levels, seabed geoacoustics, and sound speed profiles, Quijano et al. (2017) 
indicated that the Zykov (2016) results provided a good reference for the expected sound levels at deep 
sites of the current Project (e.g. Hampden, 1175 m). Therefore, distances to thresholds for scenarios 
involving a drillship/semisubmersible platform with or without a supporting vessel should be similar to 
those for the Scotian Basin modelling sites. The 120 dB re 1 µPa SPL threshold was expected to be 
reached at maximum distances Rmax >150 km in winter and Rmax ~51.6 km in summer. We note that while 
the 120 dB re 1 µPa isopleth is based on older research (Malme et al. 1983, Malme et al. 1984, Malme et 
al. 1986), it remains in use as a regulatory threshold ([NOAA] National Oceanic and Atmospheric 
Administration (US) 2019) or as an indicative threshold for suitable marine mammal habitat (DFO 2012).  
 
Baseline information on the soundscape along the eastern Grand Banks and Flemish Pass is available 
from acoustic monitoring programs conducted by JASCO (Figure 1). Equinor (Statoil) previously collected 
data in the region in 2014 and 2015 during a drilling campaign north of the current project site (CM2 in 
Figure 1; (Maxner et al. 2017)). JASCO collected data throughout Canada’s east coast in 2015–2017 
under an Environmental Studies Research Fund (ESRF) collaborative agreement. ESRF stations 17, 7, 
18, and 19 provide near-continuous acoustic data in the project area (Figure 1). The project reported on 
the soundscape and marine mammal acoustic occurrence across the region (Delarue et al. 2018). The 



JASCO APPLIED SCIENCES  ExxonMobil Canada Ltd Flemish Pass Exploratory Drilling Operations 

Version 3.1 4 

nearest site to the current program is ESRF Stn 19 from 2016–2017 (Figure 1), located 102 km from Harp 
(EL 1165B) and 156 km from Hampden (EL 1165A) drill sites. Data from this station can be considered 
representative of the soundscape expected at the drill sites for ambient sound levels as well as marine 
mammal presence for some species. The current project includes a deployment at ESRF Station 19 
(hereafter called Stn 19) for comparison of the soundscape and mammal presence with the drilling 
program compared to the pre-drilling period (Figure 1). 

The drilling period spanned the full range of propagation conditions in the project area: summer through 
fall, and then winter and into spring. JASCO’s ESRF project performed acoustic propagation modelling of 
the footprint from seismic surveys at the ESRF monitoring sites (Deveau 2018), which were drawn upon 
to inform the expected sound propagation. During summer, a layer of warmer water near the surface is 
expected to refract sound toward the seabed, whereas in winter the sound is expected to be trapped near 
the surface. This could induce a seasonal change in sound levels at the seabed that is the opposite of the 
change that will occur near the surface. 

The drilling program employed the West Aquarius MODU, which was previously measured off Nova 
Scotia for BP in 2300 m of water (Martin et al. 2019a). The results of the BP program suggested that 
some marine mammals, particularly odontocetes, may have left the area around the MODU. The design 
of the present program included acoustic recorders 2 km from each well site and near the mid point 
between the sites. One of the 2km recorders ended up being located 5 km from the MODU (Hampden). 
The main implication of this change is that the acoustic emissions of the MODU measured at Harp and 
Hampden are not directly comparable. The lower sound levels measured at Hampden can be explained 
by its greater distance to the MODU. The distance differential also highlighted the limitations of shallow-
water source characterization, with the monopole source level being lower at Harp than Hampden and 
that source characterization are best performed using data acquired as close to the source as possible. 
By comparing the changes in marine mammal presence between sites, as well as at ESRF Stn 19, a goal 
of the program was to provide insight into whether changes in mammal presence are related to the 
MODU or simply changes in vocalization detectability. The data were also analyzed to examine the 
differences in listening range for hearing groups of marine mammals present in the project area at each 
recorder location. 
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Figure 1. Overview of the project area, existing acoustic data sets and acoustic monitoring locations. White Rose 
(WRose), Hebron (Heb), Terra Nova (TN) and Hibernia (Hib) are existing production platforms. Baseline acoustic 
recordings were available from JASCO’s ESRF program are 7, 17, 18, and 19 (2016-17), as well as Statoil’s existing 
data collected while West Hercules was drilling in 2015 at well CM2. Harp (EL 1165B) and Hampden (EL 1165A) are 
the drill sites of this project.  

1.2. Marine Mammal Acoustic Monitoring  

Passive acoustic monitoring relies on the premise that the monitored species produce detectable sound. 
While several marine taxa produce sounds (e.g., fish and invertebrates), the biological focus of this study 
was on marine mammals. Marine mammals can be important contributors to the underwater soundscape. 
For instance, fin whale songs can raise sound levels in the 18–25 Hz band by 15 dB for extended 
durations (Simon et al. 2010). Marine mammals, cetaceans in particular, rely almost exclusively on sound 
for navigating, foraging, breeding, and communicating (Clark 1990, Edds-Walton 1997, Tyack and Clark 
2000). Although species differ widely in their vocal behaviour, most can be reasonably expected to 
produce sounds on a regular basis. Passive acoustic monitoring is therefore increasingly preferred as a 
cost-effective and efficient survey method. Seasonal and sex- or age-biased differences in sound 
production, as well as signal frequency, source level, and directionality all influence the applicability of 
acoustic monitoring, and its effectiveness must be considered separately for each species.  

Twenty cetacean and two pinniped species have a reasonable likelihood of being present and 
acoustically detected in the study area (Table 1). A few other species with very sparse records, if any, in 
the Flemish Pass area have not been included here (see Environmental Assessment Report for details). 
Delarue et al. (2018) provided a detailed description of marine mammal species detected acoustically 
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during a 2-year study in eastern Canadian waters involving 20 stations, including three deployed near the 
monitoring sites in this study. Delarue et al. (2018) highlighted, among several findings, the importance of 
the Flemish Pass area for several endangered or threatened baleen whale species as well as the regular 
presence of several beaked whale species. It also showed that stations deployed at both ends of the 
Flemish Pass had the highest year-round species diversity among the areas monitored during this study 
(Delarue et al. 2018). Another study described the acoustic occurrence of marine mammals from late 
spring to early fall 2014 and 2015 in the northern Flemish Pass (Maxner et al. 2017), finding patterns of 
acoustic occurrence consistent with those in Delarue et al. (2018). 

Knowledge of the acoustic signals of the marine mammals expected in the study area varies across 
species (Table 2). These sounds can be split into two broad categories: Tonal signals, including baleen 
whale moans and delphinid (i.e. member of the Delphinidae family; includes all dolphins, killer and pilot 
whales, etc.) whistles, and echolocation clicks produced by all odontocetes mainly for foraging and 
navigating (see glossary for definitions of species groups). Although the signals of most species have 
been described to some extent, these descriptions are not always sufficient for reliable systematic 
identification, let alone to design automated detectors to process large data sets. For instance, although 
the whistles of species in the subfamily Delphininae (small dolphins) in the area have all been described, 
the overlap in their spectral characteristics complicates their identification by both analysts and automated 
detectors (Ding et al. 1995, Gannier et al. 2010). The echolocation clicks of all expected beaked whale 
species have been described to varying extent making it possible to distinguish these species. In most 
cases, baleen whale signals can be reliably identified to the species level, although, seasonal variation in 
the types of vocalizations result in seasonal differences in our ability to detect these species acoustically. 
For example, the tonal signals produced by blue, fin, and sei whales tend to overlap in late spring and 
summer but are markedly different from September to April.  
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Table 1. List of cetacean and pinniped species known to occur (or possibly occurring) in the study area and their 
Committee on the Status of Endangered Wildlife in Canada (COSEWIC) and Species at Risk Act (SARA) status. 

Species  Scientific name COSEWIC status SARA status 

Baleen whales 

Minke whale Balaenoptera acutorostrata Not at risk Not listed 

Sei whale – Atlantic population Balaenoptera borealis Endangered Not Listed 

Blue whale – Atlantic population Balaenoptera musculus Endangered Endangered 

Fin whale – Atlantic population Balaenoptera physalus Special concern Special concern 

Humpback whale – Western North Atlantic 
population 

Megaptera novaeangliae Not at risk Not Listed 

North Atlantic right whale Eubalaena glacialis Endangered Endangered 

Toothed whales 

Short-beaked common dolphin Delphinus delphis Not at risk Not listed 

Striped dolphin Stenella coeruleoalba Not at risk Not listed 

White-beaked dolphin Lagenorhynchus albirostris Not at risk Not listed 

Atlantic white-sided dolphin Lagenorhynchus acutus Not at risk Not listed 

Risso’s dolphin Grampus griseus Not at risk Not listed 

Killer whale Orcinus orca Special concern Not listed 

Long-finned pilot whale Globicephala melas Not at risk Not listed 

Harbour porpoise – Northwest Atlantic population Phocoena phocoena Special concern Not listed 

Pygmy sperm whale Kogia breviceps Not at risk Not listed 

Sperm whale Physeter macrocephalus Not at risk Not listed 

Cuvier’s beaked whale Ziphius cavirostris Not at risk Not listed 

Sowerby’s beaked whale Mesoplodon bidens Special concern Special concern 

Northern bottlenose whale – 
Scotian shelf population 

Hyperoodon ampullatus 

Endangered Endangered 

Northern bottlenose whale – 
Davis Strait-Baffin Bay-Labrador Sea population 

Special concern Special concern 

True’s beaked whale Mesoplodon mirus Not at risk Not listed 

Pinnipeds  

Hooded seal Cystophora cristata Not at risk Not listed 

Harp seal Phoca groenlandica Not at risk Not listed 
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Table 2. Acoustic signals used for identification and automated detection of the species expected in the study area 
and supporting references. ‘NA’ indicates that no automated detector was available for a species. 

Species  
Identification 

signal 
Automated 

detection signal 
Reference 

Minke whale Pulse train NA Risch et al. (2013) 

Sei whales Tonal downsweep Tonal downsweep Baumgartner et al. (2008) 

Blue whale 
A-B vocalization,  
tonal downsweep 

A-B vocalization Mellinger and Clark (2003), Berchok et al. (2006) 

Fin whale 
20-Hz pulse,  

tonal downsweep 
20-Hz pulse Watkins (1981), Watkins et al. (1987) 

Humpback whale Moan, grunt Moan Dunlop et al. (2008), Kowarski et al. (2018) 

North Atlantic right whale 
Tonal upsweep, 

gunshot 
Upsweep Parks et al. (2005), Parks and Tyack (2005) 

Small dolphins1 Whistle Whistle >6 kHz 
Steiner (1981), Rendell et al. (1999), Oswald et al. 

(2003) 

Killer whale 
Whistle, pulsed 

vocalization 
Tonal signal <6 kHz Ford (1989), Deecke et al. (2005) 

Long-finned pilot whale 
Whistle, pulsed 

vocalization 
Tonal signal <6 kHz Nemiroff and Whitehead (2009) 

Harbour porpoise Click Click Au et al. (1999) 

Pygmy sperm whale Click Click Marten (2000) 

Sperm whale Click Click Møhl et al. (2000), Møhl et al. (2003) 

Cuvier’s beaked whale Click Click Zimmer et al. (2005) 

Sowerby’s beaked whale Click Click Cholewiak et al. (2013) 

Northern bottlenose whale Click Click Hooker and Whitehead (2002), Wahlberg et al. (2012) 

True’s beaked whale Click NA DeAngelis et al. (2018) 

Hooded seal Unknown NA Risch et al. (2007) 

Harp seal Grunt, yelp, bark NA Terhune (1994) 
1 Table 1 lists the dolphin species likely to be detected by the dolphin whistle detector. 
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1.3. Ambient Ocean Soundscape  

The ambient, or background, sound levels that create the ocean soundscape are comprised of many 
natural and anthropogenic sources (Figure 2). The main environmental sources of sound are wind, 
precipitation, and sea ice. Wind-generated sound in the ocean is well-described (e.g., Wenz 1962, Ross 
1976), and surf sound is known to be an important contributor to near-shore soundscapes (Deane 2000). 
In polar regions, sea ice can produce loud sounds that are often the main contributor of acoustic energy 
in the local soundscape, particularly during ice formation and break up. Precipitation is a frequent sound 
source, with contributions typically concentrated at frequencies above 500 Hz. At low frequencies 
(<100 Hz), earthquakes and other geological events contribute to the soundscape (Figure 2).  

 
Figure 2. Wenz curves describing pressure spectral density levels of marine ambient sound from weather, wind, 
geologic activity, and commercial shipping (adapted from NRC 2003, based on Wenz 1962). Thick lines indicate 
limits of prevailing ambient sound. 
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1.4. Anthropogenic Contributors to the Soundscape 

Anthropogenic (human-generated) sound can be a by-product of vessel operations, such as engine 
sound radiating through vessel hulls and cavitating propulsion systems, or it can be a product of active 
acoustic data collection with seismic surveys, military sonar, and depth sounding as the main 
contributors. Marine construction projects often involve nearshore blasting and pile driving that can 
produce high levels of impulsive sounds. The contribution of anthropogenic sources to the ocean 
soundscape has increased from the 1950s to 2010, largely driven by greater maritime shipping traffic 
(Ross 1976, Andrew et al. 2011). Recent trends suggest that global sound levels are leveling off or 
potentially decreasing in some areas (Andrew et al. 2011, Miksis-Olds and Nichols 2016). Oil and gas 
exploration with seismic airguns, marine pile driving and oil and gas production platforms elevate sound 
levels over radii of 10 to 1000 km when present (Bailey et al. 2010, Miksis-Olds and Nichols 2016, 
Delarue et al. 2018).The extent of seismic survey sounds has increased substantially following the 
expansion of oil and gas exploration into deep water, and seismic sounds can now be detected across 
ocean basins (Nieukirk et al. 2004). How these natural and anthropogenic factors influence the sound 
levels is dependent on the regional acoustic propagation conditions, which in turn depend on the vertical 
sound speed profile, bottom contours, and geoacoustic properties.  

The main anthropogenic contributors to ambient acoustic environment in the present study were the West 
Aquarius Mobile Offshore Drilling Unit (MODU) which was active at both the Hampden (EL 1165A) and 
Harp (EL 1165B) well sites during the study period, and vessel presence. The study area was not in a 
shipping lane, but was subject to localized denser vessel traffic related to well sites, seismic surveys and 
fishing effort, as depicted in Figure 3 for 2017. This figure shows vessel traffic outside the exploration 
drilling timeframe but representative of the level of traffic in a typical year. 

 
Figure 3. Vessel traffic off the coast of Newfoundland in 2017 WR: White Rose; H: Hibernia-Hebron; TN: Terra Nova 
(source: marinetraffic.com; accessed 9 Sep 2020). 

https://www.marinetraffic.com/


JASCO APPLIED SCIENCES  ExxonMobil Canada Ltd Flemish Pass Exploratory Drilling Operations 

Version 3.1 11 

2. Methods 

2.1. Acoustic Data Acquisition 

JASCO and Wood deployed four Autonomous Multichannel Acoustic Recorders Generation 4 (AMAR 
G4s; manufactured by JASCO) long-term passive acoustic recorders equipped with M36-V35-100 
hydrophones (manufactured by JASCO GeoSpectrum Technologies Inc) at the locations outlined in Table 
3 and shown in Figure 1. All AMARs were calibrated before deployment and again after retrieval to 
assess any changes in recorder’s sensitivity during the recording period (none observed). Each AMAR 
recorded for 8 min sampling at 32 kHz, 1 min sampling at 512 kHz, followed by 11 min of sleep. All 
systems successfully recorded data throughout the deployment. The West Aquarius Mobile Offshore 
Drilling Unit (MODU) arrived at the Harp (EL 1165B) site 1 Oct 2019 and departed 1 May 2020 for the 
Hampden (EL 1165A) site where operations were conducted until 14 May 2020. The recorders were 
returned to JASCO for analysis on 16 Jun 2020. The mooring design used is shown in Figure 4. The Harp 
(EL 1165B) and Hampden (EL 1165A) Well Sites are 65.4 km apart. 

Table 3. Operation period, location, and depth of the Autonomous Multichannel Acoustic Recorders (AMARs)  

Station Latitude Longitude 
Depth 

(m) 
Deployment Retrieval 

Duration 
(days) 

Distance/ bearing 
from 

Bearing 
Distance 

(km) 

Stn 19 48.381 −46.523 1600 2019 Aug 29 2020 May 27 272 
Harp (EL 1165B) 

Well Site 
33° 114.1 

Harp (EL 
1165B) Well 
Site 

47.513 −47.357 300 2019 Aug 30 2020 May 17 261 
Harp (EL 1165B) 

Well Site 
145° 2.1 

Hampden 
(EL 1165A) 
Well Site 

47.023 −46.878 1175 2019 Aug 31 2020 May 25 268 
Hampden (EL 

1165A) Well Site 
335° 5.3 

Mid Flemish 
Pass 

47.268 −47.1183 875 2019 Aug 30 2020 May 26 268 
Hampden (EL 

1165A) Well Site 
326° 38.1 
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Figure 4. Mooring design used at each of the four stations. The optional 20 m section was not used. 
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2.2. Automated Data Analysis 

The AMARs collected approximately 9.5 TB of acoustic data during this study. We used our specialized 
computing platform (PAMlab) capable of processing acoustic data hundreds of times faster than real time. 
The system performed automated analysis of total ocean sound and sounds from vessels, seismic 
surveys, and marine mammal vocalizations. Appendix D outlines the stages of the automated analysis.  

2.2.1. Total Ocean Sound Levels 

The data collected near the Flemish Pass spans nine months at four locations, over the frequency band 
of 10–256000 Hz. The goal of the total ocean sound analysis is to present this expansive data in a 
manner that documents the baseline underwater sound conditions in Flemish Pass and allows us to 
compare between stations, over time, and with external factors that change sound levels such as weather 
and human activities.  

The first stage of the total sound level analysis involves computing the peak and rms sound pressure 
level (SPL) for each minute of data. This reduces the data to a manageable size without compromising 
the value for characterizing the soundscape (ISO 2017b, Ainslie et al. 2018, Martin et al. 2019b). The 
SPL analysis is performed by averaging 120 fast-Fourier transforms (FFTs) that each include one second 
of data with a 50% overlap and that use the Hann window to reduce spectral leakage. The one minute 
average data were stored as power spectral densities (1 Hz resolution) and summed over frequency to 
calculate decidecade band SPL levels.  

Table A-1 lists the decidecade band frequencies, and Table A-2 lists the decade-band frequencies. The 
decidecade analysis sums the frequency range from the 180,000 frequencies (representing the frequency 
range 1 Hz to 180 kHz) in the power spectral density data to a manageable set of 43 bands that 
approximate the critical bandwidths of mammal hearing. The decade bands further summarize the sound 
levels into four frequency bands for manageability. Detailed descriptions of the acoustic metrics and 
decidecade analysis can be found in Appendices A.1 and A.2 . 

Weather conditions throughout the recording periods were gathered to inform the discussion on the 
factors driving sound levels and influencing marine mammal detections. Wind speed and wave height 
data were provided by Wood (see Figures 5 and 6). The wind speed was taken from the West Aquarius 
Helideck Monitoring system and the wave height from the Harp (EL 1165B) buoy deployed by Wood. 

 
Figure 5. Wind speeds measured at Harp (EL 1165B) well site. 
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Figure 6. Significant wave height measured at the Harp (EL 1165B) well site.  

In Section 3.1, the total sound levels are presented as: 

• Band-level plots: These strip charts show the averaged received sound pressure levels as a function 
of time within a given frequency band. We show the total sound levels (across the entire recorded 
bandwidth, specifically from 10 Hz to the top of the last fully captured decidecade (224404 Hz; see 
Appendix A.2); this band is labelled 10-200000 Hz for simplicity) and the levels in every whole decade 
band (10–100, 100–1000, 1000–10,000, and 10,000–100,000 Hz). The 10–100 Hz band is 
associated with fin, sei, and blue whales, large shipping vessels, pseudo-noise from flow and mooring 
movement, as well as seismic survey pulses. Sounds within the 100–1000 Hz band are generally 
associated with the physical environment such as wind and wave conditions but can also include both 
biological and anthropogenic sources such as minke, right, and humpback whales, fish, nearby 
vessels, and pile driving. Sounds above 1000 Hz include high-frequency components of humpback 
whale sounds, odontocete whistles and echolocation signals, wind- and wave-generated sounds, and 
sounds from human sources at close range including pile driving, vessels, seismic surveys, and 
sonars. 

• Long-term Spectral Averages (LTSAs): These colour plots show power spectral density levels as a 
function of time (x-axis) and frequency (y-axis). The frequency axis uses a logarithmic scale, which 
provides equal vertical space for each decade increase in frequency and allows the reader to equally 
see the contributions of low and high-frequency sound sources. The LTSAs are excellent summaries 
of the temporal and frequency variability in the data. 

• Decidecade box-and-whisker plots: In these figures, the ‘boxes’ represent the middle 50% of the 
range of sound pressure levels measured, so that the bottom of the box is the sound level 25th 
percentile (L25) of the recorded levels, the bar in the middle of the box is the median (L50), and the top 
of the box is the level that exceeded 75% of the data (L75). The whiskers indicate the maximum and 
minimum range of the data. 

• Spectral density level percentiles: The decidecade box-and-whisker plots are representations of 
the histogram of each band’s sound pressure levels. The power spectral density data has too many 
frequency bins for a similar presentation. Instead coloured lines are drawn to represent the Leq, L5, 
L25, L50, L75, and L95 percentiles of the histograms. Shading is provided underneath these lines to 
provide an indication of the relative probability distribution. It is common to compare the power 
spectral densities to the results from Wenz (1962), which documented the variability of ambient 
spectral levels off the US Pacific coast as a function of frequency of measurements for a range of 
weather, vessel traffic, and geologic conditions. The Wenz levels are appropriate for approximate 
comparisons only since the data were collected in deep water, largely before an increase in low-
frequency sound levels (Andrew et al. 2011). 

• Daily sound exposure levels (SEL; LE,24h): The SEL represents the total sound energy received 
over a 24-hour period, computed as the linear sum of all 1-min values for each day. It has become 
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the standard metric for evaluating the probability of temporary or permanent hearing threshold shift. 
Long-term exposure to sound impacts an animal more severely if the sounds are within its most 
sensitive hearing frequency range. Therefore, during SEL analysis recorded sounds are typically 
filtered by the animal’s auditory frequency weighting function before integrating to obtain SEL. For this 
analysis the 10 Hz and above SEL were computed as well as the SEL weighted by the marine 
mammal auditory filters (Appendix B) (NMFS 2018). The SEL thresholds for the onset of hearing 
impacts (temporary threshold shifts, TTS) from sound on marine mammals are provided in Table B-1 
and further described in NMFS (2018). Weighted daily SEL were estimated from the 512 kHz data 
sampled 1 min out of every 20 min using the interpolation method of Martin et al. (2019b). 

2.2.2. Vessel Noise Detection 

Vessels are detected in two steps (Martin 2013):  

1. Detect constant, narrowband tones produced by a vessel’s propulsion system and other rotating 
machinery (Arveson and Vendittis 2000). These sounds are also referred to as tonals. We detect the 
tonals as lines in a 0.125 Hz resolution spectrogram of the data (8 s of data, Hann window, 2 s 
advance).  

2. Assess the SPL for each minute in the 40–315 Hz shipping frequency band, which commonly 
contains most sound energy produced by mid-sized to large vessels. Background estimates of the 
shipping band SPL and system-weighted SPL are then compared to their mean values over a 12 h 
window, centred on the current time.  

Vessel detections are defined by the following criterion (Figure 7): 

1. SPL in the shipping band (40–315 Hz) is at least 3 dB above the 12 h mean for the shipping band for 
at least 5 min. 

2. A least three shipping tonals (0.125 Hz bandwidth) are present for at least 1 min per 5 min window. 
Tonals are difficult to detect during turns and near the closest points of approach (CPA) due to 
Lloyds’ mirror and Doppler effects. 

