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GLOSSARY 
1/3 octave band – a frequency band that is 1/3 of an octave wide, centered around a frequency 
of interest. 
Automatic Identification System (AIS) – an automatic tracking system that uses transceivers to 
send information on vessel identity, location and planned route to Vessel Traffic Services. 
Ambient noise – the level of background noise of an area, where single noise sources are not 
discerned. 
Creel Survey - fishery catch survey that consists of aerial overflights to evaluate fishing effort, 
and an access point survey, where returning sport fishing parties are interviewed at boat access 
points (marinas, boat ramps, etc.) to estimate fishing effort and total catch. 
Critical habitat (CH) - the habitat that is necessary for the survival or recovery of a listed 
extirpated, endangered, or threatened species, and that is identified as CH in a Species at Risk 
recovery strategy or action plan. 
Comodulation masking release – a decrease in expected masking of a signal that occurs when 
noise sources demonstrate variation in their amplitude over a range of frequencies. 
Exceedance levels – used to represent quartiles or percentiles for a proportion of time where a 
given ambient noise level has been reached. 
Knudsen curves – empirical models that parameterize ambient noise as a function of frequency 
based on abiotic conditions. 
L1 – representation of the 1% of the data where the amplitude of the ambient noise in the range 
of interest is at its greatest. 
L5, L95 – The upper and lower 5% of the ambient noise values respectively in the frequency 
range of interest. 
L50 – used to express the median value, or 50% of the time when recordings surpass a value. 
L25, L75 – used to represent the upper and lower quartiles, representing the value exceed 25% of 
the time and the value exceed 75% of time (or not exceeded 25% of the time) respectively. 
L99 – used to represent background ambient noise. The noise level that 99% of the recordings 
analyzed exceed. 
Masking – when the threshold of detection and interpretation of a sound or call is raised by the 
presence of another sound. 
Minimum ambient - a L99 sound level used in this analysis to represent a level of ambient noise 
where vessel noise additions are absent and wind noise is negligible. 
Noise – an unwanted addition to a frequency band of interest. With respect to masking, noise is 
used to describe the masking sound. 
Passive acoustic monitoring (PAM) – an unobtrusive means to listen, describe and characterize 
the underwater sound field and vocalizing marine mammals within it. 
Power spectral density (PSD) – the sound power divided by the bandwidth to describe how the 
power of a sound is distributed with frequency. 
Sound Pressure Level (SPL) – the received pressure of a given sound, expressed in decibels 
(dB) relative to a reference pressure of 1μPa. 
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Source level (SL) – the amount of sound radiated by a source, defined as the intensity of the 
radiated sound at a distance of 1 m from the source. 
Spatial masking release - a decrease in expected masking, or release, that occurs when the 
signal and noise source are in different locations. 
Temporal masking release - a decrease in expected masking, or release, that occurs when the 
signal and noise source are present at different times. Similar to comodulation. 
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PREFACE 
The Southern Resident Killer Whale (SRKW) population consists of 75 individuals (2021) and is 
listed as Endangered under the Canadian Species at Risk Act (SARA). Areas of coastal and 
inland waters around Vancouver Island are now legally designated as SRKW critical habitat 
(CH) under SARA. These areas support important life history events, and have been identified 
as necessary for the survival and recovery of the population. 
The Salish Sea is the collective name for the inland waters around southern Vancouver Island, 
the Juan de Fuca Strait and the Strait of Georgia in Canada and the San Juan Islands and 
Puget Sound in Washington State in the United States, and is bounded to the west by a line 
from Cape Flattery to Carmanah Point. This collective name will be used to refer to these 
waterways throughout this document. The area of SRKW CH to the west of this line 
encompasses La Perouse Bank, Swiftsure Bank, and various canyons and submarine features. 
For ease of reference, this portion of SRKW CH is referred to as ‘the Swiftsure Bank area’ 
throughout this document. The phrase ‘the study area’ is used in this document to encompass 
portions of both of these areas. 
This report is part of a series of three documents that together examine the threat of vessel 
presence and acoustic disturbance on SRKW using areas of the Salish Sea from May to 
October (hereafter referred to as ‘summer’). First, the presence and habitat use of SRKW in the 
Salish Sea and Swiftsure Bank area was determined, identifying the monthly frequency of 
occurrence and areas where foraging or travelling behaviours are dominant. This was 
determined through sighting information and behavioural observations, as described in Thornton 
et al. (2021a1). Vessel-related threats to recovery within the study area were examined with a 
focus on physical and acoustic disturbance in this document. Also, the presence of vessels and 
their transiting speeds through the study area was characterized. Here, ambient noise levels 
were characterized for the study area for May to October. The relative contributions of natural 
and anthropogenic (vessel) noise sources to the soundscape were examined, particularly in 
frequency ranges important to killer whale communication (500 Hz to 15 kHz) and echolocation 
(15-100 kHz). The results from this soundscape characterization were then further analyzed as 
part of a co-occurrence analysis by Thornton et al. (2021b2) to better understand the potential 
impacts the change in ambient noise conditions arising from natural and anthropogenic sources 
may have on SRKW habitat use, and on their communication and echolocation range. The co-
occurrence analysis also examined vessel presence in areas used most frequently by SRKW as 
an assessment for the potential for ship strike. 