3. SPL in the shipping band is within 12 dB of the system weighted SPL. 

The duration where these constraints are valid is identified as a period with shipping present. A 10 min 
shoulder period before and after the detection period is also included in the shipping period. The shipping 
period is searched for the highest 1 min SPL in the vessel detection band, which is then identified as the 
closest point of approach (CPA) time. This algorithm is designed to find detectable shipping, meaning 
situations where the vessel sound can be distinguished from the background. It does not identify cases of 
two vessels moving together or cases of continuous sound from stationary platforms, such as oil and gas 
drilling and dynamic positioning operations. Those situations are easily identified from tools such as the 
daily SEL and long-term spectral average figures. 
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Figure 7. Example of broadband and 40–315 Hz band sound pressure level (SPL), as well as the number of tonals 
detected per minute as a vessel approached a recorder, stopped, and then departed. The shaded area is the period 
of shipping detection. Fewer tonals are detected at the vessel’s closest point of approach (CPA) at 17:00 because of 
masking by broadband cavitation noise and due to Doppler shift that affects the tone frequencies. 

2.2.3. Seismic Survey Event Detection 

Seismic pulse sequences were detected using correlated spectrogram contours. We calculated 
spectrograms using a 300 s long window with 4 Hz frequency resolution and a 0.05 s time resolution 
(Reisz window). All frequency bins were normalized by their medians over window the 300 s window. The 
detection threshold is three times the median value at each frequency. Contours were created by joining 
the time-frequency bins above threshold in the 7–1000 Hz band using a 5 × 5 bin kernel. Contours 0.2–6 s 
in duration with a bandwidth of at least 60 Hz were further analyzed.  

An “event” time series was created by summing the normalized value of the frequency bins in each time 
step that contained detected contours. The event time series was auto-correlated to look for repeated 
events. The correlated data space was normalized by its median, and a detection threshold of 3 was 
applied. Peaks larger than their two nearest neighbours were identified, and the list of peaks was 
searched for entries with a set repetition interval. The allowed spacing between the minimum and 
maximum time peaks was 4.8 to 65 s, which captures the normal range of seismic pulse periods. Where 
at least six regularly spaced peaks occurred, the original event time series was searched for all peaks 
that match the repetition period within a tolerance of 0.25 s. The duration of the 90% SPL window of each 
peak was determined from the originally sampled time series, and pulses more than three second long 
were rejected.  

2.3. Detection Range Modelling 

Detection Range Modelling (DRM) was conducted to estimate the detectability of marine mammal 
vocalizations for the species detected in the study area. DRM considered the following data inputs to 
estimate species-specific detection distances: 

• Published marine mammal vocalization source level and bandwidth characteristics, as well as 
vocalization depth (see Appendix C.2),  

• Ambient decidecade SPL percentiles measured in the study area, and 

• Local bathymetry, geology, and sound speed profile (see Appendix C.3). 
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The detection range is defined as the range where the expected sound level of a mammal vocalization is 
X dB (where X is the detection threshold of the relevant detector for a given species) above the expected 
background level. Modelled signal-to-noise ratios (SNR) were calculated at locations within a three-
dimensional (3-D) volume (easting, northing, and depth) to predict a detection range. The detection 
range, therefore, represents the maximum range at which a signal of a given source level can be 
identified by a detector in given background noise conditions. This underestimates the range to which 
vocalizations could be detected by experienced human analysts conducting a fine scale analysis.  

To compute the detection range, an estimate of the sound’s propagation loss between the vocalizing 
animal and our seafloor recorders was required. To perform the propagation loss calculations in a 
computationally efficient manner, we applied the reciprocity principle which states that an identical signal 
will be received between a source and receiver pair if their coordinates are inter-changed (Jensen et al. 
2011). Rather than performing individual propagation loss calculations for a source at many locations 
(e.g., an animal) to the receiver (seafloor recorder) to estimate SNR and detectability, the loss between 
source and receiver is computed by setting the source location for the propagation model to be the 
location of the seafloor recorder. The propagation loss from this position was then calculated to locations 
within the ocean interior in a single calculation, thereby reducing the number of individual propagation 
loss computations that would be required otherwise. 

Depending on the frequency characteristics of the marine mammal source level inputs, two potential 
sound propagation models were used to predict the loss between animal and recorder: 

• JASCO’s Marine Operations Noise Model (MOMN) a range-dependent parabolic equation model for 
frequencies up to 2 kHz and/or, 

• The BELLHOP Gaussian beam acoustic ray-trace model for frequencies from 2 to 100 kHz.  

The MONM and BELLHOP results were combined as required to produce results for the full frequency 
range for the species of interest. Appendix C.1 contains additional information on the propagation models 
used for detection range estimation. 

Propagation loss was calculated up to a distance of 100 km for frequencies up to 2 kHz and 50 km for 
frequencies above 2 kHz from each recorder location. A horizontal separation of 20 m between receiver 
points along the modelled radials was used. The sound fields were modelled with a horizontal angular 
resolution of 10° for a total of 36 radial planes. Receiver depths were chosen to span the entire water 
column over the modelled areas, from 2 m to a maximum of 3000 m, with step sizes that increased with 
depth.  

Ambient decidecade SPL percentile information were derived from the measurements performed on the 
data recorded at each station. Detection ranges were modelled for March and September. These months 
were chosen because they had sound speed profiles at the opposite ends of the observed range. In 
addition, the MODU was not anchored near Harp (EL 1165B) in September, providing a relatively pristine 
soundscape in comparisons with other months with the MODU was operating. These two months were 
thereby expected to provide representative upper and lower bounds for detection ranges (see Appendix 
C.3.2). The modelling was aimed at the most common signals identified by analysts and detectors during 
the study (i.e., acoustic signals from blue, fin, sei, humpback, minke, killer, sperm, northern bottlenose, 
and Sowerby’s beaked whales as well as delphinids and harbour porpoises). 

We defined two geoacoustic profiles based on previous modelling projects in the same area. One profile 
was used for the only on-shelf station (Harp (EL 1165B)) and the other was applied to the three other 
deep stations (see Appendix C.3.3). 

To evaluate the detection ranges, the following model of the received level, 𝑅𝐿(𝑟), measured at the 

distance 𝑟 from the source, was used: 

 𝑅𝐿(𝑟) = 𝑆𝐿 − 𝑇𝐿(𝑟) , (1) 
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where 𝑆𝐿 is the source level; and 𝑇𝐿(𝑟) is the transmission loss. The detection of sound is the event that 
satisfies the condition: 

 𝑅𝐿(𝑟) ≥ 𝑁𝐿 + 𝑐 , (2) 

where 𝑁𝐿 is the background noise level; and 𝑐 is a constant specifying the detection threshold. 𝑇𝐿(𝑟) is a 
non-random parameter computed by the MONM or BellHop (Porter and Liu 1994) algorithms, such that  
Equations 1 and 2 include two independent random variables, 𝑁𝐿 and 𝑅𝐿.  

The joint probability of the events that NL takes some value 𝑁𝐿 = 𝑁𝐿𝑖, and RL takes a value of 𝑅𝐿 = 𝑅𝐿𝑗 

is 𝑃(𝑁𝐿𝑖 , 𝑅𝐿𝑗). Using Bayes theorem, the joint probability can be represented as a product: 

 𝑃(𝑁𝐿𝑖 , 𝑅𝐿𝑗) = 𝑃(𝑁𝐿𝑖|𝑅𝐿𝑗)𝑃𝑅(𝑅𝐿𝑗) = 𝑃(𝑅𝐿𝑗|𝑁𝐿𝑖)𝑃𝑁(𝑁𝐿𝑖) (3) 

where 𝑃(𝑅𝐿𝑗|𝑁𝐿𝑖) is a conditional probability, i.e., the likelihood of event 𝑅𝐿 = 𝑅𝐿𝑗 occurring given that 

𝑁𝐿 = 𝑁𝐿𝑖; 𝑃𝑅(𝑅𝐿𝑗) are the probabilities of observing 𝑅𝐿𝑗 and 𝑁𝐿𝑖 respectively. 

Taking Equation 3 into account, we may introduce two types of detection probabilities. The conditional 
probability of detection of a sound at the distance 𝑟 from the source computed under a certain value of 

𝑁𝐿 is: 

 𝑃𝐷𝐶(𝑟|𝑁𝐿) = ∑ 𝑃𝑅(𝑅𝐿(𝑟))

𝑅𝐿<𝑁𝐿+𝑐

= 𝐶𝐷𝐹𝑅(𝑁𝐿 + 𝑐) , (4) 

where 𝐶𝐷𝐹𝑅(𝑥) is the is the cumulative distribution function of the received level. The unconditional 
probability of detection is: 

 𝑃𝐷𝑈(𝑟) = 1 − ∑ 𝑃𝑁(𝑁𝐿)

𝑁𝐿

∑ 𝑃𝑅(𝑅𝐿(𝑟))

𝑅𝐿<𝑁𝐿+𝑐

= 1 − ∑ 𝑃𝑁(𝑁𝐿) 𝐶𝐷𝐹𝑅(𝑁𝐿 + 𝑐)

𝑁𝐿

 . (5) 

The unconditional probability of detection is used to display the detection ranges. 

2.4. Available Listening Range 

The available listening range (ALR) estimates how the percentage of the maximum possible listening 
range for marine life changes as a function of time. ALR is computed using the sound levels in specific 
critical hearing bands (see Equation 6). In Equation 6, NL2 is the sound pressure level at the time 
analyzed, NL1 is the lowest typical sound pressure level, and N is the geometric spreading coefficient for 
the acoustic propagation environment. If an animal’s threshold of hearing is higher than NL1, NL1 is 
replaced with the hearing threshold. The sound pressure levels are computed for decidecade bands that 
are representative of the important listening frequencies for animals of interest. 

 ALR = 100 ∗ (10
𝑁𝐿2−𝑁𝐿1

𝑁 ) (6) 

ALR was computed for each recorder throughout the deployments. The value of NL1 was chosen to be 
the 10th percentile of sound pressure level in each decidecade band at the reference recorder, Stn 19 
(i.e., the SPL that exceeded the lowest 10% of the 1-min samples). The analysis was performed for low- 
and mid-frequency cetaceans. The specifics for which decidecades were analyzed and the rational for 
selections those bands are given in Table 4. ALR was not computed for high-frequency cetaceans 
because the data were system noise-limited at the key frequency band of 125 kHz and thus the results 
would not be valid. 

ALR is equal to 100 – LRR, where LRR is the listening range reduction. LRR is similar to the concept of 
listening space reduction (Pine et al. 2020) that estimates how much of an animal’s listening range is lost 
due to a masking noise source. ALR was employed for this analysis after discussions within JASCO 
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indicated it was a more intuitive metric than LRR. To simplify presentation of the ALR, it was computed for 
each minute of recorded data, and then the median value for each day (UTC) was presented. 

Table 4. Decidecade bands analyzed for the Available Listening Range. If the audiogram level is above the 10th 
percentile of the decidecade SPL measured at Stn 19, then the species was hearing limited rather than noise limited. 
Audiograms sensitivity is based on Finneran (2016). 

Species or 
group 

Decidecade band centre 
frequency (Hz) 

Rational for selecting 
band 

10th percentile of 
measured decidecade SPL 

at Stn 19 
(dB re 1 µPa²) 

Audiogram level 
(hearing 

sensitivity, 
dB re 1 µPa²) 

Low-frequency 
cetaceans  

20 

Centre frequency for fin 
whale downsweeps and 
similar to blue whale A-B 

calls 

87.3 78.9 

80 
Frequency used by fin, blue, 
sei, minke, and humpback 

whales 
90.3 68.1 

200  

Common frequency for 
humpback song; overlaps 

with peak energy from 
MODU 

90.1 62.2 

1000  
High end of humpback song 

notes 
88.7 55.9 

Mid-frequency 
cetaceans 

1000  
Low end of killer and pilot 

whale whistles 
88.7 78.9 

6300  
High end of killer and pilot 
whale whistles; low end of 
small delphinid whistles 

81.7 69.8 

12500  
High end of small delphinid 

whistles 
78.6 62.2 

25000, 31500, and 40000 
Frequency range for most 
odontocete echolocation 

78.6 55.1 

 

2.5. Computing MODU Underwater Radiated Noise 

To compute underwater radiated noise (URN) of the MODU, the propagation loss from the MODU to the 
receiver is added to the sound pressure level measured at the receiver, which is the inverse of 
Equation 6. The propagation loss was estimated in the same manner as for the Detection Range 
Modelling (Section 2.3 and Appendix C), and added to the measured SPL in each decidecade band from 
10–10000 Hz. For computing the MODU source level, the monthly propagation losses were estimated 
using the GDEM sound speed profiles (Carnes 2009). The URN was computed for each minute of data 
where the MODU was present, and then the distribution of these levels was presented using box-and-
whisker plots for each decidecade. This allows us to visualize the range of URN that corresponds to 
different Dynamic Positioning system thrust levels and operational states of the MODU. The analysis was 
repeated for the MODU at Harp (EL 1165B) and for its 10 days at Hampden (EL 1165A). 

When the fully modelled acoustic propagation loss is used to compute URN, the result is the monopole 
source level (MSL) which accounts for surface and seabed reflections and depends on the source depth 
being accurately known. Here we assumed the source depth to be 10 m. An alternate approach is to use 
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the spherical spreading loss (20*log10(distance)) as the propagation loss. This approach provides a value 
known as the radiated noise level (RNL). In deep water, it is expected that the MSL will be higher than the 
RNL at low frequencies (below ~100 Hz) and the RNL will be ~3 dB higher than MSL at higher 
frequencies (above ~1000 Hz). In geometries where the measurement range is greater than several 
water depths, the propagation loss is generally less than spherical spreading, in which case the RNL is 
unreliable. The MSL is required to model the effects of a source on the soundscape. RNL is easier to 
compute and useful for comparing vessels to a benchmark or to each other.  

To assess the effectiveness of using the bottom mounted recorders to assess the URN from the MODU 
the RNL and MSL from both Harp (EL 1165B) and Hampden (EL 1165A) were compared. 

2.6. Marine Mammal Detection Overview  

We used a combination of automated detectors and manual review by human analysts to determine the 
presence of sounds produced by marine mammals. First, automated detectors identified acoustic signals 
potentially produced by odontocetes and mysticetes (Appendices D.1 and D.2). We then manually 
reviewed (validated) automated detections within a sample of sound files for each data set 
(Appendix D.3). A data set consists of data recorded at a given sampling rate and station. The level of 
validation effort was set at 2% of the data based on the evaluation of divergence curves, which represent 
the minimum validation effort required to ensure that the sample is representative of the distribution of 
automated detections throughout each data set (Appendix D.4). This level of review is above the typical 
1% validation effort routinely applied to long-term datasets (e.g. Delarue et al. 2018). Finally, we critically 
reviewed the results of each automated detector and restricted their output, where necessary, to 
maximize their performance metrics (Appendix D.5). Automated detector performance metrics are only 
presented for those species and/or vocalization types exceeding a pre-set precision (P) level (P = 75%), 
which ensures a level of reliability in the description of marine mammal acoustic occurrence. When the 
precision was below that threshold, manual detections are presented. 

In this report, the term “detector” is used to describe automated algorithms that combine detection and 
classification steps. A “detection” refers to an acoustic signal that has been automatically flagged as a 
sound of interest based on spectral features and subsequently classified based on similarities to several 
templates in a library of marine mammal signals. Detections are reviewed by analysts as part of a process 
called validation. Manual detections refer to signals detected by an analyst but not the detector during the 
validation process. 

2.6.1. Odontocete Click Detection  

Odontocete clicks are high-frequency impulses with energy ranging from ~1 to over 150 kHz (Au et al. 
1999, Møhl et al. 2000). JASCO’s click detectors are based on zero-crossings in the acoustic time series. 
Zero-crossings are the rapid oscillations of a click’s pressure waveform above and below the signal’s 
normal level. Zero-crossing-based features of detected events are then compared to templates of known 
clicks for classification (see Appendix D.1 for details). Clicks were classified individually and as trains. 
Detected clicks that cannot be classified as one of the targeted species are pooled in an “Unidentified 
Click” category. The suite of click detectors is presented in Table 5.  
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Table 5. List of automated detectors used to identify clicks produced by odontocetes.  

Species targeted Comments 

Sowerby’s beaked whale  

Northern bottlenose whale  

Cuvier's beaked whale  

True’s beaked whale  

Unidentified beaked whale Targeting long, frequency-modulated clicks 

Unidentified beaked whale 
@ 51 kHz 

Could be produced by True’s beaked whales 

Sperm whale  

Killer whale  

Pilot whale  

Atlantic white-sided dolphin  

Risso’s dolphin The detector includes two click types (short and long) 

Dolphins 
Generic dolphin click, will capture clicks from a range of dolphin species (e.g., short-beaked 
common and white-sided dolphins) 

NBHF species Targets clicks produced by harbour porpoises or pygmy sperm whales (in this area) 
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2.6.2. Tonal Signal Detection  

Tonal signals are narrowband, often frequency-modulated, signals produced by many species across a 
range of taxa (e.g., baleen whale moans and delphinids whistles). The signals of some pinniped species, 
such as bearded seal trills, also have tonal components. The frequency range of baleen whale moans 
vary among species but is generally below 1 kHz and as low as 17 Hz in blue whales (see e.g., Parks and 
Tyack 2005, Berchok et al. 2006, Dunlop et al. 2007). Delphinid tonal signals are generally much more 
broadband and range from ~700 Hz up to 18 kHz (see e.g., Steiner 1981, Ford 1989, Rendell et al. 1999, 
Oswald et al. 2003) but can be as high as 68 kHz in some species (Samarra et al. 2010). The tonal signal 
detector identified continuous contours of elevated energy and classified them against a library of marine 
mammal signals (see Appendix D.2 for details). The suite of tonal detectors applied to the data is 
presented in Table 6. 

Table 6. List of automated detectors used to identify tonal signals produced by baleen whales and delphinids. FW: fin 
whale; SW: sei whale; BW: blue whale; RW: right whale; MW: minke whale. 

Detector name Species targeted Signal targeted 

Atl_BlueWhale_GL_IM Blue whales A-B call, tonal song note @ 17 Hz 

Atl_BlueWhale_IM Blue whales A-B call, tonal song note @ 17 Hz 

Atl_BlueWhale_IM2 Blue whales A-B call, tonal song note @ 17 Hz 

Atl_FinWhale_130 Fin whales 130-Hz song note 

Atl_FinWhale_21.2 Fin whales 20-Hz pulse 

Atl_FinWhale_21 Fin whales 20-Hz pulse 

minkeWhalePulses Minke whales Pulse train 

N_RightWhale_Up1 North Atlantic right whales Upcall 

N_RightWhale_Up2 North Atlantic right whales Upcall 

N_RightWhale_Up3 North Atlantic right whales Upcall 

SW Sei whales Broadband downsweep 

WhistleLow Pilot whale/Killer whales Whistle with energy between 1–10 kHz 

WhistleHigh Other delphinids Whistle with energy between 4–20 kHz 

VLFMoan Baleen whales, FW/SW/BW Downsweeps/upsweeps 

LFMoan Baleen whales, SW/BW/RW Downsweeps/upsweeps 

ShortLow Baleen whales, possibly MW Moans, pulses 

MFMoanLow Humpbacks Moans 

MFMoanHigh Humpbacks Moans 
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2.6.3. Automated Detector Validation  

We develop and test automated detectors with example data files that contain a range of vocalization 
types and background noise conditions. However, test files cannot cover the full range of possible 
vocalization types and noise conditions. Therefore, a selection of files representing 2% of each data set 
was manually validated to check each detector’s performance for a specific location and timeframe to 
determine how best to refine the detector results, or when to entirely rely on manually validated results, to 
accurately represent marine mammal occurrence (see details in Appendix D.3). 

To determine the per-file performance of each detector and any necessary thresholds, the automated and 
validated results (excluding files where an analyst indicated uncertainty regarding species identity) were 
fed to a maximum likelihood estimation algorithm that maximizes the probability of detection and 
minimizes the number of false alarms using the ‘MCC-score’ (see Appendix D.5 for details). The algorithm 
also estimates the precision (P) and recall (R) of the detector. P represents the proportion of files with 
detections that are true positives. A P value of 0.9 means that 90% of the files with detections truly 
contain the targeted signal, but it does not indicate whether all files containing acoustic signals from the 
species were identified. R represents the proportion of files containing the signal of interest that were 
identified by the detector. An R value of 0.9 means that 90% of files known to contain a target signal had 
automated detections, but it says nothing about how many files with detections were incorrect. An MCC-
score is a combined measure of P and R, where an MCC-score of 1 indicates perfect performance—all 
events were detected with no false alarms.  

The algorithm determines a threshold for each detector based on detection count per file that maximizes 
the MCC-score (see Appendix D.5). The resulting thresholds, Ps, and Rs are presented in Section 3.4.1. 
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3. Results 

3.1. Soundscape Characterization 

Long-term spectra averages, power spectral density, decidecade band box plots, cumulative sound 
exposure levels, and decade band box plots for each are shown in Figures 8-10. Baseline sound levels 
(MODU not present, e.g. September 2019) were consistent with previous soundscape characterizations 
in the Flemish Pass (Maxner et al. 2017). The differences in the sound levels due to the MODU are easily 
detected in these figures, for example by the bright yellow-red section of the LTSA at Harp (EL 1165B) 
(Figure 8). The total daily sound exposure in 300 m of water at a 2 km distance from the MODU (Harp (EL 
1165B)) were 25–30 dB higher when the MODU was present compared to when it was absent (Figure 
10). The levels were ~20 dB higher 5 km from the MODU in water 1175 m deep (Hampden (EL 1165A); 
Figure 10). The presence of the MODU increased the power spectral density by ~25 dB at 100 Hz, 15–
20 dB at 1000 Hz, 10 dB at 10000 Hz, and 20 dB at 27000 Hz due to the USBL source (Figure 9). 
Broadband (10 Hz – 200 kHz) sound levels measured at 2 km (Harp) and 5 km (Hamden) from the 
MODU were ~ 20 dB and ~ 17 dB higher, respectively, compared to baseline levels. These increases are 
generally consistent with previous measurements in the Flemish Pass where the increase in broadband 
sound levels measured 13 km from a MODU was 13 dB (Maxner et al. 2017). 

 
Figure 8. (Top) In-band sound pressure level (SPL) and (bottom) spectrogram (or long-term spectral average; LTSA) 
of underwater sound for each station. 
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Figure 9. Percentiles and mean of decidecade sound pressure level (SPL) and exceedance percentiles and 
probability density (grayscale) of 1-min power spectral density levels compared to the Wenz curve limits of prevailing 
noise (Wenz 1962) for each and station.  



JASCO APPLIED SCIENCES  ExxonMobil Canada Ltd Flemish Pass Exploratory Drilling Operations 

Version 3.1 26 

 

Figure 10. Auditory Frequency Weighted as well as 10 Hz and above daily sound exposure levels (SEL) for each 
station (NMFS 2018). High daily SEL for the 10 Hz and above frequency band that are not also associated with an 
increased daily SEL for the low-frequency cetacean auditory frequency weighting are an indication of pseudo-sound 
from water flowing over the hydrophones affecting the measured levels. This is also manifested as dark red patches 
below 30 Hz in Figure 8.  

Three sound sources standout in the measured soundscapes: fin whales, the MODU, and seismic 
surveying (Figure 11): 

• Fin whales are well known to produce a mating song centred at 20 Hz in fall and winter in the North 
Atlantic (Delarue et al. 2018). The sound from the fin whales is evident as the bright band at 20 Hz in 
Figure 8 and the peak in the percentile plots of Figure 9. The presence of fin whales is evident at all 
stations, although the bright band and peak are not as clear for Harp (EL 1165B), because the 
broadband MODU’ dynamic positioning system sound is present at levels higher than the fin whale 
vocalizations.  
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• The MODU had three sound components that were detectable—its overall broadband sound; three 
distinct tones at 195, 293, and 397 Hz; and sounds from ultra-short-baseline (USBL) transponders 
deployed around the platform (Figure 12). The MODU was on dynamic position assist (DP) 
throughout the operations at HARP (EL 1165B), which contributed to the broadband sound. 
Figures 8–10 start at 10 Hz, which is generally considered the lowest frequency that is well calibrated 
and often free from flow and movement noise contamination. The MODU generated a 5 Hz tone (300 
rpm) that was below the 10 Hz cut-off. The energy in this tone was lower than that in the broad tones 
at 195, 293, and 397 Hz (Figure 13); excluding this energy from the 10 Hz and above daily SEL would 
not affect the total. 

• Seismic surveys occurred between 1–8 Oct and 18–20 Oct 2019. These surveys increased sound 
levels from ~10–300 Hz at Hampden (EL 1165A), Mid, and Stn 19 to varying degrees, which was 
reflected in the LTSA (Figure 8) and SEL (Figure 10). Because the surveying duration was only a few 
days out of a nine-month deployment, the elevated levels did not influence the percentiles in Figure 9. 
Figure 14 shows an example of the time-series and spectrogram when seismic surveying was 
present. 
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Figure 11. Annotated summary of the sound levels measured at (A) Harp (EL 1165B) and (B) Hampden (EL 1165A) 
from September 2019 to May 2020. In each figure, the top panel shows the mean hourly in-band sound pressure 
level for five bands: the complete recording band of 10–200000 Hz as well as the decade bands of 10–100, 100–
1000, 1000–10000, and 10000–100000 Hz. The bottom panels show the long-term spectral averages using a 
logarithmic frequency scale for the vertical axes. Notable elements of the soundscape are identified. 
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Figure 12. Ten seconds of data from 24 Oct 2019 at Harp (EL 1165B) showing the presumed pulses from the ultra-
short-baseline (USBL) system as well as a series of echolocation clicks from a sperm whale. Both the USBL and 
sperm whale clicks show an arrival directly from the source as well as one or two reflections from the seabed. 



JASCO APPLIED SCIENCES  ExxonMobil Canada Ltd Flemish Pass Exploratory Drilling Operations 

Version 3.1 30 

 
Figure 13. Comparison of the spectra measured at Harp (EL 1165B) (A) without and (B) with the MODU present.  
(32,000 Hz sampling rate, Fast Fourier Transform parameters: 1,024,000 pts, 512,000 pt overlap, Hann window, 10 
averages). 

 
Figure 14. Five seconds of data from the Hampden (EL 1165A) site during seismic surveying.  
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3.2. Detection Range Modelling 

Detection Range Modelling (DRM) was performed for the most common signal of each species detected 
during the study. We modelled transmission losses for the two months with the most different sound 
speed profile (September and March) (Table 7). The resulting detection ranges were generally 
comparable, with the exception of Harp where they were substantially lower in March. The MODU was 
not present at Harp in September. Here we present spatial detection range plots for March (Figure 15 to 
25; see also Appendix C.5 for ranges modeled for September).  

Delphinid and beaked whale echolocation clicks appeared to be detectable at similar ranges regardless of 
station. Sperm whale clicks had generally longer detections ranges, particularly at Harp in September, but 
the presence of the MODU led to significant decrease in detection ranges. Sperm whale clicks are lower 
in frequency than those of other detected odontocetes and, therefore, are more affected by MODU 
masking noise, which is highest below 5 kHz where sperm whale clicks can contain significant energy. 
There is additional attenuation of higher frequencies in shallow water as well that also affected detection 
range. In the case of sperm whales, it should be noted that the maximum recorded source factor of a click 
(236 dB re 1µPa²·m², recorded on-axis; Møhl et al. (2003)) is substantially higher than that used in the 
modelling and would yield significantly higher detection ranges. However, it would apply to a minority of 
cases, and we believe that the ranges presented here, as for the other odontocete clicks, are more 
representative of the majority of detection events where the clicks would be received off-axis. Harbour 
porpoise clicks can be detected, in optimal conditions (i.e. signal at the upper end of the source level 
range in low noise conditions), up to about 1.5 km; beaked whale and delphinid clicks up to 9.7 km; and 
sperm whale clicks up to 50 km. (Appendix C.5).  

Killer whale tonal calls and delphinid whistles had the longest detection ranges at Harp, where they were 
detectable up to 6.5 to 15.7 km, respectively, in the best scenarios (Appendix C.5). At the other stations, 
a 50% probability of detection in median ambient noise conditions was achievable at a range of ~100 m at 
Stn 19 and Hampden, and up to 600 m at Mid (Table 7; Figures 19 and 20). 

Among baleen whales, blue whales had the longest median detection ranges, followed by fin whales 
(Figures 15 and 16). Calls were detectable up to a maximum of 76–100 km at all stations for both species 
(Appendix C.5). However, median detection ranges (Table 7) showed much more variability. 
Vocalizations in median noise conditions were generally detectable with a 50% probability at long and 
similar ranges at Hampden (EL 1165A) and Mid but had shorter detection ranges at Stn 19. Seasonal 
variations in detection ranges were limited except at Harp where a large decrease in the detection ranges 
of blue and fin whale calls was observed between September and March.  

A similar pattern was observed for sei whale vocalizations, albeit with generally shorter ranges than for 
blue and fin whale calls. Seasonal variations in detection range were most pronounced at Harp. Detection 
ranges were shortest at Stn 19 and generally highest at Mid and Hampden. For all three baleen whale 
species, the low ranges at Stn 19 were not intuitive. Propagation was restricted to the south of Stn 19 by 
of the steep slope of the Sackville Spur in that area, which created a shadow zone to the south. The short 
ranges for vocalizations produced in the deep waters generally north of Stn 19 likely relate to upward 
refracting propagation conditions that prevented vocalizations from reaching the recorder (at 1600 m 
depth). It is also possible that the geoacoustic properties of the seafloor used in the modelling may not 
accurately represent the composition and thickness of the sediment layers of the Sackville Spur, which 
could affect the validity of the ranges presented here, particularly for sei whale downsweeps (Figure 17). 

Humpback whale vocalizations had low detection ranges compared to other baleen whale species (Figure 
18), which is primarily due to lower source levels. They were barely detectable under median noise 
conditions at all stations except at Mid and Harp in September (Table 7). The maximum potential 
detection range occurred at Mid in September (~59 km; Appendix C.5).  

An advantage of restricted detection ranges for marine mammal vocalizations is knowing that the 
detected sounds are proximal to the recorder and can be used to describe the occurrence of marine 
mammals in its vicinity. 
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Table 7. Detection ranges (kilometers) for species and signals most likely to be encountered near the four monitored 
stations and for background noise conditions recorded in March and September at each station. The range of 
distances represent minimum and maximum detection ranges across all modelled azimuths for a 50% probability of 
detection under median noise conditions for average source levels. They represent the most likely detection ranges. 
NBW: Northern bottlenose whale; SBW: Sowerby’s beaked whale. ND: not detectable. N/A: Not applicable. 

Species 
Hampden (EL 1165A) Harp (EL 1165B) Mid Stn 19 

March September March September March September March September 

Blue whale A-B calls 34.0 - 83.9 33.4 - 85.3 9.0 - 16.8 43.6 - 100.0 36.1–98.2 23.6 - 59.5 4.4 - 20.0 4.6–20.9 

Fin whale 20-Hz calls  35.4 - 86.7 27.9 - 61.7 9.6 - 18.5 39.1 - 100.0 40.2 - 100.0 31.1 - 74.3 4.1 - 17.2 3.7–8.6 

Sei whale downsweeps 12.1 - 22.1 14.4 - 32.1 1.8 - 2.2 13.5 - 73.2 39.1 - 100.0 20.7 - 31.6 2.2–3.3 2.2–3.2 

Humpback whale moans 0.0–0.1 0.0–0.1 ND 3.1 - 5.6 ND 3.0 - 4.7 0.0–0.1 0.0–0.1 

Killer whale tonal signals 0.0–0.1 0.0–0.1 ND 0.5 - 0.6 ND ND 0.0–0.1 0.0–0.1 

Delphinid whistles 0.0–0.1 0.0–0.1 0.0–0.1 2.3 - 2.4 0.0 - 0.3 0.6 - 0.6 0.0–0.1 0.0–0.1 

Delphinid clicks 3.1–3.2 3.2–3.5 2.1 - 2.4 5.1 - 5.6 3.3 - 3.7 3.5 - 5.1 3.1–3.3 3.2–3.4 

Sperm whale click 3.9 - 4.4 7.5 - 8.1 1.1 - 1.4 11.4 - 16.4 4.4 - 5.4 6.5 - 7.5 3.0 - 3.9 3.6–4.4 

Harbour porpoise clicks N/A N/A 0.6 - 1.1 0.9–1.2 0.1–0.7 0.3–1.0 N/A N/A 

NBW, clicks 3.6–3.7 3.5–3.7 2.4 - 2.6 4.4 - 4.7 3.7 - 4.1 3.6 - 3.9 3.4–3.7 3.3 - 3.7 

SBW, clicks 1.9–2.1 1.8–2.0 1.9 - 2.3 2.1–2.2 1.9–2.3 2.0–2.2 1.8–2.0 1.9–2.0 
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Figure 15. Blue whale infrasonic A-B calls: Detection ranges associated with various probability of detection under 
noise conditions recorded in March at Hampden (EL 1165A) (top left), Harp (EL 1165B) (top right), Mid (bottom left) 
and Stn 19 (bottom right), shown at the centre of each figure. The solid black line shows the range for a 50% 
probability of detection. 
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Figure 16. Fin whale 20-Hz calls: Detection ranges associated with various probability of detection under noise 
conditions recorded in March at Hampden (EL 1165A) (top left), Harp (EL 1165B) (top right), Mid (bottom left) and 
Stn 19 (bottom right), shown at the centre of each figure. The solid black line shows the range for a 50% probability of 
detection. 
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Figure 17. Sei whale downsweeps: Detection ranges associated with various probability of detection under noise 
conditions recorded in March at Hampden (EL 1165A) (top left), Harp (EL 1165B) (top right), Mid (bottom left) and 
Stn 19 (bottom right), shown at the centre of each figure. The solid black line shows the range for a 50% probability of 
detection. 
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Figure 18. Humpback whale song unit: Detection ranges associated with various probability of detection under noise 
conditions recorded in March at Hampden (EL 1165A) (top left), Harp (EL 1165B) (top right), Mid (bottom left) and 
Stn 19 (bottom right), shown at the centre of each figure. The solid black line shows the range for a 50% probability of 
detection. 
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Figure 19. Killer whale tonal calls: Detection ranges associated with various probability of detection under noise 
conditions recorded in March at Hampden (EL 1165A) (top left), Harp (EL 1165B) (top right), Mid (bottom left) and 
Stn 19 (bottom right), shown at the centre of each figure. The solid black line shows the range for a 50% probability of 
detection. 
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Figure 20. Dolphin whistles: Detection ranges associated with various probability of detection under noise conditions 
recorded in March at Hampden (EL 1165A) (top left), Harp (EL 1165B) (top right), Mid (bottom left) and Stn 19 
(bottom right), shown at the centre of each figure. The solid black line shows the range for a 50% probability of 
detection. 
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Figure 21. Delphinid clicks: Detection ranges associated with various probability of detection under noise conditions 
recorded in March at Hampden (EL 1165A) (top left), Harp (EL 1165B) (top right), Mid (bottom left) and Stn 19 
(bottom right), shown at the centre of each figure. The solid black line shows the range for a 50% probability of 
detection. 
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Figure 22. Sperm whale clicks: Detection ranges associated with various probability of detection under noise 
conditions recorded in March at Hampden (EL 1165A) (top left), Harp (EL 1165B) (top right), Mid (bottom left) and 
Stn 19 (bottom right), shown at the centre of each figure. The solid black line shows the range for a 50% probability of 
detection. 
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Figure 23. Harbour porpoise clicks: Detection ranges associated with various probability of detection under noise 
conditions recorded in March at Harp (EL 1165B) (left) and Mid (right). The solid black line shows the range for a 50% 
probability of detection. 
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Figure 24. Northern bottlenose whale clicks: Detection ranges associated with various probability of detection under 
noise conditions recorded in March at Hampden (EL 1165A) (top left), Harp (EL 1165B) (top right), Mid (bottom left) 
and Stn 19 (bottom right), shown at the centre of each figure. The solid black line shows the range for a 50% 
probability of detection. 
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Figure 25. Sowerby’s beaked whale clicks: Detection ranges associated with various probability of detection under 
noise conditions recorded in March at Hampden (EL 1165A) (top left), Harp (EL 1165B) (top right), Mid (bottom left) 

and Stn 19 (bottom right), shown at the centre of each figure. The solid black line shows the range for a 50% 
probability of detection. 
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3.3. MODU Underwater Radiated Noise 

The MODU URN was computed by adding the distribution of received sound pressure levels at Harp (EL 
1165B) to the modelled propagation loss (Figure 26). The Harp (EL 1165B) data were used because the 
range to Harp (EL 1165B) was only 2100 m, which was expected to produce better results than could be 
obtained at Hampden (EL 1165A) where only 10 days of data were collected and at a range of 5300 m. 
Since there were large amounts of data to work with at Harp (EL 1165B), the months with uninterrupted 
data (Oct 19 – Feb 20, inclusive) were chosen for analysis. The median broadband source factor was 
191.2 dB re 1 µPa²·m². The maximum decidecade was the 200 Hz band, which had a median source 
factor of 183.4 dB re 1 µPa²·m².  

 
Figure 26. Computing the West Aquarius (WAQ) Source Factor: (A) modeled sound propagation loss for 
October 2019 to February 2020; (B) distribution of received SPL at Harp (EL 1165B); and (C) sum of (A) and (B) to 
obtain the distribution of the source factor.  
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3.4. Marine Mammal Detections 

3.4.1. Detector Performance 

Detector performance varied across species and stations. Hampden (EL 1165A) and Stn 19 had nine 
detectors whose precision was higher than 0.75. Mid and Harp (EL 1165B) had seven and five detectors 
with precision above 0.75, respectively (Tables 8 to 11). The blue and fin whale song note detectors 
performed consistently well. The humpback and sei whale vocalization detectors performed best at 
stations least affected by ambient noise, once restricted around the short period of acoustic occurrence 
highlighted by manual detections. The same observation can be made for the pilot whale tonal 
vocalization detector although in that case, low number of detections at Harp (EL 1165B) and Mid may 
reflect habitat preference rather than poor detector performance. Dolphin whistles were detected 
automatically with high performance scores at all stations. 

Where the clicks of a given species were manually detected, the relevant detector usually performed well. 
The exceptions included sperm whale clicks at Harp (EL 1165B), northern bottlenose whale at Mid and 
Hampden (EL 1165A), and Sowerby’s beaked whale click at Stn 19. At these cases, the number of 
manual detections was too low for the performance of the detector to be evaluated. 

In the case of delphinid and harbour porpoise clicks, different detectors yielded the highest performance 
scores for different stations, presumably as a result of different background noise conditions and distance 
between the source and recorders. It highlights the advantages of running a suite of detectors in cases 
like this study, whose data are characterized by a broad range of ambient noise and environmental 
conditions.  

Table 8. Hampden (EL 1165A): Detector performance metrics for all detectors with Precision >0.75. SBW: Sowerby’s 
beaked whale; P: precision; R: Recall: MCC: Matthew’s correlation coefficient. N/A: Not applicable. 
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Exclusion period 
(inclusive) 

Fin whale, 20-Hz note 0.85 0.94 0.74 1 0.85 0.94 0.74 387 221 243 N/A 

Blue whale, Infrasonic 0.99 0.75 0.80 1 0.99 0.75 0.80 387 147 111 N/A 

Humpback whale, moan 1.00 0.72 0.84 1 1.00 0.72 0.84 387 29 21 18 Dec to 19 Feb 

Sei whale, downsweeps 0.75 0.79 0.73 2 0.86 0.71 0.75 387 62 65 7 Dec to 11 Apr 

Dolphin whistle 0.97 0.74 0.66 1 0.97 0.74 0.66 387 258 198 N/A 

Pilot whale, whistle 0.67 0.51 0.54 2 0.76 0.44 0.54 387 43 33 28 Jan to 31 Mar 

Sperm whale, click 0.91 0.65 0.64 1 0.91 0.65 0.64 386 173 124 N/A 

SBW, click 0.16 1.00 0.35 35 0.75 0.94 0.83 386 16 102 N/A 

Delphinid, click 0.82 0.97 0.75 52 0.95 0.90 0.82 386 209 245 N/A 
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Table 9. Harp (EL 1165B): Detector performance metrics for all detectors with Precision >0.75. P: precision; R: 
Recall: MCC: Matthew’s correlation coefficient. N/A: Not applicable. 
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Fin whale, 20-Hz note 0.87 0.81 0.76 2 0.95 0.74 0.77 377 129 121 N/A 

Blue whale, Infrasonic 0.91 0.74 0.79 1 0.91 0.74 0.79 377 57 46 N/A 

Dolphin whistle 0.86 0.56 0.61 2 0.94 0.51 0.62 377 99 64 N/A 

Delphinid, click 0.81 0.80 0.76 1 0.81 0.80 0.76 375 82 81 N/A 

Harbour porpoise, click 0.72 0.81 0.67 3 0.95 0.69 0.75 281 78 87 26 Feb to 28 Apr 

 

Table 10. Mid: Detector performance metrics for all detectors with Precision >0.75. P: precision; R: Recall: MCC: 
Matthew’s correlation coefficient. N/A: Not applicable. 
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Fin whale, 20-Hz note 0.81 0.90 0.69 1 0.81 0.90 0.69 391 202 224 N/A 

Blue whale, Infrasonic 0.96 0.66 0.73 1 0.96 0.66 0.73 391 124 85 N/A 

Humpback whale, moan 1.00 0.33 0.57 1 1.00 0.33 0.57 391 24 8 
Start to 26 Dec;  
19 Feb to end 

Dolphin whistle 0.95 0.71 0.65 1 0.95 0.71 0.65 391 231 172 N/A 

Sperm whale, click 0.95 0.70 0.63 1 0.95 0.70 0.63 389 230 169 N/A 

Dolphin, click 0.92 0.86 0.75 1 0.92 0.86 0.75 389 226 210 N/A 

Harbour porpoise, click 0.56 0.73 0.59 7 0.85 0.70 0.75 389 40 52 N/A 
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Table 11. Stn 19: Detector performance metrics for all detectors with Precision >0.75. NBW: Northern bottlenose 
whale; P: precision; R: Recall: MCC: Matthew’s correlation coefficient. N/A: Not applicable. 
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Fin whale, 20-Hz note 0.63 0.95 0.54 4 0.89 0.76 0.63 392 174 262 N/A 

Blue whale, Infrasonic 1.00 0.54 0.65 1 1.00 0.54 0.65 392 141 76 26 Feb to 15 May 

Humpback whale, moan 0.96 0.47 0.64 1 0.96 0.47 0.64 392 49 24 
Start to 23 Dec; 
27 Feb to end 

Sei whale, downsweeps 0.79 0.59 0.65 3 0.96 0.57 0.72 392 44 33 Sep; 8 Dec to 31 Mar 

Dolphin whistle 0.98 0.58 0.45 1 0.98 0.58 0.45 392 308 183 N/A 

Pilot whale, whistle 0.89 0.37 0.45 1 0.89 0.37 0.45 392 147 61 N/A 

Sperm Whale, click 0.92 0.78 0.60 4 0.98 0.73 0.63 391 268 225 N/A 

NBW, click 0.33 0.95 0.42 52 0.89 0.74 0.76 391 65 189 1 Mar to 18 May 

Delphinid, click 0.92 0.78 0.69 5 0.98 0.74 0.72 391 215 183 N/A 
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3.4.2. Blue Whales 

Blue whale calls (Figure 27 and Figure 28) were detected at all stations. Harp (EL 1165B) had 20 
detection days, primarily in September. Detections at Mid, Hampden (EL 1165A), and Stn 19 occurred 
regularly from September to February, and declined or stopped after that, with the exception of two waves 
of detections in late February and early March at Hampden (EL 1165A) and Mid. Hampden (EL 1165A) 
and Mid had similar number of detection days (113–115), but Hampden (EL 1165A) had nearly twice as 
many detections (Figure 29; Table 12), despite having shorter median detection ranges (see Section 3.2 
and Appendix C.5). The near disappearance of detections at Harp (EL 1165B) after September is 
presumably the result of the arrival of the MODU at this station, which also led to the shorter detection 
ranges there. The lower number of detections and detection days at Stn 19 may be the result of the 
shorter detection ranges modelled at that station, considering that the period of acoustic occurrence is 
otherwise similar to those observed at Hampden (EL 1165A) and Mid. 

 
Figure 27. Spectrogram of blue whale arch calls recorded at Hampden (EL 1165A) on 13 Sep 2019 (0.4 Hz frequency 
resolution, 2 s time window, 0.5 s time step, Hamming window). The window length is 240 s. 

 
Figure 28. Spectrogram of blue whale infrasonic A-B vocalizations recorded at Stn 19 on 18 Sep 2019 (0.4 Hz 
frequency resolution, 2 s time window, 0.5 s time step, Hamming window). The window length is 240 s. 
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Figure 29. Daily and hourly occurrence of automatically and manually detected blue whale song notes. Red dashed 
lines indicate recorder deployment and retrieval dates or recording end. Hashed lines indicate no recordings. Blue 
shaded areas indicate hours of darkness. Grey shaded areas indicate the presence of the MODU near the recorder. 

Table 12. Blue whales: Percent days with detections (manual or automated) and number of automated detections by 
month at Hampden (EL 1165A), Harp (EL 1165B), Mid and Stn 19. D: detections. 

Month 
Hampden (EL 1165A)1 Harp (EL 1165B)2 Mid Stn 19 

% days with D Detections % days with D Detections % days with D Detections % days with D Detections 

Sep 80.0 829 40.0 330 73.3 225 70.0 100 

Oct 90.3 1628 6.5 53 96.8 844 58.1 300 

Nov 53.3 352 6.7 9 56.7 267 50.0 427 

Dec 61.3 480 0.0 0 64.5 401 38.7 93 

Jan 41.9 306 3.2 10 48.4 107 29.0 148 

Feb 28.6 140 3.6 1 25.0 97 3.6 0 

Mar 16.1 24 6.5 3 9.7 7 0.0 0 

Apr 0.0 0 0.0 0 0.0 0 0.0 0 

May 0.0 0 0.0 0 0.0 0 3.2 2 

Total 113 3759 20 406 115 1949 76 1070 

1 MODU present from 2-14 May 2020 
2 MODU present from 1 Oct 2019-1 May 2020 
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3.4.3. Fin Whales 

Fin whales were detected at all stations. Vocalizations (Figure 30) were detected nearly daily from 
September to February at Hampden (EL 1165A), Mid, and Stn 19. Detections decreased rapidly by early 
March at Stn 19 and mid-March at Hampden (EL 1165A) and Mid and were rare area-wide from early 
April. Detections occurred regularly at Harp (EL 1165B) in September but decreased abruptly in early 
October, coinciding with the arrival of the MODU. Hampden (EL 1165A) and Mid had nearly the same 
number of detection days but Hampden’s detection count was 44% higher than at Mid (Figure 31; Table 
13). Stn 19 had more detections than Mid despite having 37 fewer detection days and substantially lower 
median detection ranges (see Section 3.2 and Appendix C.5). The difference in detection counts is 
largely the result of a large offset in September in favour of Stn 19, while from January onward detection 
counts were higher at Mid and Hampden (EL 1165A). This may indicate that fin whales gradually moved 
south along the Flemish Pass in winter (Table 13).  

The rare occurrence of fin whale 20-Hz calls from April onward is a phenomenon observed across their 
range and coincides with the end of song production period (Davis 2020). It shall not be interpreted as a 
departure from the area as there is ample evidence for fin whale presence off Newfoundland in the spring 
and summer months (Lawson and Gosselin 2009, 2018).  