                                                 

1 Thornton, S.J., Toews, S., Stredulinsky, E., Gavrilchuk, K., Konrad, C., Burnham, R.E., Vagle, S. 2021a 
Southern Resident Killer Whale (Orcinus orca) summer distribution and habitat use in the southern Salish 
Sea and the Swiftsure Bank area (2009 to 2020). CSAS Working paper. In prep. 
2 Thornton, S.J., Toews, S., Burnham, R.E., Konrad, C., Stredulinsky, E. Gavrilchuk, K., Thupaki, P., 
Vagle, S.. 2021b. Areas of elevated risk for vessel-related physical and acoustic impacts in Southern 
Resident Killer Whale (Orcinus orca) critical habitat. CSAS Working paper. In prep. 
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ABSTRACT 
The soundscape of an area is defined by acoustic additions from natural and human-derived 
noise. Six moorings were deployed in the Salish Sea and the Swiftsure Bank area to describe 
the soundscape, and additions from abiotic and anthropogenic sources for May-October for 
2018-2020. Commercial vessels transit international shipping lanes to ports including Victoria, 
Vancouver, Nanaimo, Port Angeles, Tacoma and Seattle through these waterways. In addition, 
the coastal cities are hubs for ferries, recreational, and whale watching vessels. The Salish Sea 
and the Swiftsure Bank area also contain protected critical habitat for Southern Resident Killer 
Whales (SRKW), including on La Perouse and Swiftsure Banks, and in Juan de Fuca Strait and 
Haro Strait. 
Patterns in the soundscape through the summer were considered. The contributions from wind 
and rain were examined using data from the Environment and Climate Change Canada (ECCC) 
forecast model. Visualization of weather patterns showed considerable wind additions around 
Sooke in mid-summer, whereas offshore winds dominated in late-spring and early fall. 
Vessel presence was quantified from Automatic Identification System (AIS) data. For the AIS 
non-mandatory smaller and recreational vessel types, aerial surveillance data were used to 
estimate presence. However, this was still considered to represent the minimum use of the 
study area by these vessel types. Acoustic metrics were also considered to track vessel 
presence. 
To better appreciate the soundscape experienced by SRKW, the additions from natural and 
vessel noise in frequency ranges used for social communication (500 Hz to 15 kHz) and 
echolocation (15-100 kHz) were examined. This highlighted areas most impacted, and provided 
a means of evaluating relative quality of the acoustic environment within CH. Analysis of vessel 
presence and movements demonstrated the impacts of vessel presence. 
A numerical vessel noise model was developed to allow for soundscape estimates in areas 
other than those monitored directly by passive acoustic recorders. Scenarios of forecasted 
changes in vessel presences in this area were also explored. A near-future expected increase in 
tanker traffic from approximately one weekly passage to one passage daily through the Salish 
Sea, corresponding to increases in shipping as a result of the Trans Mountain expansion 
project, was modelled. 
Principal threats to survival and recovery of SRKW include physical and acoustic disturbance 
and vessel strike. Our analyses form the basis for discussions on acoustic disturbance and 
masking, resulting in reduced SRKW calling and echolocation extents. 
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1. INTRODUCTION 
Oceanic ambient noise levels, or ocean soundscapes, are dynamic, and influenced by natural 
and anthropogenic contributions. The calls of marine mammals, fish and other invertebrates, 
and noises resulting from their movements and prey handling, are natural biological additions. 
There are also natural abiotic agents of noise, such as geological noise, precipitation, and wind 
and wave effects. The non-natural, or anthropogenic, noise contributions are increasing in their 
distribution and abundance. Vessel noise is the most pervasive in this category, with 
background levels now several decibels (dB) above pre-industrial levels (Richardson et 
al.,1995). Contributions are often greatest along shipping routes, and in waters close to major 
port cities and inhabited coastal areas (Pine et al., 2016). As ocean soundscapes are a dynamic 
combination of these natural biological and non-biological, and human-derived components, the 
noise input that dominates will vary over time and space, due to variation in sound field 
conditions and oceanic properties, and the acoustic frequency bands of concern. 
Abiotic noise additions from wind, waves and water movement can be a major component of 
overall ocean noise. Sea state and near-surface ocean dynamics, related to winds, can 
influence the soundscape, with additions from air bubbles, spray, splash, surface waves, and 
turbulence (Carey et al., 1993). These additions can be complex, although sound levels from 
wind have been shown to be highly correlated with wind speed, fetch and water depth, but are 
also dependent on currents, including tidal currents, which will modulate the surface wave field 
(Wenz, 1962; Vagle et al., 1990; Richardson et al., 1995; Wysocki et al., 2007; Coers et al., 
2008; Lugli, 2010; Ladich, 2013). 
The first non-military study of the underwater soundscape was published by Knudsen et al. 
(1948). They established that the high frequencies of the ambient noise spectrum (500 Hz – 50 
kHz) is mainly produced by wind, describing a relationship between the noise intensity spectrum 
and wind presence. The relationship between wind speed and noise levels was later refined by 
Vagle et al. (1990). 
Precipitation can also add significantly to the overall noise field at a range of acoustic 
frequencies, ranging from approximately 500 Hz and up to as high as 50 kHz, depending on the 
type of rainfall (Amitai et al., 2007). However, the acoustic inputs are typically focused in the 