 
Figure 30. Spectrogram showing fin whale 20-Hz and the 130-Hz song notes recorded at Hampden (EL 1165A) on 30 

Nov 2019 (2 Hz frequency resolution, 0.128 s time window, 0.032 s time step, Hamming window). The 
window length is 45 s. 
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Figure 31. Daily and hourly occurrence of automatically and manually detected fin whale 20-Hz calls. Red dashed 
lines indicate recorder deployment and retrieval dates or recording end. Hashed lines indicate no recordings. Blue 
shaded areas indicate hours of darkness. Grey shaded areas indicate the presence of the MODU near the recorder. 
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Table 13. Fin whales: Percent days with detections (manual or automated) and number of automated detections by 
month at Hampden (EL 1165A), Harp (EL 1165B), Mid and Stn 19. D: Detections 

Month 
Hampden (EL 1165A)1 Harp (EL 1165B)2 Mid Stn 19 

% days with D Detections % days with D Detections % days with D Detections % days with D Detections 

Sep 100.0 6182 96.7 6104 100.0 3998 100.0 9218 

Oct 100.0 7296 35.5 182 100.0 4128 100.0 5618 

Nov 100.0 10271 33.3 326 100.0 6587 100.0 9012 

Dec 100.0 8184 67.7 413 100.0 6600 100.0 6379 

Jan 100.0 9891 87.1 1364 100.0 6826 93.5 5789 

Feb 93.5 5845 67.7 589 93.5 4519 87.1 2460 

Mar 96.8 1514 9.7 36 93.5 1481 54.8 437 

Apr 61.3 119 12.9 10 58.1 55 19.4 113 

May 48 40 5.9 2 42.3 25 3.7 7 

Total 244 49342 129 9026 241 34219 204 39033 

1 MODU present from 2-14 May 2020 
2 MODU present from 1 Oct 2019-1 May 2020 

3.4.4. Sei Whales 

Sei whales were detected at all stations although the automated detector only yielded results with 
precision greater than 0.75 at Hampden (EL 1165A) and Stn 19. Detections were concentrated in October 
and November at Stn 19. A similar pattern was observed at Hampden (EL 1165A) although vocalizations 
(Figure 32) were detected in September and sporadically from December to May, February being the only 
month with no detections. Detection counts at Stn 19 and Hampden (EL 1165A) were comparable in 
October, but more than double at Hampden (EL 1165A) in November (Figure 33; Table 14). The near-
absence of detections at Harp (EL 1165B) and lower occurrence at Mid is likely related to higher 
background noise levels causing masking. Detection ranges were markedly lower at Stn 19, possibly 
biasing detection counts downward compared to the other stations (see Section 3.2 and Appendix C.5). 

 
Figure 32. Spectrogram of a sei whale paired downsweep recorded at Mid on 8 Nov 2019 (2 Hz frequency resolution, 
0.128 s time window, 0.032 s time step, Hamming window). The window length is 20 s. 
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Figure 33. Daily and hourly occurrence of automatically and manually detected sei whale downsweeps. Red dashed 
lines indicate recorder deployment and retrieval dates or recording end. Hashed lines indicate no recordings. Blue 
shaded areas indicate hours of darkness. Grey shaded areas indicate the presence of the MODU near the recorder. 

Table 14. Sei whales: Percent days with detections (manual or automated) and number of automated detections by 
month at Hampden (EL 1165A), Harp (EL 1165B), Mid and Stn 19. D: detections. N/A: Not applicable. 

Month 
Hampden (EL 1165A)1 Harp (EL 1165B)23 Mid3 Stn 19 

% days with D Detections % days with D Detections % days with D Detections % days with D Detections 

Sep 76.7 700 6.7 N/A 13.3 N/A 0.0 0 

Oct 100.0 2087 0.0 N/A 29.0 N/A 93.5 1717 

Nov 83.3 2037 0.0 N/A 20.0 N/A 76.7 837 

Dec 29.0 50 0.0 N/A 16.1 N/A 12.9 40 

Jan 9.7 26 0.0 N/A 3.2 N/A 0.0 0 

Feb 0.0 0 0.0 N/A 0.0 N/A 0.0 0 

Mar 12.9 20 0.0 N/A 0.0 N/A 0.0 0 

Apr 3.2 2 0.0 N/A 0.0 N/A 3.2 12 

May 8 26 5.9 N/A 0.0 N/A 7.4 9 

Total 98 4948 3 N/A 24 N/A 59 2615 

1 MODU present from 2-14 May 2020 
2 MODU present from 1 Oct 2019-1 May 2020 
3 Results based on manual detections only 
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3.4.5. Humpback Whales 

Humpback whale vocalizations (Figure 34) were detected at all stations except Harp (EL 1165B), which 
was likely the result of higher background noise levels connected to the presence of the MODU during the 
detection period. All vocalizations were detected between late December and late February, which can be 
attributed to animals migrating south on their way towards the breeding grounds. The timing of these 
detections is consistent with that observed at nearby locations between 2015 and 2017 (Delarue et al. 
2018). Stn 19 had the highest number of detection days and detections, followed by Hampden (EL 
1165A) and Mid (Figure 35; Table 15). All detections consisted of songs or song fragments. For all 
stations, the modelled detection ranges were negligible in average background noise conditions and up to 
3–7 km depending on the station in the best conditions (see Section 3.2 and Appendix C.5).  

 
Figure 34. Spectrogram of humpback whale vocalizations (song) recorded at Stn 19 on 16 Jan 2020 (2 Hz frequency 
resolution, 0.128 s time window, 0.032 s time step, Hamming window). The window length is 120 s. 

 
Figure 35. Daily and hourly occurrence of automatically and manually detected humpback whale song notes. Red 
dashed lines indicate recorder deployment and retrieval dates or recording end. Hashed lines indicate no recordings. 
Blue shaded areas indicate hours of darkness. Grey shaded areas indicate the presence of the MODU near the 
recorder. 
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Table 15. Humpback whales: Percent days with detections (manual or automated) and number of automated 
detections by month at Hampden (EL 1165A), Mid and Stn 19. D: detections. 

Month 
Hampden (EL 1165A)1 Mid Stn 19 

% days with D Detections % days with D Detections % days with D Detections 

Sep 0.0 0 0.0 0 0.0 0 

Oct 0.0 0 0.0 0 0.0 0 

Nov 0.0 0 0.0 0 0.0 0 

Dec 6.5 7 3.2 0 12.9 80 

Jan 33.3 175 13.3 11 53.3 572 

Feb 29.0 124 16.1 115 48.4 75 

Mar 0.0 0 0.0 0 0.0 0 

Apr 0.0 0 0.0 0 0.0 0 

May 0.0 0 0.0 0 0.0 0 

Total 21 306 11 126 35 727 

1 MODU present from 2-14 May 2020 

3.4.6. Killer Whales 

Killer whale tonal calls (Figure 36) were manually detected at Mid on 7 Sep 2019 and on 4 and 
24 Mar 2020. They were detected once at Harp (EL 1165B) on 30 Mar 2020. 

 
Figure 36. Spectrogram showing killer whale vocalizations recorded at Mid on 4 Mar 2020 (2 Hz frequency resolution, 
0.128 s time window, 0.032 s time step, Hamming window). The window length is 15 s. 
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3.4.7. Pilot Whales 

Pilot whale tonal calls (Figure 37) were detected at all stations, although the automated detector only 
yielded results with precision greater than 0.75 at Hampden (EL 1165A) and Stn 19. Pilot whale 
detections were approximately three times more common at Stn 19 than Hampden (EL 1165A). 
Detections at both stations showed a seasonal pattern with less detections between December and 
March. This seasonal trend was more pronounced at Hampden (EL 1165A). There was only one 
detection in February and March at Hampden, while detections still occurred on about 30% of days 
between December and March at Stn 19 (Figure 38; Table 16). At Hampden, pilot acoustic detections 
resumed in April but decreased substantially in early May after the MODU’s arrival. They resumed just 
after its departure. The lack of manual detections in March and April at Harp (EL 1165B) and Mid may be 
an artifact of the algorithm used to select files to validate automated detections, although the results 
overall confirm the preference of pilot whales for deeper areas along the continental slope. Detection 
ranges were low for delphinid whistles, indicating that the results characterize the acoustic occurrence of 
pilot whales within ~5 km of the recorders (see Section 3.2 and Appendix C.5). 

 
Figure 37. Spectrogram showing pilot whale vocalizations recorded at Hampden (EL 1165A) on 17 Apr 2020 (64 Hz 
frequency resolution, 0.01 s time window, 0.005 s time step, Hamming window). The window length is 30 s. 
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Figure 38. Daily and hourly occurrence of automatically and manually detected pilot whale tonal calls. Red dashed 
lines indicate recorder deployment and retrieval dates or recording end. Hashed lines indicate no recordings. Blue 
shaded areas indicate hours of darkness. Grey shaded areas indicate the presence of the MODU near the recorder. 

Table 16. Pilot whale: Percent days with detections (manual or automated) and number of automated detections by 
month at Hampden (EL 1165A), Harp (EL 1165B), Mid and Stn 19. D: detections. N/A: Not applicable. 

Month 
Hampden (EL 1165A)1 Harp (EL 1165B)2,3 Mid3 Stn 19 

% days with D Detections % days with D Detections % days with D Detections % days with D Detections 

Sep 30.0 77 16.7 N/A 23.3 N/A 93.3 1275 

Oct 25.8 604 3.2 N/A 0.0 N/A 87.1 374 

Nov 13.3 103 3.3 N/A 3.3 N/A 70.0 348 

Dec 12.9 14 6.5 N/A 6.5 N/A 38.7 62 

Jan 16.1 33 3.4 N/A 3.4 N/A 35.5 57 

Feb 0.0 0 3.2 N/A 3.2 N/A 25.8 130 

Mar 3.2 0 0.0 N/A 0.0 N/A 29.0 51 

Apr 54.8 236 0.0 N/A 0.0 N/A 90.3 667 

May 20.0 40 6.7 N/A 19.2 n/a 92.6 507 

Total 52 1107 13 N/A 17 N/A 172 3471 

1 MODU present from 2-14 May 2020 
2 MODU present from 1 Oct 2019-1 May 2020 
3 Results based on manual detections only 
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3.4.8. Delphinids 

Vocalizations from smaller delphinids were detected daily from September to February at Hampden (EL 
1165A), Mid, and Stn 19. Detections of dolphin whistles (Figure 39) declined progressively from March to 
May at Mid and Hampden (EL 1165A) but continued to occur on at least 83% of days at Stn 19. However, 
despite a sustained acoustic occurrence, detection counts decreased substantially in April and May at 
Stn 19. Dolphin whistle detections were lower by all metrics at Harp (EL 1165B) throughout the recording 
period (Table 17; Figure 42), including before the arrival of the MODU. 

Similar spatio-temporal detection patterns were observed for delphinid clicks (Figure 40; Figure 41). 
These detections include clicks from dolphins as well as pilot whales and killer whales (though the latter 
are not expected to have contributed many detections given their rare occurrence). In terms of detection 
days, the decline from March to May was less pronounced at Mid and Hampden (EL 1165A) than for 
whistles, but the detection counts were much lower for these months. Clicks were detected nearly daily 
throughout the recording period at Stn 19, but detection counts declined by more than 90% at the end of 
the study compared to the peak detection months in the fall (Table 18; Figure 43). 

Because both click and whistle detections were lower at Harp than any of the other stations even in 
September, before the arrival of the MODU, it is likely that the low acoustic occurrence of delphinid 
signals at Harp reflects habitat preference and not avoidance of the area due to the MODU’s presence.   

 
Figure 39. Spectrogram showing unidentified dolphin whistles recorded at Hampden (EL 1165A) on 18 Oct 2019 
(64 Hz frequency resolution, 0.01 s time window, 0.005 s time step, Hamming window). The window length is 30 s. 

 
Figure 40. Spectrogram of unidentified delphinid click trains recorded at Hampden (EL 1165A) on 21 Sep 2019 
(64 Hz frequency resolution, 0.01 s time window, 0.005 s time step, Hamming window). The window length is 10 s. 
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Figure 41. Spectrogram of unidentified dolphin click recorded at Stn 19 on 7 Feb 2020 (512 Hz frequency resolution, 
0.266 ms time window, 0.02 ms time step).  
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Figure 42. Daily and hourly occurrence of automatically and manually detected dolphin whistles. Red dashed lines 

indicate recorder deployment and retrieval dates or recording end. Hashed lines indicate no recordings. Blue shaded 
areas indicate hours of darkness. Grey shaded areas indicate the presence of the MODU near the recorder. 

Table 17. Dolphin whistles: Percent days with detections (manual or automated) and number of automated detections 
by month at Hampden (EL 1165A), Harp (EL 1165B), Mid and Stn 19. D: detections. 

Month 
Hampden (EL 1165A)1 Harp (EL 1165B)2 Mid Stn 19 

% days with D Detections % days with D Detections % days with D Detections % days with D Detections 

Sep 100.0 76156 83.3 4228 100.0 90202 100.0 58743 

Oct 100.0 40821 38.7 807 100.0 31579 100.0 24463 

Nov 100.0 43309 46.7 1234 100.0 33260 100.0 27862 

Dec 100.0 28283 54.8 2806 100.0 22715 100.0 21297 

Jan 100.0 42533 71.0 7767 100.0 29241 100.0 17011 

Feb 100.0 20636 65.5 7732 100.0 22305 100.0 17680 

Mar 96.8 8748 25.8 157 87.1 4390 96.8 13130 

Apr 86.7 806 36.7 131 66.7 281 83.3 1908 

May 52.0 130 17.6 31 34.6 347 85.2 371 

Total 251 261422 131 24893 238 234320 260 182465 

1 MODU present from 2-14 May 2020 
2 MODU present from 1 Oct 2019-1 May 2020 
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Figure 43. Daily and hourly occurrence of automatically and manually detected delphinid clicks. Red dashed lines 
indicate recorder deployment and retrieval dates or recording end. Hashed lines indicate no recordings. Blue shaded 
areas indicate hours of darkness. Grey shaded areas indicate the presence of the MODU near the recorder. 

Table 18. Delphinid clicks: Percent days with detections (manual or automated) and number of automated detections 
by month at Hampden (EL 1165A), Harp (EL 1165B), Mid and Stn 19. D: detections. 

Month 
Hampden (EL 1165A)1 Harp (EL 1165B)2 Mid Stn 19 

% days with D Detections % days with D Detections % days with D Detections % days with D Detections 

Sep 100.0 35164 30.0 29 100.0 69764 100.0 24811 

Oct 100.0 34000 16.1 30 100.0 61354 100.0 24701 

Nov 100.0 33429 10.0 208 100.0 42756 100.0 25675 

Dec 100.0 27672 41.9 142 100.0 31725 100.0 21088 

Jan 100.0 24017 41.9 2198 96.8 16766 100.0 13015 

Feb 100.0 13082 65.5 2021 100.0 10391 100.0 10225 

Mar 96.8 4008 29.0 453 96.8 1510 100.0 7566 

Apr 90.0 1795 30.0 84 83.3 648 90.0 2022 

May 72.0. 621 17.6 46 84.6 663 100.0 1490 

Total 257 173824 83 5211 258 235577 267 130593 

1 MODU present from 2-14 May 2020 
2 MODU present from 1 Oct 2019-1 May 2020 
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3.4.9. Sperm Whales 

Sperm whale clicks (Figure 44) were detected nearly daily at Stn 19 and Mid. However, detection counts 
were systematically higher at Stn 19 in each month and more than three times greater over the whole 
recording period. The proportion of days with detection was also high at Hampden (EL 1165A), although 
the acoustic occurrence of clicks declined between December and March, with a minimum in February. 
Hampden (EL 1165A) had the lowest monthly detection counts in all months but May, when counts were 
higher than at Mid. All stations recorded vocalization count minima in the late fall-early winter. Mid and 
Stn 19 both recorded their highest detection counts in March. In April, detection counts at Mid and 
Hampden (EL 1165A) were similar, suggesting a more even occurrence of sperm whales around these 
stations at the end of the study (Table 19; Figure 45). The scarcity of detections at Harp (EL 1165B) is 
likely due to the preference of sperm whales for deep water, as well as the lower detection ranges 
modelled at that station. 

 
Figure 44. Spectrogram showing sperm whale clicks recorded at Mid on 19 Nov 2019 (64 Hz frequency resolution, 
0.01 s time window, 0.005 s time step, Hamming window). The window length is 20 s. 
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Figure 45. Daily and hourly occurrence of automatically and manually detected sperm whale. Red dashed lines 
indicate recorder deployment and retrieval dates or recording end. Hashed lines indicate no recordings. Blue shaded 
areas indicate hours of darkness. Grey shaded areas indicate the presence of the MODU near the recorder. 

Table 19. Sperm whale: Percent days with detections (manual or automated) and number of automated detections by 
month at Hampden (EL 1165A), Mid and Stn 19. D: Detections. 

Month 

Hampden (EL 1165A)1 Harp (EL 1165B)2,3 Mid Stn 19 

% days with 
D 

Detections 
% days with 

D 
Detections 

% days with 
D 

Detections 
% days with 

D 
Detections 

Sep 90.0 5550 20.0 N/A 96.7 12676 96.7 20694 

Oct 96.8 3491 0.0 N/A 100.0 12830 100.0 56446 

Nov 100.0 3092 3.3 N/A 100.0 7578 100.0 54944 

Dec 80.6 2141 6.4 N/A 100.0 7936 96.8 26127 

Jan 71.0 2349 3.2 N/A 87.1 7536 96.8 27935 

Feb 58.6 1495 0.0 N/A 93.1 13784 100.0 18726 

Mar 83.9 5394 12.9 N/A 100.0 20006 96.8 63774 

Apr 96.7 14247 6.4 N/A 96.7 16361 100.0 23265 

May 100.0 11600 12.4 N/A 100.0 8235 100.0 32420 

Total 231 49359 19 N/A 261 106942 266 324919 

1 MODU present from 2-14 May 2020 
2 MODU present from 1 Oct 2019-1 May 2020 
3 Results based on manual detections only 
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3.4.10. Harbour Porpoises 

Harbour porpoise clicks (Figure 46; Figure 47) were detected at the two shallowest stations, Harp (EL 
1165B) and Mid. Detections occurred twice as often and detection counts were four times higher at Harp 
(EL 1165B) than Mid. At Harp (EL 1165B), detections were distributed across three main peaks in 
September, from mid-Dec to late February and in May. Most detections were associated with the first two 
peaks, but the peak in May may represent the onset of a wave of detections in summer (Table 20; Figure 
48).  

 
Figure 46. Spectrogram of harbour porpoise clicks recorded at Mid on 28 Jan 2020 (64 Hz frequency resolution, 
0.01 s time window, 0.005 s time step, Hamming window). The window length is 15 s. 

 
Figure 47. Spectrogram of a harbour porpoise click recorded at Harp (EL 1165B) on 5 Sep 2019 (512 Hz frequency 
resolution, 0.266 ms time window, 0.02 ms time step). 
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Figure 48. Daily and hourly occurrence of automatically and manually detected harbour porpoise clicks. Red dashed 
lines indicate recorder deployment and retrieval dates or recording end. Hashed lines indicate no recordings. Blue 
shaded areas indicate hours of darkness. Grey shaded areas indicate the presence of the MODU near the recorder. 

Table 20. Harbour porpoises: Percent days with detections (manual or automated) and number of automated 
detections by month at Harp (EL 1165B) and Mid. D: detections. 

Month 
Harp (EL 1165B)1 Mid 

% days with D Detections % days with D Detections 

Sep 90.0 1451 13.3 60 

Oct 35.5 248 3.2 7 

Nov 16.7 250 16.7 84 

Dec 60.0 411 10.0 80 

Jan 61.3 1444 29.0 274 

Feb 60.7 797 25.0 219 

Mar 0.0 0 38.7 287 

Apr 6.7 11 10.0 39 

May 64.7 251 26.9 220 

Total 110 4863 51 1270 

1 MODU present from 1 Oct 2019-1 May 2020 

3.4.11. Northern Bottlenose Whales 

Northern bottlenose whale clicks (Figures 49 and 50) were detected at Hampden (EL 1165A), Mid and 
Stn 19 but only in sufficient numbers to assess the performance of the click detector and use its output at 
Stn 19. At this station, click detections occurred regularly from September to February but were absent in 
March and April, before resuming in May. Detection counts were highest in September, reached a 
minimum in November followed by another peak in January (Table 21; Figure 51). The sparse manual 
detections at Mid and Hampden (EL 1165A) likely underrepresent the true acoustic occurrence of the 
species near these stations but suggest nonetheless that they are not common there. 
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Figure 49. Spectrogram of northern bottlenose whale clicks recorded at Stn 19 on 17 Jan 2020 (64 Hz frequency 
resolution, 0.01 s time window, 0.005 s time step, Hamming window). The window length is 15 s. 

 
Figure 50. Spectrogram of a northern bottlenose whale click recorded at Stn 19 on 14 Sep 2019 (512 Hz frequency 
resolution, 0.266 ms time window, 0.02 ms time step). 
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Figure 51. Daily and hourly occurrence of automatically and manually detected northern bottlenose whale clicks. Red 
dashed lines indicate recorder deployment and retrieval dates or recording end. Hashed lines indicate no recordings. 
Blue shaded areas indicate hours of darkness. Grey shaded areas indicate the presence of the MODU near the 
recorder. 

Table 21. Northern bottlenose whales: Percent days with detections (manual or automated) and number of 
automated detections by month at Hampden (EL 1165A), Mid and Stn 19. D: detections. 

Month 
Stn 19 Mid Hampden (EL 1165A)1 

% days with D % days with D % days with D % days with D % days with D Detections 

Sep 100.0 41201 0.0 N/A 6.4 N/A 

Oct 93.5 25187 0.0 N/A 0.0 N/A 

Nov 76.7 7156 0.0 N/A 0.0 N/A 

Dec 90.3 14923 0.0 N/A 0.0 N/A 

Jan 96.8 24869 0.0 N/A 0.0 N/A 

Feb 82.1 7310 0.0 N/A 0.0 N/A 

Mar 0.0 0 0.0 N/A 0.0 N/A 

Apr 0.0 0 0.0 N/A 3.2 N/A 

May 22.2 792 7.7 N/A 0.0 N/A 

Total 172 122769 2 N/A 3 N/A 
1 MODU present from 2-14 May 2020 

3.4.12. Sowerby’s Beaked Whales 

Sowerby’s beaked whale clicks (Figures 52 and 53) were detected sporadically but consistently 
throughout the recording period at Hampden (EL 1165A). Manual detections at Stn 19 similarly indicate 
that this species was present at this station, but presumably at low levels. Detection counts showed more 
monthly variations than the detection time series, possibly reflecting differences in the number of 
vocalizing animals or their distance and orientation with respect to the recorder (Table 22; Figure 54). 
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Figure 52. Spectrogram of Sowerby’s beaked whale clicks recorded at Hampden (EL 1165A) on 9 Mar 2020 (64 Hz 
frequency resolution, 0.01 s time window, 0.005 s time step, Hamming window). The window length is 15 s. 

 
Figure 53. Spectrogram of a Sowerby’s beaked whale click recorded at Mid on 19 Nov 2019 (512 Hz frequency 
resolution, 0.266 ms time window, 0.02 ms time step). 

 
Figure 54. Daily and hourly occurrence of automatically and manually detected Sowerby’s beaked whale clicks. Red 
dashed lines indicate recorder deployment and retrieval dates or recording end. Hashed lines indicate no recordings. 
Blue shaded areas indicate hours of darkness. Grey shaded areas indicate the presence of the MODU near the 
recorder. 
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Table 22. Sowerby’s beaked whales: Percent days with detections (manual or automated) and number of automated 
detections by month at Hampden (EL 1165A). D: Detections. 

Month 
Stn19 Hampden (EL 1165A)1 

% days with D Detections % days with D Detections 

Sep 0.0 N/A 23.3 837 

Oct 0.0 N/A 9.7 219 

Nov 6.4 N/A 16.7 298 

Dec 0.0 N/A 16.1 943 

Jan 6.2 N/A 19.4 710 

Feb 3.6 N/A 25.0 851 

Mar 0.0 N/A 16.1 292 

Apr 10.0 N/A 6.7 160 

May 3.7 N/A 8.0 108 

 Total 9 N/A 42 4418 

1 MODU present from 2-14 May 2020 

3.4.13. Cuvier’s Beaked Whales 

Cuvier’s beaked whales (Figure 55; Figure 56) were detected at Stn 19 on 25 Dec 2019, 6 Feb 2020, and 
5 Apr 2020. 

 
Figure 55. Spectrogram of Cuvier’s beaked whale clicks recorded at Stn 19 on 6 Feb 2020 (64 Hz frequency 
resolution, 0.01 s time window, 0.005 s time step, Hamming window). The window length is 15 seconds. 
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Figure 56. Spectrogram of a Cuvier’s beaked whale click recorded at Stn 19 on 6 eb 2020 (512 Hz frequency 
resolution, 0.266 ms time window, 0.02 ms time step).  
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4. Discussion and Conclusion 

4.1. Dependence of measured sound levels on wind conditions 

The influence of weather and sea state on the underwater soundscape was assessed by correlating the 
decidecade SPL at 20, 80, 630, and 3150 Hz with the wind speed (Figures 5 and 57). The decidecade 
bands were selected as representative for the following reasons: fin whales (20 Hz), vessel traffic (80 Hz), 
peak wind (630 Hz), and the upper limit of wind (3150 Hz). The correlations used data with 30 min 
spacing, and calculated values over seven days to allow for development of variation in wind speed. Each 
station was compared to wind speeds at Harp (EL 1165B) well site that were available between January 
and May. There were notable storms with significant wave heights of over 6 m measured at Harp (EL 
1165B) station on the following dates: 10–11 Dec, 13–15 Dec, 17–18 Dec, 20–22 Dec, 25–30 Dec, 6–7 
Jan, 9–11 Jan, 18–19 Jan, 3 Feb, 8 Feb, 13 Feb, 8 Mar, 19 Apr (dates given by Wood). Most of the 
storms resulted in the rig being disconnected.  

Figure 57 shows the calculated correlation coefficients between wind speeds and the sound levels 
measured in the four decidecade bands. Correlations are highest in the 630 and 3150 Hz bands, as 
expected (Wenz 1962, Carey and Evans 2011). Harp (EL 1165B) had the lowest correlation with wind 
speeds in all decidecade bands, which is the result of the ongoing MODU and DP usage dominating the 
measured sounds. This indicates that the DP sounds were not proportional to wind speed. This site is the 
shallowest (300 m), so we expected the highest correlations to wind and wave noise if the DP not been in 
use. The correlation with the 20 Hz fin whale band and the 80 Hz vessel band are also low, again likely 
due to the MODU broadband noise. 
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Figure 57. Weekly correlation coefficient between decidecade bands at 20, 80 ,630, and 3150 Hz and wind speeds 
measured at Harp (EL 1165B) well site. 



JASCO APPLIED SCIENCES  ExxonMobil Canada Ltd Flemish Pass Exploratory Drilling Operations 

Version 3.1 73 

4.2. Comparison of Median Power Spectral Densities 

The data in Figure 9 may be summarized by plotting each recorder’s median power spectral density 
(PSD) on a single axes (the median PSD is the sound spectrum that occurred for at least half of the 
deployment (Figure 58)). In the case of Harp (EL 1165B) and Hampden (EL 1165A), the deployment was 
divided into periods with and without the MODU nearby. The median power spectral densities show that 
all four locations had similar spectral without the MODU, and that MODU changed the spectra in the 
same way at both sites for both broadband levels and tones. The water depth had an interesting effect on 
the received power spectral density—above 5000 Hz the power spectral density levels 5 km from the 
MODU (at Hampden (EL 1165A), 1175 m deep) were higher than those received 2 km from Harp (EL 
1165B) in 300 m of water. This was likely due to additional interactions with the seabed in the shallower 
water near Harp (EL 1165B) that increased the scattering of high-frequency sound. 

 
Figure 58. Comparison of the median power spectral densities in six conditions: the full duration at the Mid and 
Stn 19 recorders as well as the Harp (EL 1165B) and Hampden (EL 1165A) sites with the MODU nearby and for time 
without the MODU (marked as AMBient). The peak at 20 Hz is from fin whales, at 195 Hz from the West Aquarius, 
and at 25 kHz from the USBL transponders associated with the West Aquarius operations. 
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4.3. Measuring MODU Underwater Radiated Noise with Fixed 
Recorders 

One of EMCL’s objectives was to assess the utility of fixed recorders at some distance from the rig for 
measuring the URN. The recommended recorder configuration for measuring a vessel’s URN is to have 
three hydrophones in a vertical array that make angles of approximately 15, 30, and 45 degree with the 
horizontal in deep water ([ISO] International Organization for Standardization 2016) (Figure 59). For this 
project, the single hydrophone recorders were placed on the seabed 2100 m from Harp (EL 1165B) and 
5300 m from Hampden (EL 1165A). The water depth at Harp (EL 1165B) was ~300 m and ~1150 m at 
Hampden (EL 1165A), which means the deep-water constraint was not satisfied. However, by employing 
acoustic propagation modeling, it was expected we could compensate for this deficiency. A similar 
geometry is employed by many other groups as single hydrophone systems greatly simplify equipment 
handling and costs (e.g., McKenna et al. 2012, Simard et al. 2016, MacGillivray et al. 2019). 

 
Figure 59. Recommended geometry for making underwater radiated noise measurements. (1) the vessel. (2) the 
closest point of approach (CPA) distance, which should the longer of 100 m or the vessel length. (3) hydrophones. (4, 
5, 6) angles to the hydrophones with target angles of 15, 30, and 45 degrees. The water depth must be greater than 
the CPA distance for this geometry. From ISO Standard 17208-1 (2016). 

A full comparison of the URN computed at Harp (EL 1165B) and Hamden stations is shown in  

Figure 60. A summary of the median levels are shown in Figure 61. Because the measurement ranges 
were 5–7 times the water depths, the RNL were not expected to be reliable; however the two RNL results 
were very similar for the 200 Hz decidecade where the MODU signature was strongest. The MSL result at 
Harp (EL 1165B) was much lower than the Hampden (EL 1165A) RNL, as expected, but also much lower 
than the MSL at Hampden (EL 1165A). The analysis was repeated using at 20 m source depth for 
computing the MSL values, which yielded poorer results. This suggests that the seabed geoacoustics 
used in the propagation modeling were incorrect.  

The difficulties with knowing the seabed composition are one of the reasons the ISO 17208-1 and -2 
standards recommend making the measurements in deep water. For deep-water seabed measurements, 
it is preferable to place the recorder within one water depth of the platform to ensure that the dominant 
propagation path is spherical spreading; however, the propagation conditions still need to be considered. 
Even the MSL result measured at Harp (EL 1165B) were 6–8 dB higher than the RNL measured for the 
West Aquarius in 2300 m water depth off Nova Scotia (Martin et al. 2019a). The recorder was on the 
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seabed 2000 m from the well head, which satisfies the 45-degree criteria for measuring URN in deep 
water. Given the strongly upward refracting propagation conditions off Nova Scotia, the sound levels 
reaching the recorder may have been decreased by refraction. Methods to make accurate shallow water 
measurements of vessel source levels are currently being investigated by JASCO and DW Ship Consult 
for Transport Canada.  

The results of this analysis indicate that accurate estimates the source level of an operational MODU are 
challenging to perform. The use of seabed instruments simplified data collection and minimized flow noise 
contamination of the data. However, because of the relatively long distance between the source and 
receiver (~6 water depths), the source level results were sensitive to our parameterization of the seabed 
geoacoustic properties. Future measurements should be made closer to the drill rigs, and perhaps using 
a vertical array of hydrophones. 
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Figure 60. Summary of the underwater radiated noise (URN) of the West Aquarius Mobile Offshore Drilling Unit 
(MODU) measured at (A) Hampden (EL 1165A) and (B) Harp (EL 1165B). The top row show the decidecade 
received sound pressure level (SPL), the second row is the computed radiated noise level (RNL), the third row is the 
computed monopole source level (MSL), and the bottom row shows propagation losses predicted by acoustic 
propagation modeling for computing the MSL. 

 
Figure 61. Comparison of the median underwater radiated noise (URN) computed from 10 days of data at Hampden 
(EL 1165A) and 5 months of data at Harp (EL 1165B). Since there were large amounts of data to work with at Harp 
(EL 1165B), the months with uninterrupted data (Oct 19 – Feb 20, inclusive) were chosen for this analysis. 

4.4. Marine Mammal Occurrence 

This study included a recorder (Stn 19) deployed at the same location as one of the stations of an ESRF-
funded long-term acoustic monitoring program conducted from Aug 2015 to July 2017 (Delarue et al. 
2018), which provided a baseline against which to assess the acoustic detections during this study. 
Ambient noise at Stn 19 was unaffected by drilling operations at Harp (EL 1165B). Marine mammal 
occurrence at this station in 2019-2020 was remarkably consistent with the patterns observed at the 
same location in 2016-2017 as well as other locations in the northern Flemish Pass (Maxner et al. 2017). 
Species exhibiting seasonal patterns of detections generally occurred during the same periods. For 
instance, humpback whale detections were restricted to December-February in both studies; delphinid 
detections occurred nearly daily but decreased in late winter and spring; fin, sei and blue whale 
detections coincided with their song production period. Except for sei whales, which presumably leave the 
area in December, the marked decline in detections of fin and blue whales past the end of winter is more 
likely to reflect changes in acoustic behavior rather than a departure from the areas surrounding the 
recorders, particularly considering the long detection ranges of their signals. In both studies, pilot whale 
detections declined significantly in late fall-early winter but resumed in spring, ahead of the increase in 
dolphin detections after the spring minimum. One minor difference between both studies is that northern 
bottlenose whale click detections declined in spring in 2016-17 whereas they were absent in March and 
April 2020 at Stn 19. Because the MODU was not detected at Stn 19, this is not likely to be connected to 
its presence at Harp (EL 1165B). 

Potential displacement of blue and fin whales by the MODU at Harp (EL 1165B) was assessed by 
comparing detection counts at stations where the MODU’s acoustic signature was detectable (Harp (EL 
1165B), Mid and Hampden (EL 1165A)). Displacement was assessed by dividing the detections per 
month (Table 12, Table 13) by the minimum detection range of their calls (Table 7) and comparing the 
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detections per km2 as a function of distance from the MODU and month. Blue whales had increasing 
detection counts per km2 with increasing distance from Harp (EL 1165B) (Figure 62, left). Because this 
gradient was observed in September, before the arrival of the MODU, and persisted throughout the fall 
and winter, it likely represents habitat preference by blue whales more than avoidance behaviour. This is 
also consistent with results from Delarue et al. (2018) that showed blue whale detections to be more 
common on the continental slope than on the shelf. The increase in call density in October may represent 
an increase in song production as whales progress into their breeding season, or an acoustic response to 
increased noise as previously observed in this species during exposures to different types of signals (Di 
Iorio and Clark 2009, Melcon et al. 2012). The decline in call density after October may reflect a 
decreasing number of individuals in the study area. 

Fin whale detection counts per unit area also generally increased with range from the MODU, but the 
increase was more pronounced between Mid and Hampden than between Harp and Mid (Figure 62, 
right). Delarue et al. (2018) showed that fin whales off Newfoundland were more commonly detected on 
the continental shelf than off the continental slope, which suggests that call density should be higher at 
Harp than Mid or Hampden. This was only observed in January and February between Harp and Mid 
(Figure 62), driven by the increase in detections at Harp in these months. Call densities declined at all 
stations in October but returned to their baseline (September) levels after October. It is unclear whether 
the October decline, at a point in time when call densities should still be increasing, could represent an 
acoustic reaction to the MODU’s exposure, as this species is known to alter its acoustic behavior in the 
presence of shipping and airgun sounds (Castellote et al. 2012).      

  
Figure 62. Detection count per km2 by month as a function of distance from the MODU for blue (left) and fin (right) 
whales. The detection area was calculated as a circular area around each recorder with a radius equal to the 
minimum detection ranges across all modelled azimuths for a 50% probability of detection under median noise 
conditions for average source levels (see Table 7). The September detection ranges were used for September. The 
March detection ranges were used for all other months. There were not enough detections after February to include 
in this figure. The dots represents measurements at (from left to right) Harp, Mid and Hampden.  

Delphinids and sperm whales produce signals that were less likely to be masked by the acoustic 
emissions of the MODU and had comparable detection ranges across stations (see Section 3.2). 
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Delphinid click and whistle detections were lower at Harp than any of the other stations before the arrival 
of the MODU. Despite a slight increase in detections in January and February, which was also noted in fin 
whales and harbour porpoises, delphinid detection counts at Harp were a fraction of those at the other 
stations. These two observations suggest a preference of the vocalizing species for the deeper water and 
slope habitat found at Mid, Hampden and Stn 19. The decline in click and whistle detections at Harp 
following the arrival of the MODU may be due to masking or avoidance. Whistle detections were higher at 
Hampden than Mid, but the opposite was true for clicks, confusing any assessment of potential long-
range effects of the MODU.  

There were no detectable effects of the MODU on sperm whale click detections. Their occurrence at Harp 
was only assessed using manual detections (due to sub-threshold precision of automated detector), 
which may underestimate their true occurrence, but these results are consistent with the known 
preference of sperm whales for deep water.  

4.5. Effects of underwater noise on Marine Mammals 

4.5.1. Comparisons to Regulatory Thresholds and Environmental 
Assessment Assumptions 

The current best available scientific guidance for determining the effects of human-generated sound on 
marine mammals recommends assessing the distance at which the auditory frequency weighted daily 
SEL could cause hearing threshold shifts (NMFS 2018, Southall et al. 2019b). Temporary threshold shifts 
represent a temporary loss of hearing sensitivity. Exposure to a sound with sufficient duration and sound 
pressure level may result in an elevated hearing threshold, i.e., a loss of hearing sensitivity. If the 
threshold eventually returns to its baseline level, it is called a temporary threshold shift. If the threshold 
does not return to its baseline after some time, the offset is called a permanent threshold shift. Sound 
levels emitted by the West Aquarius at Harp (EL 1165B) and recorded 2 km away from the MODU 
exceeded the threshold for the onset of temporary threshold shift for continuous sound sources on 159 
days in low-frequency cetaceans (baleen whales) and 86 days in high-frequency cetaceans (here, 
harbour porpoise) out of 229 days of operations (Figures 10 and 63). Sound levels never exceeded the 
threshold for the onset of permanent threshold shift for continuous sound sources in any species group. 
Results from the Scotian Basin’s modelled operating drilling installations predicted that cumulative SELs 
(over 24 hours) would decrease to below threshold values for PTS at distances between 120 and 470 m 
from the source (depending on the species group and environmental conditions) (Zykov 2016). However, 
these predictions relied on NOAA 2015, whose onset thresholds are different from those used here. The 
most comparable results are those from Zykov (2018). PTS onset was found to occur up to 250 m, while 
TTS-onset could occur up to 3.2 (LFC)-5.9 (HFC) km in winter and 1.3 (LFC)-4.8 (HFC) km in summer. 
The winter ranges are generally consistent with those observed here.  

Behavioural reactions are expected to occur well before the onset of TTS. In other words, cetaceans in 
the vicinity of the MODU may likely have taken evasive actions to avoid hearing damage. There are 
currently no accepted thresholds for the onset of behavioural reactions, which reflects the variability in 
intra- and inter-specific responses observed in marine mammal field studies as well as the influence of 
the context of exposure and the experience, motivation, and conditioning of exposed animals, which will 
vary greatly between areas and activities (Southall et al. 2007, Southall et al. 2019a).  

A less sophisticated, though still widely used, metric for assessing possible behavioural disturbance to 
marine mammals (NMFS 1995, NOAA 2019) or habitat suitability (DFO 2012) is the distance at which the 
sound pressure levels exceed 120 dB re 1 µPa. Figure 64 is a comparison of the measured sound 
pressure levels as a function of range for Oct 2019 – Feb 2020 using our measurements made at the 
seabed. The range to the 120 dB re 1 µPa isopleth is 15-30 km. The Environmental Assessment 
considered the potential of EMCL’s exploratory drilling activities for underwater noise effects on marine 
mammals based on studies by Zykov (2016) and Quijano et al. (2017). Zykov (2016) estimated the 95% 
percentile (R95%) of the horizontal range to the 120 dB re 1 µPa isopleth for drilling activities and sources 
similar to those monitored in this study (i.e. semi-submersible drilling unit with support vessel) to be 
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>150 km in winter and 27.8 km in summer in deep water off the Scotian Shelf. Quijano et al (2017) 
concluded that for high sound levels such as those emitted by the MODU, ranges would be longer at 
shallow sites (e.g. Harp (EL 1165B)) and similar at the deep sites (e.g. Hampden (EL 1165A)). The 
results presented here show the ranges to various thresholds to be shorter than those of Zykov (2016), 
particularly in winter, and much more comparable to those estimated by Zykov (2018) in a modeling study 
involving a deep (~ 1500 m) site near the study area, in the northern Flemish Pass (Figure 64). For a 
drillship, R95% to the 120 dB isopleth was estimated at 25.1 km in winter and 5.8 km in summer (Zykov 
2018). 

  
Figure 63. Comparison of the estimated daily sound exposure levels for the full spectrum (10 Hz and above) as well 
as weighted for each of the NMFS (2018) marine mammal hearing groups. The temporary threshold shift (TTS) 
thresholds from NFMS (2018) are shown for the low-frequency cetacean group (baleen whales) and the high-
frequency cetacean group (porpoise and Kogia species (dwarf and pygmy sperm whales)).  
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Figure 64. Comparison of broadband (10-16000 Hz) SPL for Oct 2019 - Feb 2020 as measured by the recorders at 
the seabed. The gray shape in the background is the prediction interval for the SPL as a function of range. The dark 
blue line shows the maximum range to the sound levels for an FPSO and support vessel in winter from Zykov (2016). 
The light blue line are the maximum range to the sound levels for the MODU and support vessel at a shallow water 
site near Harp from Zykov (2018).   

4.5.2. Available Listening Range 

As described in Section 2.4, the available listening range (ALR) for different types of marine mammal 
vocalizations were calculated (Figure 65 and Figure 66). ALR estimates the percentage of the best-case 
listening range that the animals have available for each day of the recordings. Due to the limited effects of 
human sounds at Stn 19, the ALR at this location may be taken as ‘normal’.  

The presence of the MODU substantially reduced the ALR for the vocalizations analyzed. The effects are 
most prominent for the low-frequency cetaceans (Figure 65) where the ALR is reduced to less than 5% of 
the best case at the Harp (EL1165B) site when the MODU was present. Note that environmental 
conditions reduced the ALR to ~20-60% of the best case on most days. These results indicate a 10 to 
100-fold decrease in distance in which the animals may hear each other. Interestingly, the fin whale 
chorus also reduced the ALR to ~5% of the best case at all stations at the peak of their vocalization 
season in January-February.  

The ALR for mid-frequency cetaceans (Figure 66) depends on the frequency analyzed more than was the 
case for low-frequency cetaceans. Lower frequencies, which overlap to a greater degree with the MODU 
than higher frequencies, were more affected. The USBL transponders reduced the ALR for mid-frequency 
cetaceans’ echolocation clicks from ~50% of best case when the transponders were off to ~5% with them 
on, which equates to a 10-fold range reduction. 
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Figure 65. Available Listening Range for low-frequency cetaceans. 
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Figure 66. Available Listening Range for mid-frequency cetaceans. 

4.6. Conclusion 

The sound levels from the drilling operations of the West Aquarius MODU measured at the seabed in the 
Flemish Pass were well below the sound levels considered during the Environmental Assessment 
(Quijano et al. 2017). Those sound levels were based on the modeling performed for the Scotian Basin 
Exploration Project that took place in deep water off Nova Scotia (Zykov 2016). The measured sound 
levels closely matched the predictions for a MODU and support vessels operating in the Flemish Pass 
(Zykov 2018).  

There was no clear evidence of changes in marine mammal distribution associated with the presence of 
the MODU at ranges of 32 km and beyond. At short range (2-5 km), the data provided evidence of 
avoidance of the Harp well site when the MODU was present in fin whale and harbour porpoise and 
avoidance or call masking in blue and pilot whales. Changes in distribution were one of the project’s 
predicted effects in the Environmental Assessment.  
 
Drilling operations were associated with prolonged periods of sound levels high enough to induce 
temporary hearing threshold shifts in low- and high-frequency cetaceans if avoidance behaviours were 
not initiated. Avoidance reactions most likely occurred to prevent auditory injuries, as marine mammals 
have been shown to react to sound sources, particularly at high sound exposure levels (Ellison et al. 
2012). As received sound level generally decreases with distance from a source, avoidance behaviors 
can strongly influence the estimated maximum sound levels an animal is predicted to receive and 
significantly affects the probability of more pronounced direct or subsequent behavioral effects. 
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Additionally, animals are less likely to respond to sound levels distant from a source, even when those 
same levels elicit response at closer ranges; both proximity and received levels are important factors in 
aversive responses (Dunlop et al. 2017). Aversion reaction may also depend on an animal’s behavior and 
previous exposures. While the onset of behavioural responses, including aversion, depends to some 
extent on received sound level, several contextual factors also influence response probability, including 
an animal’s activity state, the type of sound, the relative positions of the source with respect to the 
receiving subject, the animal’s gender, age and reproductive status of the receiving animal and whether is 
has been previously exposed to the type of sound (Ellison et al. 2012, DeRuiter et al. 2013, Goldbogen et 
al. 2013, Friedlaender et al. 2016, DeRuiter et al. 2017, Dunlop et al. 2018).  
 
Even at sub-TTS sound pressure levels, marine mammals can experience chronic stress as a result of 
elevated ambient noise caused by vessel traffic (Rolland et al. 2012), the long-term consequences 
thereof being poorly understood. The consequences of displacement on the long-term fitness of affected 
individuals and populations is unknown but should be considered, particularly in the case of endangered 
species such as the blue whale (Atlantic population), or species displaying site fidelity to affected areas 
(Costa et al. 2016, Forney et al. 2017, Farmer et al. 2018). 

 



JASCO APPLIED SCIENCES  ExxonMobil Canada Ltd Flemish Pass Exploratory Drilling Operations 

Version 3.1 84 

Glossary 

absorption 

The reduction of acoustic pressure amplitude due to acoustic particle motion energy converting to heat in 
the propagation medium. 

ambient noise 

All-encompassing sound at a given place, usually a composite of sound from many sources near and far 
(ANSI S1.1-1994 R2004), e.g., shipping vessels, seismic activity, precipitation, sea ice movement, wave 
action, and biological activity.  

attenuation 

The gradual loss of acoustic energy from absorption and scattering as sound propagates through a 
medium. 

audiogram 

A graph of hearing threshold level (sound pressure levels) as a function of frequency, which describes the 
hearing sensitivity of an animal over its hearing range. 

audiogram weighting 

The process of applying an animal’s audiogram to sound pressure levels to determine the sound level 
relative to the animal’s hearing threshold (HT). Unit: dB re HT. 