frequency range 15-22 kHz (Scrimger et al., 1989; Medwin et al., 1992; Nystuen, 1993, 1996; 
Quartly et al., 2000; Nystuen and Ma, 2002; Ma and Nystuen, 2005; Ma et al., 2005; Pensieri et 
al., 2015). 
Anthropogenic noise can dominate soundscapes within a wide acoustic frequency band. In 
many places the background noise levels are now several decibels above pre-industrial levels, 
even in areas with no nearby human-made noise sources (Richardson et al., 1995). This 
dramatic change was precipitated largely by the addition of motorized commercial shipping, 
which has transformed the soundscapes in both the open ocean and closer to shore 
(Richardson et al., 1995; Hildebrand, 2009). Large-vessel noise adds predominantly to ambient 
noise levels in the low frequencies (< 500 Hz), with noise generated primarily from propeller 
cavitation and propulsion. These vessels also contribute energy at higher acoustic frequencies; 
up to 100 kHz (Ross, 1976; Gray and Greeley, 1980; Richardson et al., 1995; Arveson and 
Vendittis, 2000; Farina, 2014; Veirs et al., 2016). However, due to much higher range-
dependent transmission losses at these frequencies, the contributions tend to be more local in 
nature. It is suggested that global ambient noise levels have risen 10- to 100-fold in frequencies 
below 500 Hz as a result of vessel presence (Jasny, 2005; Tyack, 2008). Coastal waters and 
shipping lanes have seen an estimated increase of 10 dB re 1 μPa per decade compared to 
observations made in the mid-1970’s (Ketten, 2002). The underwater noise levels in the Pacific 
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have seen significant rises, particularly in the last 50-years, as a result of increased shipping 
(Andrew et al., 2002; Jasny, 2005; NRC, 2005; McDonald et al., 2006; Chapman and Price, 
2011; Frisk, 2012; Merchant et al., 2014). 
Increases in vessel traffic, and the number of transits of different vessel types can be tracked 
using the Automatic Identification System (AIS), whereby certain vessels are required to carry 
AIS Class A transceivers that relay information on their vessel name, type, identification 
number, location, and intended destination every 5-30 seconds. The International Maritime 
Organization (IMO) regulations state that an AIS Class A transceiver must be carried by every 
vessel over 150 gross tonnage (GT) that is carrying at least 12 passengers and engaged on an 
international voyage, and every vessel over 300 GT engaged on an international voyage. Within 
Canadian waters, Transport Canada also requires AIS Class A to be carried by every vessel 
over 500 GT not engaged on an international voyage, but exempts fishing vessels from the 
requirement to carry AIS. In the United States, the AIS carriage requirements include, but are 
not limited to, vessels of at least 65 feet in length and engaged in commercial service, towing 
vessels of at least 26 feet in length and greater than 600 horsepower and engaged in 
commercial service, or vessels with capacity of at least 150 passengers. 
Carriage of AIS transceivers is not mandatory on smaller vessels; however, it offers 
considerable safety benefits through increased visibility by other vessels and elevated 
awareness of vessel traffic in the area. For recreational vessels, AIS Class B transceivers are 
more commonly used than Class A, but this system reports information less frequently, with a 
lower priority in the transmission stream, and with a lower transmission power. Therefore, the 
data transmissions are received less frequently and over shorter spatial ranges. However, they 
are more affordable than the Class A transceivers and so are often preferentially used by 
recreational boaters. Vessels that are not required to carry AIS are underrepresented in 
analyses of vessel presence and noise impacts, even though they can far outnumber larger 
vessels in some regions (Serra-Sogas et al., 2018) and can be significant contributors to the 
ambient noise levels (Erbe et al., 2012). 
Passive acoustic monitoring (PAM) techniques are used to describe the ocean soundscape, and 
spatiotemporal changes in the level of ambient noise. The contributions of each of the abiotic, 
biotic and anthropogenic sources can be estimated, and representative frequencies or 
frequency ranges can be used as metrics to characterize inputs over time and space. This may 
help to understand the effects of human-induced noise on the marine environment and the 
organisms that inhabit it. These passive acoustic observations also allow for a non-invasive way 
of surveying the presence of marine mammals in an area, or assessing ecosystem health 
(Pijanowski et al., 2011; Sueur and Farina, 2015). 
Extrapolation from single hydrophone moorings, or systems used in networks or arrays, to other 
non-monitored areas can be achieved through modelling exercises. Validated by observed 
noise levels, where these exist, these models allow us to predict the pathways and 
transmissions of underwater noise, to characterize the inputs from different sources, and to 
examine how different sources alone or together may influence the soundscape. Ocean noise 
mapping exercises (e.g., Erbe et al., 2012) use AIS data as a means to assess ambient noise 
levels resulting from shipping. Underwater noise levels are derived as a function of cumulative 
shipping transits and the acoustic characteristics of the vessel inputs by class. These models 
can be used to identify and describe areas with elevated noise levels, to predict changes in 
soundscapes, or test scenarios based on expected changes to the fleet, including the addition 
of more and larger vessels. 
The inland waters around southern Vancouver Island, including Juan de Fuca Strait and the 
Strait of Georgia in Canada, and waters around San Juan Islands and Puget Sound of northern 
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Washington State, collectively referred to as the Salish Sea, are heavily impacted by 