Auditory frequency weighting (auditory weighting function, frequency-weighting function) 

The process of band-pass filtering sounds to reduce the importance of inaudible or less-audible 
frequencies for individual species or groups of species of aquatic mammals (ISO 2017a). One example is 
M-weighting introduced by Southall et al. (2007) to describe “Generalized frequency weightings for 
various functional hearing groups of marine mammals, allowing for their functional bandwidths and 
appropriate in characterizing auditory effects of strong sounds”. 

background noise 

Total of all sources of interference in a system used for the production, detection, measurement, or 
recording of a signal, independent of the presence of the signal (ANSI S1.1-1994 R2004). Ambient noise 
detected, measured, or recorded with a signal is part of the background noise. 

bandwidth 

The range of frequencies over which a sound occurs. Broadband refers to a source that produces sound 
over a broad range of frequencies (e.g., seismic airguns, vessels) whereas narrowband sources produce 
sounds over a narrow frequency range (e.g., sonar) (ANSI/ASA S1.13-2005 R2010). 

box-and-whisker plot 

A plot that illustrates the centre, spread, and overall range of data from a visual 5-number summary. The 
box is the interquartile range (IQR), which shows the middle 50% of the data—from the lower quartile 
(25th percentile) to the upper quartile (75th percentiles). The line inside the box is the median (50th 
percentile). The whiskers show the lower and upper extremes excluding outliers, which are data points 
that fall more than 1.5 × IQR beyond the upper and lower quartiles.  
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broadband sound level 

The total sound pressure level measured over a specified frequency range. If the frequency range is 
unspecified, it refers to the entire measured frequency range. 

cetacean 

Any animal in the order Cetacea. These are aquatic, mostly marine mammals and include whales, 
dolphins, and porpoises. 

continuous sound 

A sound whose sound pressure level remains above ambient sound during the observation period 
(ANSI/ASA S1.13-2005 R2010). A sound that gradually varies in intensity with time, for example, sound 
from a marine vessel.  

decade 

Logarithmic frequency interval whose upper bound is ten times larger than its lower bound (ISO 2006). 

decidecade 

One tenth of a decade (ISO 2017a). Note: An alternative name for decidecade (symbol ddec) is “one-
tenth decade”. A decidecade is approximately equal to one third of an octave (1 ddec ≈ 0.3322 oct) and 
for this reason is sometimes referred to as a “one-third octave”.  

decidecade band 

Frequency band whose bandwidth is one decidecade. Note: The bandwidth of a decidecade band 
increases with increasing centre frequency. 

decibel (dB) 

One-tenth of a bel. Unit of level when the base of the logarithm is the tenth root of ten, and the quantities 
concerned are proportional to power (ANSI S1.1-1994 R2004).  

delphinid 

Family of oceanic dolphins, or Delphinidae, composed of approximately thirty extant species, including 
dolphins, pilot whales, and killer whales.  

duty cycle 

The time when sound is periodically recorded by an acoustic recording system. 

fast Fourier transform (FFT) 

A computationally efficiently algorithm for computing the discrete Fourier transform. 

frequency 

The rate of oscillation of a periodic function measured in cycles-per-unit-time. The reciprocal of the 
period. Unit: hertz (Hz). Symbol: f. 1 Hz is equal to 1 cycle per second. 

hearing group 

Groups of marine mammal species with similar hearing ranges. Commonly defined functional hearing 
groups include low-, mid-, and high-frequency cetaceans, pinnipeds in water, and pinnipeds in air. 

geoacoustic 

Relating to the acoustic properties of the seabed. 

hearing threshold 

The sound pressure level for any frequency of the hearing group that is barely audible for a given 
individual in the absence of significant background noise during a specific percentage of experimental 
trials. 
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hertz (Hz) 

A unit of frequency defined as one cycle per second. 

high-frequency (HF) cetacean 

The functional cetacean hearing group that represents those odontocetes (toothed whales) specialized 
for hearing high frequencies. 

hydrophone 

An underwater sound pressure transducer. A passive electronic device for recording or listening to 
underwater sound. 

low-frequency (LF) cetacean 

The functional cetacean hearing group that represents mysticetes (baleen whales) specialized for hearing 
low frequencies. 

masking 

Obscuring of sounds of interest by sounds at similar frequencies. 

mean-square sound pressure spectral density 

Distribution as a function of frequency of the mean-square sound pressure per unit bandwidth (usually 
1 Hz) of a sound having a continuous spectrum (ANSI S1.1-1994 R2004). Unit: µPa2/Hz. 

median 

The 50th percentile of a statistical distribution. 

mid-frequency (MF) cetacean 

The functional cetacean hearing group that represents those odontocetes (toothed whales) specialized 
for mid-frequency hearing. 

monopole source level (MSL) 

A source level that has been calculated using an acoustic model that accounts for the effect of the sea-
surface and seabed on sound propagation, assuming a point-like (monopole) sound source. Also see 
radiated noise level. 

mysticete 

Mysticeti, a suborder of cetaceans, use their baleen plates, rather than teeth, to filter food from water. 
They are not known to echolocate, but they use sound for communication. Members of this group include 
rorquals (Balaenopteridae), right whales (Balaenidae), and grey whales (Eschrichtius robustus). 

non-impulsive sound 

Sound that is broadband, narrowband or tonal, brief or prolonged, continuous or intermittent, and typically 
does not have a high peak pressure with rapid rise time (typically only small fluctuations in decibel level) 
that impulsive signals have (ANSI/ASA S3.20-1995 R2008). For example, marine vessels, aircraft, 
machinery, construction, and vibratory pile driving (NIOSH 1998, NOAA 2015). 

octave 

The interval between a sound and another sound with double or half the frequency. For example, one 
octave above 200 Hz is 400 Hz, and one octave below 200 Hz is 100 Hz. 

odontocete 

The presence of teeth, rather than baleen, characterizes these whales. Members of the Odontoceti are a 
suborder of cetaceans, a group comprised of whales, dolphins, and porpoises. The skulls of toothed 
whales are mostly asymmetric, an adaptation for their echolocation. This group includes sperm whales, 
killer whales, belugas, narwhals, dolphins, and porpoises. 
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percentile level, exceedance 

The sound level exceeded n% of the time during a measurement. 

permanent threshold shift (PTS) 

A permanent loss of hearing sensitivity caused by excessive noise exposure. PTS is considered auditory 
injury. 

phocid 

A common term used to describe all members of the family Phocidae. These true/earless seals are more 
adapted to in-water life than are otariids, which have more terrestrial adaptations. Phocids use their hind 
flippers to propel themselves. Phocids are one of the three main groups in the superfamily Pinnipedia; the 
other two groups are otariids and walrus. 

pinniped 

A common term used to describe all three groups that form the superfamily Pinnipedia: phocids (true 
seals or earless seals), otariids (eared seals or fur seals and sea lions), and walrus. 

point source 

A source that radiates sound as if from a single point (ANSI S1.1-1994 R2004).  

power spectrum density 

Generic term, formally defined as power in W/Hz, but sometimes loosely used to refer to the spectral 
density of other parameters such as square pressure or time-integrated square pressure. 

pressure, acoustic 

The deviation from the ambient hydrostatic pressure caused by a sound wave. Also called overpressure. 
Unit: pascal (Pa). Symbol: p. 

radiated noise level (RNL) 

A source level that has been calculated assuming sound pressure decays geometrically with distance 
from the source, with no influence of the sea-surface and seabed. Also see monopole source level. 

received level (RL) 

The sound level measured (or that would be measured) at a defined location. 

rms 

root-mean-square. 

sound 

A time-varying pressure disturbance generated by mechanical vibration waves travelling through a fluid 
medium such as air or water. 

sound exposure 

Time integral of squared, instantaneous frequency-weighted sound pressure over a stated time interval or 
event. Unit: pascal-squared second (Pa2·s) (ANSI S1.1-1994 R2004). 

sound exposure level (SEL) 

A cumulative measure related to the sound energy in one or more pulses. Unit: dB re 1 µPa2·s. SEL is 
expressed over the summation period (e.g., per-pulse SEL [for airguns], single-strike SEL [for pile 
drivers], 24-hour SEL). 

sound intensity 

Sound energy flowing through a unit area perpendicular to the direction of propagation per unit time. 
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sound pressure level (SPL) 

The decibel ratio of the time-mean-square sound pressure, in a stated frequency band, to the square of 
the reference sound pressure (ANSI S1.1-1994 R2004).  

For sound in water, the reference sound pressure is one micropascal (p0 = 1 µPa) and the unit for SPL is 

dB re 1 µPa2: 

 𝐿𝑝 = 10 log10(𝑝2 𝑝0
2⁄ ) = 20 log10(𝑝 𝑝0⁄ )  

Unless otherwise stated, SPL refers to the root-mean-square (rms) pressure level. See also 90% sound 
pressure level and fast-average sound pressure level. Non-rectangular time window functions may be 
applied during calculation of the rms value, in which case the SPL unit should identify the window type. 

sound speed profile 

The speed of sound in the water column as a function of depth below the water surface. 

source level (SL) 

The sound level measured in the far-field and scaled back to a standard reference distance of 1 metre 
from the acoustic centre of the source. Unit: dB re 1 μPa·m (pressure level) or dB re 1 µPa2·s·m 
(exposure level). 

spectral density level 

The decibel level (10·log10) of the spectral density of a given parameter such as SPL or SEL, for which 
the units are dB re 1 µPa2/Hz and dB re 1 µPa2·s/Hz, respectively. 

spectrogram 

A visual representation of acoustic amplitude compared with time and frequency.  

spectrum 

An acoustic signal represented in terms of its power, energy, mean-square sound pressure, or sound 
exposure distribution with frequency. 

surface duct 

The upper portion of a water column within which the sound speed profile gradient causes sound to 
refract upward and therefore reflect off the surface resulting in relatively long-range sound propagation 
with little loss.  

temporary threshold shift (TTS) 

Temporary loss of hearing sensitivity caused by excessive noise exposure.  

transmission loss (TL) 

The decibel reduction in sound level between two stated points that results from sound spreading away 
from an acoustic source subject to the influence of the surrounding environment. Also referred to as 
propagation loss.  
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Appendix A. Sound Level Terminology 

A.1. Acoustic Metrics 

Underwater sound pressure amplitude is measured in decibels (dB) relative to a fixed reference pressure 

of p0 = 1 μPa. Because the perceived loudness of sound, especially pulsed sound such as from seismic 

airguns, pile driving, and sonar, is not generally proportional to the instantaneous acoustic pressure, 
several sound level metrics are commonly used to evaluate sound and its effects on marine life. Here we 
provide specific definitions of relevant metrics used in the accompanying report. Where possible, we 
follow International Organization for Standardization definitions and symbols for sound metrics (e.g., ISO 
2017a). 

The zero-to-peak sound pressure, or peak sound pressure (PK or Lp,pk; dB re 1 µPa), is the decibel level 

of the maximum instantaneous acoustic pressure in a stated frequency band attained by an acoustic 

pressure signal, 𝑝(𝑡):  

 𝐿𝑝,pk = 10 log10

max|𝑝2(𝑡)|

𝑝0
2 = 20 log10

max|𝑝(𝑡)|

𝑝0

 (A-1) 

PK is often included as a criterion for assessing whether a sound is potentially injurious; however, 
because it does not account for the duration of an acoustic event, it is generally a poor indicator of 
perceived loudness. 

The peak-to-peak sound pressure (PK-PK or Lp,pk-pk; dB re 1 µPa) is the difference between the maximum 

and minimum instantaneous sound pressure, possibly filtered in a stated frequency band, attained by an 

impulsive sound, 𝑝(𝑡):  

 𝐿p,pk‐pk = 10 log10

[max(𝑝(𝑡)) −min(𝑝(𝑡))]2

𝑝0
2  (A-2) 

The sound pressure level (SPL or Lp; dB re 1 µPa) is the root-mean-square (rms) pressure level in a 

stated frequency band over a specified time window (T; s). It is important to note that SPL always refers 

to an rms pressure level and therefore not instantaneous pressure: 

 𝐿p = 10 log10 (
1

𝑇
∫ 𝑔(𝑡) 𝑝2(𝑡)

𝑇

𝑑𝑡 𝑝0
2⁄ )   dB (A-3) 

where 𝑔(𝑡) is an optional time weighting function. In many cases, the start time of the integration is 

marched forward in small time steps to produce a time-varying SPL function. For short acoustic events, 
such as sonar pulses and marine mammal vocalizations, it is important to choose an appropriate time 
window that matches the duration of the signal. For in-air studies, when evaluating the perceived 

loudness of sounds with rapid amplitude variations in time, the time weighting function 𝑔(𝑡) is often set to 

a decaying exponential function that emphasizes more recent pressure signals. This function mimics the 
leaky integration nature of mammalian hearing. For example, human-based fast time-weighted SPL 

(Lp,fast) applies an exponential function with time constant 125 ms. A related simpler approach used in 

underwater acoustics sets 𝑔(𝑡) to a boxcar (unity amplitude) function of width 125 ms; the results can be 

referred to as Lp,boxcar 125ms. Another approach, historically used to evaluate SPL of impulsive signals 

underwater, defines 𝑔(𝑡) as a boxcar function with edges set to the times corresponding to 5% and 95% 

of the cumulative square pressure function encompassing the duration of an impulsive acoustic event. 
This calculation is applied individually to each impulse signal, and the results have been referred to as 

90% SPL (Lp,90%). 
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The sound exposure level (SEL or LE; dB re 1 µPa2·s) is the time-integral of the squared acoustic 

pressure over a duration (T): 

 𝐿𝐸 = 10 log10 (∫ 𝑝2(𝑡)

𝑇

𝑑𝑡 𝑇0𝑝0
2⁄ )  dB (A-4) 

where T0 is a reference time interval of 1 s. SEL continues to increase with time when non-zero pressure 

signals are present. It is a dose-type measurement, so the integration time applied must be carefully 
considered for its relevance to impact to the exposed recipients. 

SEL can be calculated over a fixed duration, such as the time of a single event or a period with multiple 

acoustic events. When applied to pulsed sounds, SEL can be calculated by summing the SEL of the N 

individual pulses. For a fixed duration, the square pressure is integrated over the duration of interest. For 

multiple events, the SEL can be computed by summing (in linear units) the SEL of the N individual 

events:  

 𝐿𝐸,𝑁 = 10 log10 (∑ 10
𝐿𝐸,𝑖
10

𝑁

𝑖=1

)  dB (A-5) 

Because the SPL(T90) and SEL are both computed from the integral of square pressure, these metrics 

are related numerically by the following expression, which depends only on the duration of the time 

window T: 

 𝐿𝑝 = 𝐿𝐸 − 10log10(𝑇) (A-6) 

 𝐿𝑝90 = 𝐿E − 10log10(𝑇90) − 0.458 (A-7) 

where the 0.458 dB factor accounts for the 10% of pulse SEL missing from the SPL(T90) integration time 

window.  

Energy equivalent SPL (Leq; dB re 1 µPa) denotes the SPL of a stationary (constant amplitude) sound that 

generates the same SEL as the signal being examined, 𝑝(𝑡), over the same time period, T: 

 𝐿eq = 10 log10 (
1

𝑇
∫ 𝑝2(𝑡)

𝑇

𝑑𝑡 𝑝0
2⁄ ) (A-8) 

The equations for SPL and the energy-equivalent SPL are numerically identical. Conceptually, the 
difference between the two metrics is that the SPL is typically computed over short periods (typically of 

1 s or less) and tracks the fluctuations of a non-steady acoustic signal, whereas the Leq reflects the 

average SPL of an acoustic signal over time periods typically of 1 min to several hours.  

If applied, the frequency weighting of an acoustic event should be specified, as in the case of weighted 

SEL (e.g., LE,LF,24h; see Appendix Appendix B) or auditory-weighted SPL (Lp,ht). The use of fast, slow, or 

impulse exponential-time-averaging or other time-related characteristics should also be specified. 
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A.2. Deci-Decade-Band Analysis 

The distribution of a sound’s power with frequency is described by the sound’s spectrum. The sound 
spectrum can be split into a series of adjacent frequency bands. Splitting a spectrum into 1 Hz wide 
bands, called passbands, yields the power spectral density of the sound. These values directly compare 
to the Wenz curves, which represent typical deep ocean sound levels (Wenz 1962). This splitting of the 
spectrum into passbands of a constant width of 1 Hz, however, does not represent how animals perceive 
sound. 

Because animals perceive exponential increases in frequency rather than linear increases, analyzing a 
sound spectrum with passbands that increase exponentially in size better approximates real-world 
scenarios. In underwater acoustics, a spectrum is commonly split into decidecade bands, which are 
approximately one-tenth of a decade wide (historically these have also been referred to as 
1/3-octave-bands, base 10). Each octave represents a doubling in sound frequency. The centre 

frequency of the ith band, 𝑓c(𝑖), is defined as: 

 𝑓c(𝑖) = 10
𝑖

10 kHz (A-9) 

and the low (𝑓lo) and high (𝑓hi) frequency limits of the ith decade band are defined as: 

 𝑓lo,𝑖 = 10
−1

20 𝑓c(𝑖) and 𝑓hi,𝑖 = 10
1

20𝑓c(𝑖) (A-10) 

The decidecade bands become wider with increasing frequency, and on a logarithmic scale the bands 
appear equally spaced (Figure A-1).  

 
Figure A-1. Decidecade frequency bands (vertical lines) shown on a linear frequency scale and a logarithmic scale.  

The sound pressure level in the ith band (Lp,i) is computed from the spectrum 𝑆(𝑓) between flo,i and fhi,i: 

 𝐿𝑝,𝑖 = 10 log10 ∫ 𝑆(𝑓)

𝑓hi,𝑖

𝑓lo,𝑖

𝑑𝑓 (A-7) 

Summing the sound pressure level of all the bands yields the broadband sound pressure level: 

 Broadband SPL = 10 log10 ∑ 10
𝐿𝑝,𝑖

10

𝑖

 (A-8) 

 

Figure A-2 shows an example of how the decidecade band sound pressure levels compare to the power 
spectrum of an ambient noise signal. Because the decidecade bands are wider with increasing frequency, 
the decidecade band SPL is higher than the power spectrum, at higher frequencies. Decidecade band 
analysis is applied to both continuous and impulsive noise sources. For impulsive sources, the 
decidecade band SEL is typically reported. 
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Figure A-2. A power spectrum and the corresponding decidecade sound pressure levels of example ambient noise 
shown on a logarithmic frequency scale. Because the decidecades are wider with increasing frequency, their SPL is 
higher than the power spectrum. 

Table A-1. Decidecade band frequencies (Hz). 

Band 
Lower 

frequency 

Nominal 
centre 

frequency 

Upper 
frequency 

10 8.9 10.0 11.2 

11 11.2 12.6 14.1 

12 14.1 15.8 17.8 

13 17.8 20.0 22.4 

14 22.4 25.1 28.2 

15 28.2 31.6 35.5 

16 35.5 39.8 44.7 

17 44.7 50.1 56.2 

18 56.2 63.1 70.8 

19 70.8 79.4 89.1 

20 89.1 100.0 112.2 

21 112 126 141 

22 141 158 178 

23 178 200 224 

24 224 251 282 

25 282 316 355 

26 355 398 447 

27 447 501 562 

28 562 631 708 

29 708 794 891 
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30 891 1000 1122 

31 1122 1259 1413 

32 1413 1585 1778 

33 1778 1995 2239 

34 2239 2512 2818 

35 2818 3162 3548 

36 3548 3981 4467 

37 4467 5012 5623 

38 5623 6310 7079 

39 7079 7943 8913 

40 8913 10000 11220 

41 11220 12589 14125 

42 14260 16000 17952 

43 17825 20000 22440 

44 22281 25000 28050 

45 28074 31500 35344 

46 35650 40000 44881 

47 44563 50000 56101 

48 56149 63000 70687 

49 71300 80000 89761 

50 89125 100000 112202 

51 111406 125000 140252 

52 142600 160000 179523 

53 178250 200000 224404 

54 222813 250000 280505 

 

Table A-2. Decade-band frequencies (Hz). 

Decade band Lower frequency Nominal centre frequency Upper frequency 

A 10 50 100 

B 100 500 1,000 

C 1,000 5,000 10,000 

D 10,000 50,000 100,000 
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Appendix B. Marine Mammal Auditory Frequency Weighting 

The potential for noise to affect animals depends on how well the animals can hear it. Noises are less 
likely to disturb or injure an animal if they are at frequencies that the animal cannot hear well. An 
exception occurs when the sound pressure is so high that it can physically injure an animal by non-
auditory means (i.e., barotrauma). For sound levels below such extremes, the importance of sound 
components at particular frequencies can be scaled by frequency weighting relevant to an animal’s 
sensitivity to those frequencies (Nedwell and Turnpenny 1998, Nedwell et al. 2007). 

B.1.1. NMFS (2018) Frequency Weighting Functions 

In 2015, a US Navy technical report by Finneran (2015) recommended new auditory weighting functions. 
The auditory weighting functions for marine mammals are applied in a similar way as A-weighting for 
noise level assessments for humans. The new frequency-weighting functions are expressed as:  

 𝐺(𝑓) = 𝐾 + 10 log10 {
(𝑓 𝑓1⁄ )2𝑎

[1 + (𝑓 𝑓1⁄ )2]𝑎[1 + (𝑓 𝑓2⁄ )2]𝑏
} (B-1) 

Finneran (2015) proposed five functional hearing groups for marine mammals in water: low-, mid- and 
high-frequency cetaceans (LF, MF, and HF cetaceans, respectively), phocid pinnipeds, and otariid 
pinnipeds. The parameters for these frequency-weighting functions were further modified the following 
year (Finneran 2016) and were adopted in NOAA’s technical guidance that assesses acoustic impacts on 
marine mammals (NMFS 2018). The updates did not affect the content related to either the definitions of 
M-weighting functions or the threshold values. Table B-1 lists the frequency-weighting parameters for 
each hearing group. Figure B-1 shows the resulting frequency-weighting curves. 

Table B-1. Parameters for the auditory weighting functions recommended by NMFS (2018) and Temporary Threshold 
Shift (TTS) onset thresholds. 

Functional hearing group a b f1 (Hz) f2 (Hz) K (dB) 
Weighted TTS onset threshold 

(SELcum) 

Low-frequency cetaceans 1.0 2 200 19,000 0.13 179 dB 

Mid-frequency cetaceans 1.6 2 8,800 110,000 1.20 178 dB 

High-frequency cetaceans 1.8 2 12,000 140,000 1.36 153 dB 

Phocid pinnipeds in water 1.0 2 1,900 30,000 0.75 181 dB 

Otariid pinnipeds in water 2.0 2 940 25,000 0.64 199 dB 
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Figure B-1. Auditory weighting functions for the functional marine mammal hearing groups as recommended by 
NMFS (2018). 
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Appendix C. Detection Range Modelling 

C.1. Sound Propagation Models: MONM-BELLHOP 

Long-range sound fields were computed using JASCO’s Marine Operations Noise Model (MONM). 
MONM is well suited for effective longer-range estimation but less accurately predicts steep-angle 
propagation for environments with higher shear speed. This model computes sound propagation at 
frequencies of 10 Hz to 2 kHz via a wide-angle parabolic equation solution to the acoustic wave equation 
(Collins 1993) based on a version of the U.S. Naval Research Laboratory’s Range-dependent Acoustic 
Model (RAM), which has been modified to account for a solid seabed (Zhang and Tindle 1995). For this 
project, MONM computes sound propagation at frequencies above 2 kHz via the BELLHOP Gaussian 
beam acoustic ray-trace model (Porter and Liu 1994).  

The parabolic equation method has been extensively benchmarked and is widely employed in the 
underwater acoustics community (Collins et al. 1996). MONM accounts for the additional reflection loss at 
the seabed, which results from partial conversion of incident compressional waves to shear waves at the 
seabed and sub-bottom interfaces, and it includes wave attenuations in all layers. MONM incorporates 
the following site-specific environmental properties: a bathymetric grid of the modelled area, underwater 
sound speed as a function of depth, and a geoacoustic profile based on the overall stratified composition 
of the seafloor. 

MONM accounts for sound attenuation due to energy absorption through ion relaxation and viscosity of 
water in addition to acoustic attenuation due to reflection at the medium boundaries and internal layers 
(Fisher and Simmons 1977). The former type of sound attenuation is significant for frequencies higher 
than 5 kHz and cannot be neglected without noticeably affecting the model results. 

MONM computes acoustic fields in three dimensions by modelling transmission loss within two-
dimensional (2-D) vertical planes aligned along radials covering a 360° swath from the source, an 
approach commonly referred to as N×2-D. These vertical radial planes are separated by an angular step 

size of , yielding N = 360°/ number of planes (Figure C-1). 

 
Figure C-1. The N×2-D and maximum-over-depth modelling approach used by MONM. 

MONM treats frequency dependence by computing acoustic transmission loss at the centre frequencies 
of decidecade bands. Sufficiently many decidecade bands, starting at 10 Hz, are modelled to include 
most of the acoustic energy emitted by the source. At each centre frequency, the transmission loss is 
modelled within each of the N vertical planes as a function of depth and range from the source.  
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C.2. Marine Mammal Parameters 

The parameters used as inputs to the detection range modelling (see Section 2.3) are summarized in 
Figure C-1. 

Table C-1. Marine mammal input parameters. The detection threshold refers to the threshold of the relevant 
detectors.

Species 
Frequency  
range (Hz) 

Mean source 
level (dB) 

Source level 
standard deviation 

Source depth  
range (m) 

Detection 
threshold 

References 

Mysticetes 

Blue whale A-B 
calls 

16 182 3 5–25 4 
Thode et al. (2000), 

McDonald et al. (2001) 

Fin Whale 
20-Hz calls  

20–25 185 5 10–30 4 

Weirathmueller et al. 
(2013), Wang et al. 

(2016), Miksis-Olds et al. 
(2019) 

Sei whale 
downsweeps 

32–80 179 4 5–25 3.5 Newhall et al. (2012) 

Humpback 
Whale moans 

50–1000 171.5 5.7 10–30 3 Girola et al. (2019) 

Odontocetes 

Sperm Whale 
clicks 

2000–16000 186 5 100–1000 14 Mathias et al. (2013) 

Killer whale 
tonal signals 

700–5000 155 6.5 5–50 3 Holt et al. (2011) 

Delphinid 
whistles 

5000–12500 155 5 5–50 3 
Janik (2000), Lammers 

and Au (2003) 

Delphinid Clicks 16000–63000 185 5 5–100 14 

Au and Herzing (2003), 
Madsen et al. (2004), 
Eskesen et al. (2011), 
Wahlberg et al. (2011) 

Northern 
bottlenose 
clicks 

20000–50000 186 9 50–1000 14 Wahlberg et al. (2012) 

Sowerby’s 
beaked whale 
clicks 

50000–100000 190 10 50–1000 14 Shaffer et al. (2013) 

Harbour 
Porpoise 

100000–150000 172 5 1–50 14 Kyhn et al. (2013) 
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C.3. Environmental Parameters 

C.3.1. Bathymetry 

Water depths throughout the modelled area were extracted from the SRTM15+ grid (Smith and Sandwell 
1997, Becker et al. 2009). 

C.3.2. Sound speed profile 

The sound speed profiles for the modelled site were derived from temperature and salinity profiles from 
the U.S. Naval Oceanographic Office’s Generalized Digital Environmental Model V 3.0 (GDEM; Teague et 
al. 1990, Carnes 2009). GDEM provides an ocean climatology of temperature and salinity for the world’s 
oceans on a latitude-longitude grid with 0.25° resolution, with a temporal resolution of one month, based 
on global historical observations from the U.S. Navy’s Master Oceanographic Observational Data Set 
(MOODS). The climatology profiles include 78 fixed depth points to a maximum depth of 6800 m (where 
the ocean is that deep). The GDEM temperature-salinity profiles were converted to sound speed profiles 
according to Coppens (1981).  

Sound speed profiles for September and March were used as inputs to the sound propagation modelling. 
These two months had the most extreme profiles during the study period. Figure C-2 illustrates these 
differences for station Hampden (EL 1165A). 
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Figure C-2. The sound speed profiles for March (left) and September (right) at Hampden (EL 1165A). The profile was 
calculated from temperature and salinity profiles from GDEM V 3.0 (GDEM; Teague et al. 1990, Carnes 2009). 
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C.3.3. Geoacoustics 

The geoacoustic properties of the modelled area were derived from previous sound propagation 
modelling projects by JASCO in the same area (Quijano et al. 2017, Zykov 2018). We used a profile for 
the shallowest site (Harp (EL 1165B), 300 m) and another, single profile for the three deep sites (depth 
from 800 to 1600 m). 

Table 23. Geacoustic parameters for the transmission loss modelling at the shallow station (Harp (EL 1165B)). 

Depth 
P-wave velocity  

(m/s) 
Density 
(g/cm3) 

P-wave attenuation 
(dB/lambda) 

S-wave velocity  
(m/s) 

S-wave attenuation 
(dB/lambda) 

0 1518 1.51 0.3 

150 3.65 

1 1559 1.52 0.4 

5 1646 1.7 0.64 

50 1912 1.95 1.16 

500 2436 2.07 1.98 

 

Table 24. Geacoustic parameters for the transmission loss modelling at the deep stations (Hampden (EL 1165A), Mid 
and Stn 19). 

Depth 
P-wave velocity  

(m/s) 
Density 
(g/cm3) 

P-wave attenuation 
(dB/lambda) 

S-wave velocity  
(m/s) 

S-wave attenuation 
(dB/lambda) 

0 1518 1.51 0.25 

150 3.65 

1 1526 1.52 0.26 

5 1588 1.7 0.42 

50 1778 1.95 0.77 

500 2103 2.07 1.41 

 

C.4. Model Validation Information 

Predictions from JASCO’s propagation models (e.g., MONM) have been validated against experimental 
data from a number of underwater acoustic measurement programs conducted by JASCO globally, 
including the United States and Canadian Artic, Canadian and southern United States waters, Greenland, 
Russia and Australia (Hannay and Racca 2005, Aerts et al. 2008, Funk et al. 2008, Ireland et al. 2009, 
O'Neill et al. 2010, Warner et al. 2010, Racca et al. 2012a, Racca et al. 2012b, Matthews and 
MacGillivray 2013, Martin et al. 2015, Racca et al. 2015, Martin et al. 2017a, Martin et al. 2017b, Warner 
et al. 2017, MacGillivray 2018, McPherson et al. 2018, McPherson and Martin 2018). 

In addition, JASCO has conducted measurement programs associated with a significant number of 
anthropogenic activities which have included internal validation of the modelling that supported the 
detection range assessment (including McCrodan et al. 2011, Austin and Warner 2012, McPherson and 
Warner 2012, Austin and Bailey 2013, Austin et al. 2013, Zykov and MacDonnell 2013, Austin 2014, 
Austin et al. 2015, Austin and Li 2016, Martin and Popper 2016). 
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C.5. Results  

C.5.1. Detection Range Tables 

Table C-2. Detection ranges associated with three ambient noise percentile and three probability of detection (Pd) at 
Stn 19 in March. 

Species Noise percentile Pd=0.1 Pd=0.5 Pd=0.9 

Sperm whale  
click 

NL10 9.2 - 13.1 4.8 - 5.9 1.9 - 2.9 

NL50 6.4 - 7.5 3.0 - 3.9 1.1 - 1.9 

NL90 4.5 - 5.4 1.7 - 2.8 0.7 - 1.0 

Blue whale 
A-B call 

NL10 6.1 - 76.4 5.4 - 48.5 4.8 - 27.6 

NL50 5.0 - 29.4 4.4 - 20.0 3.8 - 9.3 

NL90 4.1 - 14.7 3.7 - 8.1 3.1 - 6.1 

Fin whale 
20-Hz call 

NL10 5.4 - 78.5 4.8 - 28.1 3.7 - 9.9 

NL50 5.2 - 46.8 4.1 - 17.2 3.4 - 5.3 

NL90 4.6 - 24.8 3.7 - 9.5 2.8 - 4.3 

Sei whale 
downsweep 

NL10 3.0 - 5.6 2.5 - 3.9 2.2 - 3.1 

NL50 2.6 - 4.1 2.2 - 3.3 1.7 - 2.7 

NL90 2.3 - 3.6 1.8 - 2.8 1.2 - 2.2 

Humpback whale 
song note 

NL10 0.9 - 2.2 0.0 - 0.1 0.0 - 0.1 

NL50 0.0 - 0.1 0.0 - 0.1 0.0 - 0.1 

NL90 0.0 - 0.1 0.0 - 0.1 0.0 - 0.1 

Delphinid  
whistles 

NL10 1.0 - 1.9 0.0 - 0.2 0.0 - 0.1 

NL50 0.0 - 0.6 0.0 - 0.1 0.0 - 0.1 

NL90 0.0 - 0.1 0.0 - 0.1 0.0 - 0.1 

Killer whale 
tonal call 

NL10 0.0 - 0.5 0.0 - 0.1 0.0 - 0.1 

NL50 0.0 - 0.1 0.0 - 0.1 0.0 - 0.1 

NL90 0.0 - 0.1 0.0 - 0.1 0.0 - 0.1 

Northern bottlenose 
whale 

NL10 6.0 - 6.6 3.8 - 4.1 2.0 - 2.1 

NL50 5.5 - 6.0 3.4 - 3.7 1.6 - 1.8 

NL90 3.9 - 4.2 2.0 - 2.1 0.7 - 0.8 

Sowerby's beaked 
whale 

NL10 2.5 - 2.7 1.8 - 2.0 1.1 - 1.2 

NL50 2.5 - 2.7 1.8 - 2.0 1.1 - 1.2 

NL90 2.4 - 2.7 1.8 - 2.0 1.0 - 1.1 

Delphinid click 

NL10 5.0 - 5.2 3.6 - 3.7 2.5 - 2.5 

NL50 4.4 - 4.6 3.1 - 3.3 2.0 - 2.1 

NL90 2.7 - 2.9 1.6 - 1.7 0.6 - 0.8 
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Table C-3. Detection ranges associated with three ambient noise percentile and three probability of detection (Pd) at 
Stn 19 in September. 

Species Noise percentile Pd=0.1 Pd=0.5 Pd=0.9 

Sperm whale 
click 

NL10 13.9 - 17.7 7.0 - 7.9 3.3 - 4.1 

NL50 7.6 - 8.6 3.6 - 4.4 1.5 - 2.0 

NL90 4.9 - 5.8 2.0 - 2.7 0.8 - 1.4 

Blue Whale 
A-B call 

NL10 6.0 - 76.8 5.5 - 41.6 5.0 - 29.1 

NL50 5.1 - 36.8 4.6 - 20.9 3.9 - 11.2 

NL90 3.9 - 9.3 3.3 - 6.9 2.8 - 4.1 

Fin Whale 
20-Hz call 

NL10 6.1 - 81.1 5.1 - 40.3 4.1 - 17.6 

NL50 4.6 - 23.8 3.7 - 8.6 2.8 - 4.3 

NL90 3.8 - 10.1 3.1 - 4.7 2.3 - 3.3 

Sei whale 
downsweep 

NL10 2.9 - 4.6 2.5 - 3.9 2.1 - 3.1 

NL50 2.6 - 4.0 2.2 - 3.2 1.4 - 2.7 

NL90 2.2 - 3.4 1.6 - 2.7 1.1 - 1.9 

Humpback Whale 
Song note 

NL10 0.9 - 2.4 0.0 - 0.1 0.0 - 0.1 

NL50 0.0 - 1.4 0.0 - 0.1 0.0 - 0.1 

NL90 0.0 - 0.1 0.0 - 0.1 0.0 - 0.1 

Delphinid  
whistles 

NL10 2.3 - 2.9 0.0 - 0.9 0.0 - 0.1 

NL50 0.4 - 1.3 0.0 - 0.1 0.0 - 0.1 

NL90 0.0 - 0.2 0.0 - 0.1 0.0 - 0.1 

Killer whale 
tonal call 

NL10 0.7 - 1.4 0.0 - 0.1 0.0 - 0.1 

NL50 0.0 - 0.1 0.0 - 0.1 0.0 - 0.1 

NL90 0.0 - 0.1 0.0 - 0.1 0.0 - 0.1 

Northern bottlenose 
whale click 

NL10 6.4 - 6.9 4.2 - 4.5 2.3 - 2.6 

NL50 5.5 - 5.9 3.3 - 3.7 1.7 - 2.0 

NL90 4.2 - 4.5 2.3 - 2.6 0.9 - 1.1 

Sowerby's beaked 
whale click 

NL10 2.6 - 2.8 1.9 - 2.0 1.1 - 1.6 

NL50 2.5 - 2.7 1.9 - 2.0 1.1 - 1.6 

NL90 2.3 - 2.6 1.6 - 1.9 0.9 - 1.1 

Delphinid click 

NL10 5.7 - 6.7 4.4 - 4.9 2.9 - 3.1 

NL50 4.6 - 5.4 3.2 - 3.4 2.1 - 2.2 

NL90 3.2 - 3.5 2.1 - 2.3 1.1 - 1.3 
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Table C-4. Detection ranges associated with three ambient noise percentile and three probability of detection (Pd) at 
Hampden (EL 1165A) in March. 

Species Noise percentile Pd=0.1 Pd=0.5 Pd=0.9 

Sperm whale 
click 

NL10 13.9 - 19.2 7.3 - 7.8 3.6 - 4.3 

NL50 7.7 - 8.3 3.9 - 4.4 1.9 - 3.4 

NL90 5.3 - 5.8 2.7 - 3.7 1.2 - 2.3 

Blue whale 
A-B call 

NL10 46.5 - 100.0 40.9 - 99.7 36.0 - 90.6 

NL50 39.3 - 99.2 34.0 - 83.9 26.1 - 55.7 

NL90 32.1 - 69.9 24.9 - 53.7 16.5 - 32.8 

Fin whale 
20-Hz call 

NL10 47.7 - 100.0 41.9 - 100.0 29.3 - 71.4 

NL50 44.4 - 100.0 35.4 - 86.7 23.5 - 48.0 

NL90 38.3 - 100.0 25.1 - 56.6 15.9 - 27.6 

Sei whale 
downsweep 

NL10 30.0 - 76.2 21.3 - 39.9 9.0 - 16.1 

NL50 24.4 - 54.9 12.1 - 22.1 7.4 - 7.7 

NL90 12.1 - 22.3 7.4 - 7.8 1.9 - 2.3 

Humpback whale 
song note 

NL10 4.9 - 5.3 0.0 - 0.1 0.0 - 0.1 

NL50 0.0 - 0.1 0.0 - 0.1 0.0 - 0.1 

NL90 0.0 - 0.1 0.0 - 0.1 0.0 - 0.1 

Delphinid  
whistles 

NL10 2.6 - 3.0 0.7 - 1.1 0.0 - 0.1 

NL50 0.8 - 1.1 0.0 - 0.1 0.0 - 0.1 

NL90 0.0 - 0.1 0.0 - 0.1 0.0 - 0.1 

Killer whale 
tonal call 

NL10 0.4 - 0.6 0.0 - 0.1 0.0 - 0.1 

NL50 0.0 - 0.1 0.0 - 0.1 0.0 - 0.1 

NL90 0.0 - 0.1 0.0 - 0.1 0.0 - 0.1 

Northern bottlenose 
whale click 

NL10 6.4 - 6.6 4.2 - 4.4 2.3 - 2.6 

NL50 5.6 - 5.8 3.6 - 3.7 1.8 - 2.0 

NL90 5.3 - 5.5 3.2 - 3.4 1.7 - 1.8 

Sowerby's beaked 
whale click 

NL10 2.6 - 2.8 1.9 - 2.1 1.1 - 1.3 

NL50 2.6 - 2.8 1.9 - 2.1 1.1 - 1.3 

NL90 2.6 - 2.8 1.8 - 2.0 1.1 - 1.3 

Delphinid click 

NL10 5.7 - 5.9 4.0 - 4.0 2.7 - 2.8 

NL50 4.4 - 4.8 3.1 - 3.2 2.0 - 2.2 

NL90 4.0 - 4.1 2.7 - 2.9 1.7 - 1.9 

 



JASCO APPLIED SCIENCES  ExxonMobil Canada Ltd Flemish Pass Exploratory Drilling Operations 

Version 3.1 C-9 

Table C-5. Detection ranges associated with three ambient noise percentile and three probability of detection (Pd) at 
Hampden (EL 1165A) in September. 

Species Noise percentile Pd=0.1 Pd=0.5 Pd=0.9 

Sperm whale 
click 

NL10 19.3 - 31.1 10.8 - 12.5 4.9 - 7.4 

NL50 11.3 - 14.2 7.5 - 8.1 2.7 - 4.0 

NL90 8.4 - 9.1 3.2 - 4.1 1.7 - 2.5 

Blue whale 
A-B call 

NL10 45.9 - 100.0 40.1 - 100.0 35.6 - 91.0 

NL50 38.0 - 100.0 33.4 - 85.3 23.7 - 55.5 

NL90 24.1 - 55.7 17.1 - 34.9 12.6 - 20.9 

Fin whale 
20-Hz call 

NL10 45.6 - 100.0 38.8 - 99.7 25.3 - 57.6 

NL50 39.4 - 99.8 27.9 - 61.7 17.5 - 32.0 

NL90 31.3 - 64.1 19.4 - 39.5 7.6 - 15.8 

Sei whale 
downsweep 

NL10 34.2 - 100.0 24.1 - 57.6 13.2 - 28.7 

NL50 24.6 - 59.2 14.4 - 32.1 6.8 - 7.0 

NL90 13.3 - 28.8 6.6 - 6.9 2.8 - 3.1 

Humpback whale 
song note 

NL10 18.5 - 34.3 7.7 - 7.9 0.0 - 0.1 

NL50 8.3 - 8.6 0.0 - 0.1 0.0 - 0.1 

NL90 4.3 - 6.7 0.0 - 0.1 0.0 - 0.1 

Delphinid  
whistles 

NL10 7.1 - 7.4 1.6 - 2.1 0.0 - 0.1 

NL50 1.6 - 2.1 0.0 - 0.1 0.0 - 0.1 

NL90 0.5 - 0.6 0.0 - 0.1 0.0 - 0.1 

Killer whale 
tonal call 

NL10 1.9 - 2.3 0.0 - 0.1 0.0 - 0.1 

NL50 0.2 - 0.5 0.0 - 0.1 0.0 - 0.1 

NL90 0.0 - 0.1 0.0 - 0.1 0.0 - 0.1 

Northern bottlenose 
whale click 

NL10 6.7 - 7.9 4.4 - 4.5 2.5 - 2.7 

NL50 5.5 - 5.9 3.5 - 3.7 1.8 - 2.0 

NL90 4.5 - 4.7 2.6 - 2.8 1.2 - 1.3 

Sowerby's beaked 
whale click 

NL10 2.6 - 2.7 1.8 - 2.0 1.1 - 1.3 

NL50 2.6 - 2.7 1.8 - 2.0 1.1 - 1.3 

NL90 2.4 - 2.6 1.7 - 1.8 1.0 - 1.1 

Delphinid click 

NL10 7.3 - 7.6 4.4 - 4.9 2.9 - 3.1 

NL50 5.2 - 5.7 3.2 - 3.5 2.1 - 2.2 

NL90 3.5 - 3.7 2.3 - 2.5 1.4 - 1.5 

 



JASCO APPLIED SCIENCES  ExxonMobil Canada Ltd Flemish Pass Exploratory Drilling Operations 

Version 3.1 C-10 

Table C-6. Detection ranges associated with three ambient noise percentile and three probability of detection (Pd) at 
Harp (EL 1165B) in March. ND: not detectable. 

Species Noise percentile Pd=0.1 Pd=0.5 Pd=0.9 

Sperm whale 
click 

NL10 13.6 - 19.5 5.7 - 7.7 2.2 - 2.5 

NL50 2.8 - 3.1 1.1 - 1.4 0.5 - 0.9 

NL90 1.3 - 1.5 0.6 - 1.0 0.4 - 0.8 

Blue whale 
A-B call 

NL10 52.0 - 100.0 41.0 - 100.0 27.4 - 100.0 

NL50 10.3 - 26.5 9.0 - 16.8 6.3 - 10.8 

NL90 3.6 - 4.6 2.2 - 2.7 1.1 - 1.4 

Fin whale 
20-Hz call 

NL10 67.1 - 100.0 50.3 - 100.0 24.1 - 100.0 

NL50 15.1 - 32.2 9.6 - 18.5 5.9 - 10.2 

NL90 8.0 - 15.9 5.0 - 7.6 3.1 - 3.4 

Sei whale 
downsweep 

NL10 19.0 - 79.2 12.4 - 21.8 7.5 - 13.1 

NL50 3.8 - 5.1 1.8 - 2.2 0.6 - 0.7 

NL90 1.9 - 2.5 0.7 - 0.9 0.2 - 0.2 

Humpback whale 
song note 

NL10 3.8 - 4.6 1.4 - 1.6 0.0 - 0.0 

NL50 0.0 - 0.0 0.0 - 0.0 0.0 - 0.0 

NL90 0.0 - 0.0 0.0 - 0.0 0.0 - 0.0 

Delphinid  
whistles 

NL10 1.8 - 2.0 0.7 - 0.9 0.2 - 0.2 

NL50 0.6 - 0.7 0.0 - 0.1 0.0 - 0.0 

NL90 0.1 - 0.1 0.0 - 0.0 0.0 - 0.0 

Killer Whale 
Tonal call 

NL10 0.8 - 1.1 0.0 - 0.0 0.0 - 0.0 

NL50 0.0 - 0.0 0.0 - 0.0 0.0 - 0.0 

NL90 0.0 - 0.0 0.0 - 0.0 0.0 - 0.0 

Northern Bottlenose 
Whale click 

NL10 6.5 - 6.9 4.1 - 4.4 2.2 - 2.4 

NL50 4.5 - 4.7 2.4 - 2.6 1.1 - 1.3 

NL90 3.2 - 3.4 1.5 - 1.7 0.6 - 1.1 

Sowerby's beaked 
whale click 

NL10 2.8 - 3.0 2.1 - 2.4 1.4 - 2.0 

NL50 2.8 - 2.9 1.9 - 2.3 1.3 - 1.9 

NL90 2.6 - 2.7 1.8 - 2.3 1.1 - 1.7 

Delphinid click 

NL10 5.2 - 5.9 4.0 - 4.1 2.5 - 2.8 

NL50 3.4 - 3.6 2.1 - 2.4 1.3 - 1.6 

NL90 2.3 - 2.5 1.4 - 1.8 0.9 - 1.1 

Harbour porpoise 
Click 

NL10 0.8 - 1.4 0.7 - 1.2 0.5 - 1.0 

NL50 0.8 - 1.3 0.6 - 1.1 0.5 - 0.9 

NL90 0.8 - 1.3 0.6 - 1.1 0.5 - 0.9 
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Table C-7. Detection ranges associated with three ambient noise percentile and three probability of detection (Pd) at 
Harp (EL 1165B) in September. ND: not detectable. 

Species Noise percentile Pd=0.1 Pd=0.5 Pd=0.9 

Sperm whale 
click 

NL10 44.2 - 50.0 26.3 - 33.6 14.5 - 18.4 

NL50 20.8 - 27.9 11.4 - 16.4 4.7 - 7.1 

NL90 12.8 - 17.2 5.4 - 7.5 3.0 - 3.1 

Blue whale 
A-B call 

NL10 77.3 - 100.0 64.7 - 100.0 62.0 - 100.0 

NL50 61.5 - 100.0 43.6 - 100.0 29.0 - 100.0 

NL90 8.8 - 18.7 6.5 - 11.4 4.8 - 7.4 

Fin whale 
20-Hz call 

NL10 82.2 - 100.0 66.9 - 100.0 46.8 - 100.0 

NL50 62.2 - 100.0 39.1 - 100.0 18.9 - 94.3 

NL90 19.8 - 96.4 10.5 - 26.1 7.6 - 15.3 

Sei whale 
downsweep 

NL10 46.8 - 100.0 26.3 - 100.0 13.5 - 36.0 

NL50 26.3 - 100.0 13.5 - 73.2 9.4 - 23.6 

NL90 8.0 - 17.2 6.0 - 9.9 3.8 - 4.8 

Humpback whale 
song note 

NL10 9.8 - 24.1 5.8 - 9.8 2.1 - 2.3 

NL50 7.8 - 14.3 3.1 - 5.6 1.7 - 1.8 

NL90 2.2 - 2.4 1.3 - 1.5 0.0 - 0.0 

Delphinid  
whistles 

NL10 9.1 - 15.7 6.4 - 9.5 3.3 - 5.6 

NL50 3.8 - 6.0 2.3 - 2.4 0.6 - 0.9 

NL90 2.5 - 2.8 0.7 - 1.0 0.0 - 0.2 

Killer whale 
tonal call 

NL10 5.7 - 6.5 2.3 - 2.4 0.2 - 0.4 

NL50 2.5 - 2.6 0.5 - 0.6 0.0 - 0.0 

NL90 0.8 - 1.1 0.0 - 0.1 0.0 - 0.0 

Northern bottlenose 
whale click 

NL10 8.7 - 9.3 6.1 - 6.6 3.8 - 4.0 

NL50 6.9 - 7.4 4.4 - 4.7 2.6 - 2.7 

NL90 6.2 - 6.7 3.8 - 4.1 2.1 - 2.3 

Sowerby's beaked 
whale click 

NL10 3.0 - 3.1 2.2 - 2.3 1.4 - 1.8 

NL50 2.9 - 3.0 2.2 - 2.2 1.3 - 1.8 

NL90 2.8 - 3.0 2.1 - 2.2 1.3 - 1.8 

Delphinid click 

NL10 8.8 - 9.7 6.5 - 8.0 5.3 - 5.8 

NL50 6.3 - 7.8 5.1 - 5.6 3.3 - 3.6 

NL90 5.5 - 6.2 3.9 - 4.9 2.8 - 3.0 

Harbour porpoise 
click 

NL10 1.0 - 1.5 0.9 - 1.3 0.8 - 1.1 

NL50 1.0 - 1.5 0.9 - 1.2 0.8 - 1.0 

NL90 1.0 - 1.4 0.9 - 1.2 0.7 - 1.0 
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Table C-8. Detection ranges associated with three ambient noise percentile and three probability of detection (Pd) at 
Mid in March. ND: not detectable. 