anthropogenic activity. Neighbouring areas to the west of Juan de Fuca Strait in the Swiftsure 
Bank area also experience heavy vessel traffic loads. This is primarily driven by vessels 
transiting to ports including Vancouver, Victoria, Nanaimo, Port Angeles, Tacoma, and Seattle, 
and the proximity to other coastal cities and ports that are hubs for recreational boating and 
whale watching. Commercial deep-sea vessels transiting international shipping lanes are the 
dominant contributor, with ferries and tugs also making significant contributions in certain areas 
(MacGillivray et al., 2016). On average, an estimated 20 AIS Class A vessels transit through 
Haro Strait in the Salish Sea each day, or approximately one an hour, most of which are 
associated with the Port of Vancouver (Veirs and Veirs, 2006; Erbe et al., 2012; Veirs et al., 
2016). These transits are mostly bulk carriers and container ships, with each transit elevating 
noise levels relative to ambient by about 20 dB re 1uPa (Veirs et al., 2016). The noise emitted 
from these vessels is typically in the 125 Hz to 20 kHz frequency range, often concentrated 
below 10 kHz (Veirs et al., 2016). Ferry traffic and cruise liners also contribute to the ambient 
noise level, with these and other passenger vessels typically transiting more frequently during 
the summer months compared to the winter. The presence and additions to the soundscape of 
smaller vessels, which typically emit higher frequency noise, are underestimated in current 
noise models for this area, but could have a significant impact on overall ambient noise levels 
(Erbe et al., 2012; Cominelli et al., 2018). Vessels transiting to and from both American and 
Canadian ports are present in the study area. Cumulative sound exposure maps by Erbe et al. 
(2012) showed the Salish Sea, more than any other area on the British Columbia coast, to 
consistently exceed 100 dB in the 63- and 125-Hz centered 1/3 octave bands, a target 
maximum level set out in the EU Marine Strategy Framework Directive (Tasker et al., 2010). 
The Salish Sea is part of the range of the Southern Resident Killer Whale (SRKW). Their small 
population size, decreasing population trajectory, and the prevalence of anthropogenic threats 
in areas critical to their life histories led SRKW to be listed as Endangered under the Species at 
Risk Act (SARA) (COSEWIC, 2001). The waters of Swiftsure Bank, Juan de Fuca Strait, and 
Haro Strait were recognized as foraging areas and have since been designated as critical 
habitat (DFO 2017a,b, Fisheries and Oceans Canada 2018). These core feeding areas, and 
other areas where the whales have been commonly observed, such as Boundary Pass and 
Swanson Channel in the southern Gulf Islands (Hauser et al., 2007; Olson et al., 2018), overlap 
with the international shipping lanes and areas of heavy traffic (Cominelli et al., 2018). As 
mandated under the SARA, the Government of Canada produced a Recovery Strategy 
(Fisheries and Oceans Canada, 2018), which identified physical and acoustic disturbance, 
primarily from vessels, as a threat to SRKW survival and recovery. The Recovery Strategy also 
identified decreased prey availability and the persistent presence of contaminants in their 
environment as threats (Fisheries and Oceans Canada, 2018). In addition, a review of the 
effectiveness of recovery measures for SRKW undertaken in 2017 identified vessel strike as an 
additional threat to recovery of the population (DFO 2017a,b; Raverty et al., 2020). 
Acoustics is the main means by which SRKW send and receive information, either 
communicating, using whistles or pulsed calls, or using echolocation ‘clicks’. Noise additions in 
the frequency ranges that they use for communication and echolocation may hinder their 
conspecific contact, and prey- and way-finding abilities. Vessel noise can mask or obscure calls 
or acoustic cues, such that the whales fail to detect or interpret them. When noise is a chronic 
addition to the soundscape it can also cause physiological stress or damage, alter hearing 
sensitivity, induce injury, or disturb behavioural patterns (Richardson et al., 1995; Simmonds et 
al., 2004; Southall et al., 2007, Rolland et al., 2012). In addition, the physical presence of 
vessels has been shown to alter cetacean behaviour (e.g., Dahlheim et al., 1984; Morete et al., 
2007; Christiansen et al., 2013, 2014; Dahlheim and Castellote, 2016), and exposes SRKW to 
the risk of vessel strike. 
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A network of passive acoustic recorders deployed in the Salish Sea and on Swiftsure Bank as 
part of the Government of Canada’s Ocean Protection Plan Marine Environmental Quality 
(OPP/MEQ) program aid the characterization of the soundscape of the SRKW CH. This study 
examined the acoustic contributions from both abiotic and anthropogenic sources to the overall 
broadband soundscape (10 Hz - 100 kHz), specifically wind and rain, and vessel noise. The 
noise contributions to the frequencies SRKW use for communication and echolocation (Heise et 
al., 2017) were given focus. The acoustic impact of larger commercial (AIS Class A) and 
smaller, often recreational (Class B and non-mandatory carriers), vessels were considered. 
A numerical acoustic vessel noise model was used to interpret the additions from AIS Class A 
traffic at locations other than where direct observations are available. Our modelling approach 
was also used to forecast the potential impacts of future increased traffic loads through the 
Salish Sea and Swiftsure Bank area. In particular, a scenario of a seven-fold increase of tanker 
traffic, which is expected from the Trans Mountain expansion project (TMX), was modelled. The 
results of these analyses will feed into the discussions of the impact of shipping and elevated 
ambient noise levels on SRKWs and their use of the Salish Sea. 

2. METHODS 
The study area encompassed portions of the SRKW CH in the Salish Sea including Juan de 
Fuca Strait, Haro Strait, Boundary Pass, the southern portion of the Strait of Georgia, and 
waters around the southern Gulf Islands. The SRKW CH also encompasses the waters of 
Swiftsure Bank, La Perouse Bank, and surrounding canyons and bathymetric features. The 
region examined in this analysis was the area bounded by 49.0°N, 125.5°W in the northwest, 
49.0°N, 123.0°W in the northeast, 48.0°N, 125.5°W in the southwest and 48.0°N, 123.0°W in 
the southeast (Figure 1). 

2.1. SOUNDSCAPE CHARACTERIZATION 

2.1.1. Passive Acoustic Mooring (PAM) Network 
The acoustic recordings used in this study were from six PAM moorings that have been 
deployed in the study area since February 2018 (Figure 1). The recordings were made using 
Autonomous Multichannel Acoustic Recorders (AMAR, JASCO Applied Sciences, G4) equipped 
with GeoSpectrum Technologies M36-100 hydrophones. These were mounted on a quiet 
mooring system manufactured by Oceanetic Measurement Ltd., which positioned the 
hydrophone approximately 2 m from the sea floor (Figure 2). 
Each system was calibrated by the manufacturer, and then again using a 250 Hz piston phone 
prior to each deployment. Recordings were made continuously at a sample rate of 256 kHz with 
24-bit resolution and stored on internal SD memory cards as wav files. A servicing schedule of 
approximately 2-3-months was maintained for the moorings, whereby data were downloaded 
and new batteries installed, allowing recordings to be consistently collected. On recovery, the 
wav files were post-processed with custom Python scripts, modified from those used by 
Merchant et al. (2015). One-minute power spectra were computed using a 1 second Hanning 
window, with a 50% overlap and Welch’s averaging, from which sound pressure level (SPL) 
metrics were calculated and used in the subsequent soundscape analysis. Minute-wise data 
were aggregated on hourly, daily, monthly, bimonthly and six-monthly scales to address 
questions in characterizing the soundscape. 
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Acoustic Analysis 
The focus of the present analysis was passive acoustic recordings made between May 1 and 
October 31 for 2018, 2019 and 2020 to cover the time periods when SRKW are most frequently 
observed in the Salish Sea. The soundscape was characterized by several applicable metrics, 
including broadband ambient noise levels in the frequency range 10 Hz to 100 kHz. It has been 
suggested that noise additions in this frequency range may initiate behavioral or physiological 
changes in SRKW (Heise et al., 2017; Table 1). Killer whale calling is typically within the 
frequency range of 500 Hz -15 kHz. This frequency range was therefore considered for its 
potential for acoustic inputs to obscure conspecific calling or social behaviors, such as group 
cohesion and coordination. Echolocation occurs in the frequency range of 15-100 kHz, and so 
noise levels in this range were considered for possible masking of echolocation click echoes. 
Increased noise levels within these three bands may impair navigation and orientation, as well 
as prey location and capture (Heise et al., 2017; Table 1). 
Abiotic noise additions were considered in the 7,500-8,500 Hz range for wind, having previously 
been seen to correlate with wind speeds between 4-15 ms-1 (Vagle et al., 1990). Additions to the 
soundscape from precipitation noise were examined for in frequencies centered around 20 kHz 
(Vagle et al., 1990; Table 1). Vessel presence metrics were also considered. The 100-1000 Hz 
decadal band was used to indicate vessel presence without being influenced by water 
turbulence noise (Merchant et al., 2012). Also, metrics used by the EU Marine Strategy 
Framework Directive were included; considering the sound levels in the 63-Hz and 125-Hz 
centered 1/3 octave bands (Merchant et al., 2012, 2015). Vessel-mounted echosounders 
operating at 50 kHz are frequently used in this area, so frequencies centered around this value 
were examined as an indicator of vessel presence, especially smaller, recreational boats (Table 
1). 
To assess the changes in soundscapes, a level when ambient noise was at its lowest (hereafter 
‘minimum ambient’) was first established. This was when natural noise was negligible (low to no 
wind or wave additions, no precipitation) and anthropogenic noise sources were absent. The 
minimum was derived from the L99 exceedance level from recordings collected from the acoustic 
moorings in the study area. In this analysis, the L99 exceedance level represents the natural 
ambient noise level which was exceeded 99% of the time. Recordings from each mooring were 
aggregated over the six months (May to October) and averaged over the three years (2018-
2020). The results from each site were compared, and that with the lowest SPL used to form the 
‘minimum ambient’ reference. This reference was used as a constant comparator across the 
study site to establish the impact of wind, precipitation, and vessel noise to the sound field. 
In addition, L1 and L50 exceedance levels were considered to represent the most acute additions 
to the soundscape, present for only 1% of the time, and the median level of noise in the sound 
field respectively. 

Soundscape Composition 
The proportional contributions of abiotic and vessel noise to the soundscape were estimated at 
each mooring using the relationship between the SPLs at 8 kHz and 20 kHz. The spectral slope 
relationship between wind speed and sound spectrum level in deep water, initially described by 
Knudsen et al. (1948) and refined to (frequency)-1.9 by Vagle et al. (1990, Equation 27), as 
indicated in Figure 3 for wind speeds of 10 and 15 ms-1, was also used. An example output of 
the method is shown in Figure 4, showing the points with exponents smaller than -1.9 below the 
slope in green and those with a greater exponent in red. Departures from the spectral slope was 
used as a first-order method to separate different sound sources, whereby low-frequency vessel 
noise contributions would fall below the slope, and higher-frequency contributions attributed to 
precipitation and small vessel noise would fall above the slope (Vagle et al., 1990; Nystuen et 
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al., 2010). The number of points on, above or below the slope were then expressed as 
proportions (Figure 4 example) and then aggregated into monthly values to be displayed and 
compared for each summer. 

Characterization of abiotic conditions and sound transmission 
The sound propagation characteristics and the local sound speeds within the study site were 
derived from data describing water depth and water properties. Bottom type data were also 
used to define how sound would interact with the seafloor. High resolution bathymetric data 
were obtained from the Canadian Hydrographic Service (CHS 20203). These data were 
interpolated to give water depths on a uniform grid for the full study area with a 15-arc second 
spacing, or approximately 300 m resolution (Haugerud, 1999; Olson et al., 2018). The water 
column sound speed profiles were calculated from salinity, temperature and depth (CTD) 
profiles. Both observational data, routinely collected during the mooring servicing trips, and 
modelled water properties were used in the analysis. When high spatial and/or temporal 
resolution was needed, the required sound speed field was obtained from the results of the 
SalishSeaCast hydrodynamic model (Soontiens et al., 2016; Soontiens and Allen, 2017). The 
SalishSeaCast system is a three-dimensional biochemical and hydrodynamic model which has 
integrated long hindcast hourly wind data, ocean carbon, chemistry, and physics data from 2007 
onwards (Soontiens and Allen, 2017). Temperature and salinity data were taken from the 
LiveOcean model (Siedlecki et al., 2015), low-pass filtered and tides removed, and then applied 
on a daily scale (Olson et al., 2018). Model results were downloaded from the SalishSeaCast 
model ERDDAP server with a spatial resolution of approximately 440 m by 500 m and 40 
vertical levels through the water column between 0.5 and 500 m, formed from hourly data. Data 
for this analysis were retrieved for the period from April to November 2018 (accessed in 
February 2020 from the data set ubcSSg3DTracerFields1hV18-06). Results from the vertical 
data layers near the surface had a 1 m resolution, and those at the deepest depths had a 24 m 
resolution (Soontiens and Allen, 2017). Water-column properties were converted into sound 
speed and water density fields using the Intergovernmental Oceanographic Commission 
standard TEOS-10 (McDougall and Barker, 2011). The acoustic frequency dependent 
absorption was derived from Francois and Garrison (1982) using a pH value of 8. 
The bottom sediment composition was also characterized throughout the study area, to add to 
predictions of how sound would be propagated through the unconsolidated sediment that forms 
the ocean floor in the Salish Sea. For this analysis three broad regions of bottom-type 
classification were used, formed from work conducted by Haggarty et al. (2018). The Fraser 
River deposition zone in the Strait of Georgia is predominantly silt and mud, the area around the 
southern Gulf Islands, the near-shore areas of the Strait of Juan de Fuca, Haro Strait and 
Boundary Pass can be characterized as predominantly rocky, and the main channel of Juan de 
Fuca Strait connecting to the Pacific Ocean shelf region is dominated by a sandy substrate 
(Figure 5). The geoacoustic properties of each of these substrate types were derived by work 
conducted by Hamilton (1980) and Jensen et al. (2011), and focused on the propagation of low 
frequencies (60-500 Hz) through unconsolidated sediment via both the faster compressional 
(longitudinal) P waves, and slower, shear (transverse) S waves, and the associated attenuation 
factor related to the acoustic wavelength λ (Table 2). These parameters were tuned for each 
PAM recorder location by comparing modeled and observed SPLs at the different sites. 
Wind speed data accessed from the Environment and Climate Change Canada (ECCC) model 
available through the SalishSeaCast model allowed the visualization of spatiotemporal patterns 
of wind in the study area from May to October. These data were then used to derive the 
                                                 