Species Noise percentile Pd=0.1 Pd=0.5 Pd=0.9 

Sperm whale 
click 

NL10 14.7 - 28.0 7.2 - 10.2 3.6 - 4.4 

NL50 9.5 - 13.4 4.4 - 5.4 2.2 - 2.7 

NL90 6.0 - 7.1 2.9 - 3.7 1.3 - 1.7 

Blue whale 
A-B call 

NL10 49.6 - 100.0 46.2 - 100.0 41.9 - 100.0 

NL50 45.1 - 100.0 40.2 - 100.0 33.8 - 85.6 

NL90 35.5 - 98.0 27.4 - 62.6 16.4 - 48.0 

Fin whale 
20-Hz call 

NL10 51.7 - 100.0 42.3 - 100.0 34.8 - 100.0 

NL50 47.2 - 100.0 39.1 - 100.0 29.1 - 100.0 

NL90 41.4 - 100.0 32.0 - 100.0 16.7 - 33.2 

Sei whale 
downsweep 

NL10 32.9 - 99.7 23.6 - 48.5 12.3 - 19.1 

NL50 26.7 - 71.7 15.6 - 25.4 6.8 - 10.8 

NL90 16.3 - 26.4 7.9 - 11.5 3.4 - 4.2 

Humpback whale 
song note 

NL10 3.5 - 4.5 0.4 - 0.7 0.0 - 0.0 

NL50 2.0 - 2.6 0.0 - 0.0 0.0 - 0.0 

NL90 0.0 - 0.0 0.0 - 0.0 0.0 - 0.0 

Delphinid  
whistles 

NL10 2.6 - 2.7 1.2 - 1.3 0.0 - 0.1 

NL50 1.4 - 1.5 0.0 - 0.3 0.0 - 0.0 

NL90 0.5 - 0.6 0.0 - 0.0 0.0 - 0.0 

Killer whale 
tonal call 

NL10 0.7 - 0.8 0.0 - 0.0 0.0 - 0.0 

NL50 0.0 - 0.2 0.0 - 0.0 0.0 - 0.0 

NL90 0.0 - 0.0 0.0 - 0.0 0.0 - 0.0 

Northern bottlenose 
whale click 

NL10 6.8 - 7.4 4.5 - 5.0 2.6 - 2.9 

NL50 5.9 - 6.3 3.7 - 4.1 2.0 - 2.2 

NL90 5.1 - 5.4 3.0 - 3.6 1.5 - 1.7 

Sowerby's beaked 
whale click 

NL10 2.6 - 3.0 1.9 - 2.3 1.3 - 1.7 

NL50 2.6 - 2.9 1.9 - 2.3 1.3 - 1.7 

NL90 2.5 - 2.9 1.8 - 2.2 1.2 - 1.6 

Delphinid click 

NL10 5.8 - 6.5 4.4 - 4.9 3.0 - 3.4 

NL50 4.8 - 5.2 3.3 - 3.7 2.2 - 2.4 

NL90 3.5 - 4.1 2.5 - 2.6 1.6 - 1.7 

Harbour porpoise 
click 

NL10 0.4 - 1.1 0.2 - 0.7 0.1 - 0.6 

NL50 0.4 - 1.0 0.1 - 0.7 0.1 - 0.6 

NL90 0.4 - 1.0 0.1 - 0.7 0.1 - 0.6 
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Table C-9. Detection ranges associated with three ambient noise percentile and three probability of detection (Pd) at 
Mid in September. ND: not detectable. 

Species Noise percentile Pd=0.1 Pd=0.5 Pd=0.9 

Sperm whale 
click 

NL10 20.9 - 44.2 13.0 - 16.2 6.6 - 7.6 

NL50 12.5 - 16.1 6.5 - 7.5 3.0 - 3.6 

NL90 8.0 - 10.2 3.7 - 4.5 1.8 - 2.2 

Blue whale 
A-B call 

NL10 46.3 - 100.0 41.7 - 100.0 36.3 - 99.9 

NL50 30.3 - 90.7 23.6 - 59.5 12.8 - 32.3 

NL90 1.9 - 2.3 1.4 - 1.6 0.8 - 0.9 

Fin whale 
20-Hz call 

NL10 51.6 - 100.0 41.5 - 100.0 30.9 - 74.2 

NL50 41.7 - 100.0 31.1 - 74.3 15.5 - 30.6 

NL90 18.1 - 46.5 8.1 - 13.3 2.8 - 3.4 

Sei whale 
downsweep 

NL10 41.0 - 100.0 32.3 - 99.9 22.1 - 47.0 

NL50 31.9 - 99.8 20.7 - 31.6 9.7 - 16.3 

NL90 9.7 - 16.2 4.2 - 5.0 2.0 - 2.9 

Humpback whale 
song note 

NL10 22.2 - 59.1 8.0 - 16.0 2.3 - 2.8 

NL50 10.3 - 17.3 3.0 - 4.7 0.0 - 0.0 

NL90 4.5 - 7.2 0.0 - 0.0 0.0 - 0.0 

Delphinid  
whistles 

NL10 6.0 - 7.6 2.0 - 2.1 0.7 - 0.8 

NL50 1.9 - 2.0 0.6 - 0.6 0.0 - 0.0 

NL90 0.9 - 1.0 0.0 - 0.0 0.0 - 0.0 

Killer Whale 
Tonal call 

NL10 2.4 - 2.6 0.3 - 0.4 0.0 - 0.0 

NL50 1.1 - 1.3 0.0 - 0.0 0.0 - 0.0 

NL90 0.0 - 0.3 0.0 - 0.0 0.0 - 0.0 

Northern bottlenose 
whale click 

NL10 7.2 - 7.6 4.6 - 5.1 2.8 - 2.9 

NL50 5.9 - 6.2 3.6 - 3.9 1.9 - 2.1 

NL90 3.9 - 4.2 2.2 - 2.4 1.0 - 1.2 

Sowerby's beaked 
whale click 

NL10 2.7 - 3.0 2.0 - 2.2 1.3 - 1.5 

NL50 2.6 - 3.0 2.0 - 2.2 1.3 - 1.5 

NL90 2.2 - 2.5 1.5 - 1.8 0.9 - 1.2 

Delphinid click 

NL10 7.3 - 7.8 5.6 - 6.1 3.4 - 5.0 

NL50 5.6 - 6.2 3.5 - 5.1 2.2 - 2.4 

NL90 3.0 - 3.4 1.9 - 2.0 1.1 - 1.2 

Harbour porpoise 
clicks 

NL10 0.5 - 1.2 0.3 - 1.0 0.2 - 0.8 

NL50 0.5 - 1.2 0.3 - 1.0 0.2 - 0.8 

NL90 0.4 - 1.2 0.3 - 1.0 0.1 - 0.7 
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Appendix D. Marine Mammal Detection Methods 

D.1. Automated Click Detector for Odontocetes 

We applied an automated click detector/classifier to detect clicks from porpoise and dolphins (Figure 
D-1.). This detector/classifier is based on the zero-crossings in the acoustic time series. Zero-crossings 
are the rapid oscillations of a click’s pressure waveform above and below the signal’s normal level (e.g., 
Figure D-1.). Clicks are detected by the following steps (Figure D-1.): 

1. The raw data is high-pass filtered to remove all energy below 5 kHz. This removes most energy from 
other sources such as shrimp, vessels, wind, and cetacean tonal calls, yet allows the energy from all 
marine mammal click types to pass. 

2. The filtered samples are summed to create a 0.334 ms rms time series. Most marine mammal clicks 
have a 0.1–1 ms duration. 

3. Possible click events are identified with a split-window normalizer that divides the ‘test’ bin of the time 
series by the mean of the 6 ‘window’ bins on either side of the test bin, leaving a 1-bin wide ‘notch’. 

4. A Teager-Kaiser energy detector identifies possible click events. 

5. The high-pass filtered data is searched to find the maximum peak signal within 1 ms of the detected 
peak. 

6. The high-pass filtered data is searched backwards and forwards to find the time span where the local 
data maxima are within 9 dB of the maximum peak. The algorithm allows for two zero-crossings to 
occur where the local peak is not within 9 dB of the maximum before stopping the search. This 
defines the time window of the detected click. 

7. The classification parameters are extracted. The number of zero crossings within the click, the 
median time separation between zero crossings, and the slope of the change in time separation 
between zero crossings are computed. The slope parameter helps to identify beaked whale clicks, as 
beaked whales can be identified by the increase in frequency (upsweep) of their clicks. 

8. The Mahalanobis distance between the extracted classification parameters and the templates of 
known click types is computed. The covariance matrices for the known click types, computed from 
thousands of manually identified clicks for each species, are stored in an external file. Each click is 
classified as a type with the minimum Mahalanobis distance, unless none of them are less than the 
specified distance threshold. 
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Figure D-1. The click detector/classifier block diagram. 

Odontocete clicks occur in groups called click trains. Each species has a characteristic inter-click-interval 
(ICI) and number of clicks per train. The click detector includes a second stage that associates individual 
clicks into trains (Figure D-2). The steps of the click train associator algorithm are: 

1. Queue clicks for N seconds, where N is twice the maximum number of clicks per train times the 
maximum ICI. 

2. Search for all clicks within the window that have Malahanobis distances less than 11 for the species 
of interest (this gets 99% of all clicks for the species as defined by the template). 

3. Create a candidate click train if: 

a. the number of clicks is greater or equal to the minimum number of clicks in a train; 

b. the maximum time between any two clicks is less than twice the maximum ICI, and 

c. the smallest Malahanobis distance for all clicks in the candidate train is less than 4.1. 

4. Create a new ‘time-series’ that has a value of 1 at the time of arrival of each clicks and zeroes 
everywhere else.  
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5. Apply a Hann window to the timeseries then compute the cepstrum. 

6. A click train is classified if a peak in the cepstrum with amplitude > 5 times the standard deviation of 
the cepstrum occurs at a quefrency between the minimum maximum ICI. 

7. Queue clicks for N seconds 

8. Search for all clicks within the window that have Malahanobis distances less than 10 (equal to the 
extent of the variance in the training data set). 

9. If the number of clicks is greater than or equal to 3 and dT is less than 2 * max ICI, make a new time-
series at the 0.333 ms rate; where the value is 1 when the clicks occurred and 0 for all other time 
bins. Perform the following processing on this time series:  

a. Compute cepstrum 

b. ICI is the peak of the cepstrum with amplitude > 5 * stdev and searching for quefrency between 
minICI and maxICI. 

c. For each click related to the previous Ncepstrum, create a new time series and compute ICI; if we 
get a good match, extend the click train; find a mean ICI and variance. 

10. If the click features, total clicks and mean ICI match the species, output a species_click_train 
detection.  

 
Figure D-2. The click train detector/classifier block diagram. 

D.2. Tonal Signal Detection 

Marine mammal tonal acoustic signals are detected by the following steps: 

1. Spectrograms of the appropriate resolution for each mammal vocalization type that were normalized 
by the median value in each frequency bin for each detection window (Table D-1.) were created.  

2. Adjacent bins were joined, and contours were created via a contour-following algorithm (Figure D-3.). 

3.  A sorting algorithm determined if the contours match the definition of a marine mammal vocalization 
(Table D-2.).  
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Figure D-3. Illustration of the search area used to connect spectrogram bins. The blue square represents a bin of the 
binary spectrogram equalling 1 and the green squares represent the potential bins it could be connected to. The 
algorithm advances from left to right so grey cells left of the test cell need not be checked. 

Table D-1. Fast Fourier Transform (FFT) and detection window settings for all contour-based detectors used to detect 
tonal vocalizations of marine mammal species expected in the data. Values are based on JASCO’s experience and 
empirical evaluation on a variety of data sets. 

Detector 
FFT Detection 

window (s) 
Detection 
threshold 

Resolution (Hz) Frame length (s) Timestep (s) 

Atl_BlueWhale_GL_IM 0.125 2 0.5 40 4 

Atl_BlueWhale_IM 0.125 2 0.5 40 4 

Atl_BlueWhale_IM2 0.125 2 0.5 120 4 

Atl_FinWhale_130 2 0.2 0.05 5 3 

Atl_FinWhale_21.2 1 0.2 0.05 5 1.7 

Atl_FinWhale_21.2 1 0.2 0.05 5 4 

MinkePulseTrain 8 0.1 0.025 1 40 

N_RightWhale_Up1 4 0.128 0.032 8 2.5 

N_RightWhale_Up2 4 0.128 0.032 8 3 

N_RightWhale_Up3 7 0.17 0.025 10 3 

SeiWhale 3.25 0.2 0.035 5 3.5 

VLFMoan 2 0.2 0.05 15 4 

LFMoan 2 0.25 0.05 10 3 

ShortLow 7 0.17 0.025 10 3 

MFMoanLow 4 0.2 0.05 5 3 

MFMoanHigh 8 0.125 0.05 5 3 

WhistleLow 16 0.03 0.015 5 3 

WhistleHigh 64 0.015 0.005 5 3 
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Table D-2. A sample of vocalization sorter definitions for the tonal vocalizations of cetacean species expected in the 
area. N/A: Not applicable. 

Detector Target species 
Frequency 

(Hz) 
Duration 

(s) 
Bandwidth 

(B; Hz) 
Other detection parameters 

Atl_BlueWhale_GL_IM Blue whales 14–22 8.00–30.00 1<B<5 
minSweepRate= −500 Hz/s; minF<18 Hz 

16.5<PeakF<17.5 Hz 

Atl_BlueWhale_IM Blue whales 14–22 8.00–30.00 1<B<5 
minSweepRate= −500 Hz/s; minF<18 Hz 
16.5<FrequencyOfPeakIntensity<18 Hz 

Atl_BlueWhale_IM2 Blue whales 15–22 8.00–30.00 1<B<5 N/A 

Atl_FinWhale_130 Fin whales 110–150 0.30–1.50 >6 minF<125 Hz 

Atl_FinWhale_21.2 Fin whales 10–40 0.40–3.00 >6 
-100<SweepRate<0 Hz/s; minF<17 Hz 
20<FrequencyOfPeakIntensity<22 Hz 

Atl_FinWhale_21.2 Fin whales 8–40 0.30–3.00 >6 -100<SweepRate<0 Hz/s; minF<17 Hz 

MinkePulseTrain Minke whales 50–500 0.025–0.3   0.25<PulseGap<2 s; 10<TrainLength<100 s 

N_RightWhale_Up1 Right whales 65–260 0.60–1.20 70<B<195 
minF<75 Hz 

30<SweepRate<290 Hz/s 

N_RightWhale_Up2 Right whales 65–260 0.50–1.20 B>25 30<SweepRate<290 Hz/s 

N_RightWhale_Up3 Right whales 30–400 0.50–10.00  10<SweepRate<500 Hz/s 

SeiWhale Sei whales  20–150 0.50–1.70 19<B<120 
-100<SweepRate<−6 Hz/s 

InstantaneousBandwidth<100 Hz 

VLFMoan 
Blue/fin/sei 

whales 
10–100 0.30–10.00 >10 minF<40 Hz 

LFMoan 
Blue/right/sei 

whales 
40–250 0.50–10.00 >15 InstantaneousBandwidth<50 Hz 

ShortLow 
Fin/baleen 

whales 
30–400 0.08–0.60 >25 N/A 

MFMoanLow 
Humpback 

whales 
100–700 0.50–5.00 >50 

minF<450 Hz 
InstantaneousBandwidth<200 Hz 

MFMoanHigh 
Humpback 

whales 
500–2500 0.50–5.00 >150 

minF<1500 Hz 
InstantaneousBandwidth<300 Hz 

WhistleLow 
Pilot/killer 

whales 
1000–10000 0.50–5.00 >300 

Max Instantaneous Bandwidth = 1000 Hz 
minF<5000 Hz 

WhistleHigh Other delphinid 4000–20000 0.30–3.00 >700 Max Instantaneous Bandwidth = 5000 Hz 
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D.3. File Selection Process for Validating Detections 

To standardize the file selection process, we developed an algorithm that automatically selects a sample 
of files for review. The selection process starts by computing the distribution of three variables that 
describe the detections in the full data set: the diversity of detected species per file, the number of 
detections per file (per species), and the temporal distribution of each species. The algorithm iteratively 
removes files from the data set by computing the difference between the original distribution and the 
distribution without each file—the file whose removal brings the new distribution closest to the original 
distribution is removed. The process is repeated until the sample size is reduced to 𝑁, which was set to 1 
or 2% of the total duration of acoustic data. In this description, the term ‘species’ identifies a marine 
mammal detector whose performance needs to be assessed. The three variables used by the algorithm 
are described further below:  

1. Diversity: Select files representative of the range of species diversity (number of detected species in 
a file). The diversity of the full data set is log transformed to reduce the skew of the data. After being 
logged, the histogram bin size of the full data set is calculated using the Freedman-Diaconis rule 
(Freedman and Diaconis 1981), with a maximum of 20 bins. Sample files are selected such that the 
distribution of diversity within the sample matches the distribution of logged diversity in the full 
data set. 

2. Counts: Select files representative of the range of detection counts (number of detections per file for 
each species). For each species, the detection counts of the full data set are log transformed to 
manage the skew of the data. After being logged, the histogram bin size of the full data set is 
calculated using the Freedman-Diaconis rule (Freedman and Diaconis 1981), with a maximum of 
20 bins. Sample files are selected such that the distribution of detection counts within the sample 
matches the distribution of logged detection counts in the full data set. Files with no detections are not 
included in the calculation for each species (0-detection count files for a species will naturally be 
included in files selected for other species). 

3. Temporal distribution: Select files representative of the temporal range of files containing detections 
for each species. The time frame of the full data set is divided into 12 equally sized bins. If the bin 
size is greater than 30 days, then the time frame is divided into 30-day bins. File counts per species 
for each bin are log transformed to reduce the skew of the data. Sample files are selected such that 
the distribution of files containing detections for each species within the sample matches the 
distribution of files containing detections for each species in the full data set. 

In each iteration, we remove the file whose omission minimizes the Total Variation (υ𝑇). The υ𝑇 is the sum 
of the following: 

• Diversity Variation (υ𝐷),  

• Count Variation (υ𝐶), which is the average of the per species count variations (υ𝐶𝑠
), and  

• Temporal Distribution Variation (υ𝑇𝐷), which is the average of the per species temporal variations 

(υ𝑇𝐷𝑠
). 

𝜐𝑇 = 𝜐𝐷 + 𝜐𝐶 + 𝜐𝑇𝐷 

∆= ∑|𝑃𝑓𝑏 − 𝑃𝑠𝑏|

𝐵

𝑏=1

 

𝜐𝐷 = ∆𝐷 

𝜐𝐶 𝑠
= ∆𝐶𝑠

 

𝜐𝐶 =
∑ 𝜐𝐶𝑠

𝑆
𝑠=1

𝑆
 

𝜐𝑇𝐷𝑠 = ∆𝑇𝐷𝑠 
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𝜐𝑇𝐷 =  
∑ 𝜐𝑇𝐷𝑠

𝑆
𝑠=1

𝑆
 

where 𝛲𝑓𝑏 is proportion of bin ‘b’ within the full data set, 𝛲𝑠𝑏 is the proportion of bin ‘b’ within subset ‘s’, 

∆ is difference between distributions, 𝛣 is the total number of bins in the distribution, and 𝑆 is the number 

of species. Two final constraints on the algorithm are preserving at least 10 files per species and 
attempting to have the files for each species at least 6 h apart. 

Once the sample size has been reduced to 𝑁, the two files with the highest detection counts for each 
species are added back into the sample, if they were not already included. This can result in the final 
sample being trivially greater than 𝑁. 

D.4. Divergence Curves 

In order to assess whether the selected validation effort was appropriate to produce accurate detector 
performance metrics, we calculated the variation of the three variables used to score validation file 
samples (i.e., Diversity, Counts and Temporal Distribution; see Appendix D.3) plus an aggregate score 
(labelled ‘Overall’ in Figure D-4) from the full data set for decreasing sample sizes (N), where low 
variation (denoted Divergence in Figure D-4) indicates little difference between the sample and the full 
data set. The N at which the average variation of the three variables and aggregate score is minimal 
(distribution of sample does not get closer to that of full data set with further decreases in sample size) 
can be determined. This Nideal represents the minimum proportion of files to be validated. Nideal can vary 
across data sets depending on the acoustic environments encountered throughout the data sets and the 
automated detectors employed.  
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Figure D-4. Divergence curves for Hampden (EL 1165A), 32 kHz data (top) and 512 kHz data (bottom). 
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Figure D-5. Divergence curves for Harp (EL 1165B), 32 kHz data (top) and 512 kHz data (bottom). 
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Figure D-6. Divergence curves for Mid, 32 kHz data (top) and 512 kHz data (bottom). 
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Figure D-7. Divergence curves for Stn 19, 32 kHz data (top) and 512 kHz data (bottom). 
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D.5. Detector Performance Calculation and Optimization 

All files selected for manual validation were reviewed by one of two experienced analysts using JASCO’s 
PAMlab software to determine the presence or absence of every species, regardless of whether a 
species was automatically detected in the file. Although the detectors classify specific signals, we 
validated the presence/absence of species at the file level, not the detection level. Acoustic signals were 
only assigned to a species if the analyst was confident in their assessment. When unsure, analysts would 
consult one another, peer-reviewed literature, and other experts in the field. If certainty could not be 
reached, the file of concern would be classified as possibly containing the species in question or 
containing an unknown acoustic signal. A sample of manually validated vocalizations were reviewed by a 
senior analyst for all stations to look for erroneous records or assign unidentified signals to a known 
species. Next, the validated results were compared to the raw detector results in three phases to refine 
the results and ensure they accurately represent the occurrence of each species in the study area.  

In phase 1, the validated versus detector results were plotted as time series and critically reviewed to 
determine when and where automated detections should be excluded. Questionable detections that 
overlap with the detection period of other species were scrutinized. By restricting detections spatially and 
temporally where appropriate, we can maximize the reliability of the results. The following restrictions 
were applied to our detector results: 

1. If a species was automatically detected at a location, but was never manually validated, all automated 
detections were considered false and the species was considered absent. 

2. If a species was automatically detected over a specific timeframe, but manual validation revealed all 
detections to be falsely triggered by another sound source or species, all automated detections during 
that period were excluded. Any time frame restrictions employed are described in the results section. 

In phase 2, the performance of the detectors was calculated based on the phase 1 restrictions and 
optimized for each species using a threshold, defined as the number of detections per file at and above 
which detections of species were considered valid.  

To determine the performance of each detector and any necessary thresholds, the automated and 
validated results (excluding files where an analyst indicated uncertainty in species occurrence) were fed 
to a maximum likelihood estimation algorithm that maximizes the probability of detection and minimizes 
the number of false alarms using the MCC: 

𝑀𝐶𝐶 =
𝑇𝑃𝑥𝑇𝑁 − 𝐹𝑃𝑥𝐹𝑁

√(TP + FP)(TP + FN)(TN + FP)(TN + FN)
 

𝑃 =
𝑇𝑃

𝑇𝑃 + 𝐹𝑃
; 𝑅 =

𝑇𝑃

𝑇𝑃 + 𝐹𝑁
 

where TP (true positive) is the number of correctly detected files, FP (false positive) is the number of files 
that are false detections, and FN (false negatives) is the number of files with missed detections.  

Where the number of validated files was too low, and/or the overlap between manual and automated 
detections was too limited for the calculation of P, R, and MCC, automated detections were ignored, and 
only validated results were used to describe the acoustic occurrence of a species 