3 Canadian Hydrographic Service, retrieved from CHS NONNA Data Portal. 

http://salishsea.eos.ubc.ca/erddap/
https://data.chs-shc.ca/map
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acoustic additions that wind would make at 10 kHz and 50 kHz. These frequencies were used to 
represent SRKW communication and echolocation range respectively. The use of 10 kHz is 
representative of the fundamental frequency range for SRKW whistles (2-17 kHz; Ford, 1989; 
Thomsen et al., 2001). The frequencies around 50 kHz are near the center of the high-
frequency range in which SRKW echolocation clicks are produced. Echolocation signals have 
modal peaks between 20-30 kHz and 40 and 60 kHz (Au et al. 2004). The use of 50 kHz is in 
line with previous work by Au et al. (2004). The same analysis was replicated with precipitation 
data also accessed from the ECCC model. 

Acoustic presence of vessels 
The presence of vessels over time was derived acoustically from mooring data by examining 
frequency ranges believed to be the focus of their acoustic additions to the soundscape (Table 
1). The appropriateness of the application of these metrics for data from our study area was 
demonstrated by Burnham et al. (2021), through non-parametric correlations between AIS data 
and SPL in the vessel bands. The 100-1000 Hz band is considered to represent vessel 
presence, while excluding noise from water turbulence in the lower frequencies, while the 63-Hz 
and 125-Hz 1/3 octave bands (57-71 Hz and 114-141 Hz respectively) have been applied in 
previous studies, as well as being set by the EU Marine Strategy Framework (Merchant et al., 
2012, 2015). The frequency range 49500-50500 Hz was used to mark vessel presence of small 
vessels which emit higher frequency noise. This frequency range also represents the most 
common echosounder frequency used in this area, focused around 50 kHz. 
Temporal patterns in the acoustic presence of vessels were examined for at monthly, weekly, 
within-week, and diurnal scales. Within-month temporal patterns determined for May to October 
were compared to February for a broad summer-winter comparison. We assumed that acoustic 
additions from small vessels would be low or absent in winter, and so if additions were present 
in the summer recordings in frequencies focused around 50 kHz, it would further support the 
use of this frequency range as a metric to track the presence of this vessel type. The 
implications of vessel-derived acoustic patterns were also examined for in the SRKW relevant 
frequencies. 
For diurnal patterns, four four-hour sections were considered: 00:00-04:00, pre-dawn using 
nautical sunrise, and a time presumed to lack small vessels; 06:00-10:00, post-dawn morning; 
12:00-16:00, afternoon; and 18:00-22:00, nautical twilight dusk to sunset. The comparison was 
made between mid-summer (August) and mid-winter (January) months to help determine the 
source of the increase. 

2.2. VESSEL PRESENCE AND SPEED 

2.2.1. Automatic Identification System (AIS) tracked vessels 
Quality control and vessel categorization 

Vessel presence in the study area was quantified from AIS data collected by Canadian Coast 
Guard terrestrial receivers (Figure 1). The raw AIS data for the study area during the period of 
interest (May through October, 2018-2020) were cleaned and binned from the received time 
intervals into 5-minute periods for each vessel. Speed over ground (SOG) and acceleration over 
ground (AOG) were calculated for each of the five-minute binned AIS records using the distance 
between GPS locations (after conversion to suitable orthogonal co-ordinate system) and 
elapsed time. Any data that appeared erroneous, for example due to stated vessel location 
(e.g., over land), or with an excessive speed or acceleration (e.g., SOG > 50 knots or AOG 
>100 knots/hr), were removed. For Class A data, any missing data points were interpolated 
from neighboring time periods and missing vessel information was determined from internet 
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searches and online databases where possible, using unique vessel identifiers, such as 
Maritime Mobile Service Identity (MMSI) numbers. For vessel types that carry AIS Class B, 
vessel classification information is often absent from the AIS data and can be unreliable when 
present (Konrad, 2020). Therefore, for Class B vessels, only classification information that could 
be determined and confirmed using online databases was used to assign vessel type. 
The AIS-derived vessel data were used in several aspects of the analysis. Initially, Class A 
vessels were categorized into thirteen vessel types: 1) Bulk carriers, 2) Container ships, 3) 
Ferries, 4) Fishing vessels, 5) Government/Research, 6) Naval vessels, 7) Passenger vessels, 
8) Recreational vessels, 9) Tankers, 10) Tugs, 11) Vehicle carriers, 12) Registered whale 
watching vessels, 13) Others and vessels of unknown type. Class B vessels, primarily pleasure 
crafts, but also fishing vessels and smaller commercial vessels, were classified as their own 
vessel type. These categories were adapted or aggregated for different aspects of the analysis. 
For the analysis of vessel presence and SOG, vessel types were divided into two broad 
categories: those required to carry an AIS transceiver, and those for which this was optional. 
According to Canadian AIS carriage requirements, the following vessel types were considered 
AIS-mandatory: container ships, bulk carriers, vehicles carriers, tankers, ferries, passenger 
vessels, and other cargo (e.g., refrigerated, general, or open hatch cargo, or heavy load carrier). 
All remaining Class A vessel types and all Class B vessels were considered AIS-optional. This 
latter category included non-commercial, fishing, and small commercial vessels, such as tugs. 
Analysis of the presence and SOG of AIS vessels was conducted in R (Version 3.6.0; R Core 
Team, 2019), using the ‘sf’ (Pebesma, 2018) and ‘raster’ (Hijmans, 2020) packages. All AIS 
vessel presence and vessel strike risk analysis outputs were generated using a 1 km2 grid, 
based on the NAD83 UTM Zone 10N projected coordinate reference system. 

Vessel Hours Quantification 
The presence of AIS-tracked vessels was expressed as function of time that each vessel was 
present in each 1 km2 grid cell. The average daily vessel hours (𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉) for each grid cell was 
quantified for each month (from May to October) of each year (from 2018 to 2020), according to 
the formula: 

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 =  
∑𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 ×  5

60
𝐷𝐷𝐷𝐷𝐷𝐷𝑉𝑉

 ,         (1) 

where ∑𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 is the sum of all vessel points (each representing five minutes of vessel 
presence, including vessels not making way), and 𝐷𝐷𝐷𝐷𝐷𝐷𝑉𝑉 is the number of days of available AIS 
data. 
Timestamps, at one-hour resolution, were used to calculate the number of days of available AIS 
data for each month for each AIS data type (Class A and Class B), so that temporal gaps in the 
AIS dataset were accounted for when determining average rates of vessel presence. Monthly 
raster layers of average daily vessel hours per grid cell were calculated for: (1) AIS Class A 
large commercial vessels, (2) AIS-optional Class A vessels and (3) AIS Class B vessels. For 
each of these vessel categories, for each month, values for each grid cell were averaged across 
all three years (2018-2020) to form one raster layer. 
To assess any differences in vessel traffic patterns in 2020, expected due to the impacts of 
regulations related to the COVID-19 pandemic, a cell-wise comparison of average vessel hours 
in 2020 for each month and vessel category was made to the corresponding average value for 
2018 and 2019. Restrictions related to COVID-19 were in force from April 6, 2020, and eased 
for Canadian recreational traffic June 24, 2020; cruise ship traffic remained prohibited for the 
entirety of the study period. 

https://www2.gov.bc.ca/gov/content/covid-19/info
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Additionally, non-spatial summary statistics were calculated to examine vessel presence trends 
across months and by vessel type. In these summaries, vessels not making way, with a SOG of 
1 knot or less, were excluded from the analysis. To examine seasonal trends and the relative 
rates of presence for each of the three vessel categories, the average rate of daily vessel hours 
was calculated for each month, across the whole study area and all years. To examine vessel 
presence by vessel type, the average rate of daily vessel hours for each vessel type was 
calculated across the whole study area and duration. These averages were expressed as a 
percentage of the average total vessel hours for each AIS class. 

Vessel Speed Over Ground 
Raster layers of monthly averaged vessel speeds were generated using the SOG values (in 
knots) calculated from the AIS vessel positions. For each month (May-October) of each year 
(2018-2020), the SOG values associated with all vessel points (including vessels not making 
way) in a given 1 km2 grid cell were collectively averaged. This averaged speed layer was then 
multiplied by the value from average daily vessel hours layer for the corresponding grid square, 
to generate a derived distance layer of averaged daily nautical miles traveled in each cell. For 
each month, the values for all three years were then averaged to generate an average daily 
value for each grid cell, for each month across the three-year period (2018-2020). 

2.2.2. Small Vessel Analysis 
Aerial Surveys 

Data from opportunistic aerial summer surveys were used to estimate presence of non-AIS 
vessels in the study area. Aerial survey data collected in April through September by the 
National Aerial Surveillance Program (NASP) and previously reported by Serra-Sogas et al. 
(2018) were used to map vessels per unit effort (SPUE) for AIS and non-AIS vessels in our 
study area. The flight tracks were used to estimate effective sighting distances and quantify 
search effort using conventional distance sampling methods (Buckland et al., 2001) based on 
the perpendicular distances of sightings from the flight path (Serra-Sogas et al., 2018). Flights 
occurred only during daylight hours, and were spread evenly across days of the week. 
Overflight data from DFO Creel Surveys of recreational fishing vessels from May through 
October in 2018-2020 were also used in this analysis. During Creel Survey overflights, vessel 
positions were manually recorded on paper, and then approximate latitude and longitude were 
digitized for each vessel or cluster of vessels (Shardlow et al., 1989). The precision of these 
approximations has not been quantitatively assessed; it was estimated to be within ± 500 m for 
nearshore areas, but uncertainty in the approximations is believed to increase for sightings 
made in more offshore waters. The use of this data was limited to recreational fishing vessels 
due to inconsistency in the recording of other vessel types. In the absence of flight tracks, 
survey effort was estimated from approximated paths from generalized survey routes using a 4 
km2 grid over the study area. A 7.4 km buffer was used to estimate sighting distance, which was 
informed by sightings distances calculated for NASP flights (Serra-Sogas et al., 2018). For each 
month, the number of vessels recorded in each 4 km2 grid cell was summed across all years. To 
estimate flight effort for each cell, all buffered flight path polygons that covered the center of the 
4 km2 grid cell were summed. Monthly raster layers of vessels sighted per flight were derived by 
dividing vessel number by flight effort. 
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2.3. VESSEL NOISE MODEL 

2.3.1. Model Setup and Validation 
A shipping noise model was developed to characterize the sound field in the study area, without 
being restricted to any particular mooring location. The model implemented was similar to the 
acoustic model developed by Collins (1993) using a Range-dependent Acoustic Model (RAM) 
and further refined by Aulanier et al. (2017). The RAM model uses the Pade split-stepping 
method to solve the range-dependent parabolic equation for sound propagation in cylindrical 
coordinate system on a vertical plane. The horizontal direction was divided into 120 vertical 
planes, equally distributed to achieve a full 360 degrees coverage around each source (ship 
position). This approach to simulating 3D sound propagation does not account for out-of-plane 
refraction and sound around barriers such as island and sharp coastline features and therefore, 
it is often called a 2.5D or quasi-3D acoustic model. Realistic environmental data based on high 
resolution bathymetry, sediment composition, and water property data from the SalishSeaCast 
NEMO model were included in the RAM model to accurately simulate quasi-3D sound 
propagation in the domain (Table 3). Source sound levels due to shipping traffic were estimated 
by integrating the AIS Class A data from the area of interest. The processed and cleaned AIS 
records were used to provide source positions to estimate the soundscape in the domain every 
30 minutes over the 6-month simulation period between May and October, 2018. Results from 
20 vertical (z-levels) depths were extracted and processed for further analysis. These levels 
started at 0.5 m and went down to 500 m (Table 3). 
The following vessel classes were used in the modeling exercise: Container ships, Ferries, 
Fishing vessels, Naval vessels, Government/Research vessels, Cargo, Passenger vessels, 
Tankers, Tugs, and Vehicle carriers. Source levels by vessel type were obtained from 
MacGillivray and Li (2018). Vessel transit SOG was calculated from the AIS records and source 
levels for vessels in transit derived using the simple linear relationship described by Veirs et al. 
(2016), whereby sound levels were increased by 0.93 dB/knot (or +1.8 dB per ms-1) of 
increased speed over ground. When the vessel type was not reported in the AIS record, the 
source level was estimated using the relationship between ship speed and size characteristics 
and vessel noise outputs as described by Simard et al. (2016). The vessel noise model was 
used to evaluate ambient noise levels at water depths relevant to SRKWs (7.5 m, 20 m, 50 m, 
100 m) using AIS vessel information for May to October 2018. Data from the 125-Hz centered 
1/3 octave frequency band from recordings from the six PAM moorings were used to validate 
the model outputs and tune the bottom characteristic parameters used in the model (Table 3). 
The current vessel noise model was limited to simulating SPL at lower acoustic frequencies 
(125 Hz, was used here), but to explore possible impacts on the higher frequency ranges 
associated with SRKW communication and echolocation extents much higher acoustic 
frequencies needed to be used. To give a first-order estimate of high-frequency vessel noise, 
and representation of the worst-case scenario of vessel-derived acoustic additions, a simple 
extrapolation to higher frequencies was used (Figure 3). Using the 125-Hz modeled SPL at a 
given location the SPL at the higher frequencies were estimated using a simple (frequency)-2.0 
relationship (Wenz, 1962). Noise levels at 10 kHz were calculated to represent the SPL at 
SRKW communication range and at 50 kHz for SRKW echolocation. Vessel noise at the L5, L50, 
L95 exceedance levels and arithmetic mean (Leq) were computed. 

2.3.2. Scenario Modeling 
To highlight the usefulness of vessel noise models, noise levels for a near-future scenario 
representing the expected increase in tanker traffic to and from Vancouver as a result of 
increased oil shipments associated with the TMX project were estimated. Tanker traffic related 
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to TMX operations currently transit the route from Vancouver to La Perouse Bank approximately 
once a week. It is expected that when the new pipe line is operational, this will increase to 
approximately 1 tanker per day leaving the Burrard Inlet loading site and transiting the study 
area. This 7-fold increase scenario was simulated by creating a proxy AIS record that simulated 
a once-a-day transit by a TMX tanker to be included in the model inputs. 

3. RESULTS 

3.1. SOUNDSCAPE CHARACTERIZATION 
Each mooring was set to record continuously from May to October, 2018-2020. However, data 
gaps occurred when maintenance of the recorders was delayed, or there were technical issues 
resulting in data loss. In the spring of 2020, scheduled mooring servicing trips were severely 
delayed due to restrictions during the COVID-19 pandemic, resulting in significant gaps in data 
for most of the moorings (Table 4). 
Boundary Pass and Haro Strait showed the greatest range in broadband ambient noise levels 
(10 Hz to 100 kHz), recording both the highest and the lowest SPL levels. The peaks in SPL at 
these sites were short-lived, acute acoustic additions resulting from vessel passes, 
predominantly from commercial and other AIS-vessel transits. This contrasted to recordings 
from Swiftsure Bank and Sooke which reported elevated SPL in this range consistently when 
compared to the other moorings. Recordings made at Port Renfrew and Jordan River showed a 
high degree of consistency in the SPL for soundscape and acoustic metrics, with vessel noise 
consistently present. 
The similarities of the recordings at Boundary Pass and Haro Strait, and for those made at 
Swiftsure Bank, Port Renfrew and Jordan River, created an inner- and outer-strait distinction in 
the soundscape of the study area (also see Burnham et al. 2021). The inner strait recorders of 
Haro Strait and Boundary Pass were generally in more protected waters and are not subject to 
the offshore effects of those on Swiftsure Bank and in Juan de Fuca Strait. 
Broadband noise exceedance levels of L1, L50, L99 and the arithmetic mean (Leq) were calculated 
for the entire recording period (May-Oct) each year (Figure 6). The exceedance levels of the 
range 10 Hz to 100 kHz showed moorings in Juan de Fuca and outer strait sections to have 
increased power spectral density (PSD) levels in the lower frequencies (< 1000 Hz, Figure 6). 
The largest peak was seen for Swiftsure Bank in 2020 (Figure 6). This peak in PSD was much 
less apparent in recordings made at Haro Strait and Boundary Pass, and not evidenced at all 
when considering only the quietest moments (L99 values). Peaks were seen in the higher 
frequencies (> 10000 Hz), and into the echolocation frequency range of SRKW (> 15 kHz) for all 
moorings. These were most present during 2020 (Figure 6). Boundary Pass and Haro Strait 
showed the lowest background noise levels (L99) of the sites, but also the highest PSD levels at 
the L1 exceedance level. Sooke consistently had the highest PSD levels of the moorings in Juan 
de Fuca Strait, with similar distributions of SPL across frequencies as seen for Port Renfrew, 
Jordan River and Swiftsure Bank (Figure 6). 
Temporal analysis showed ambient noise levels in the frequency range 10 Hz to 100 kHz to 
decrease from 2018 to 2020 (Figure 7). Bimonthly comparison showed similarities between 
periods for each location (Figure 7). Again, recordings of Port Renfrew and Jordan River 
soundscapes were comparable and typically showed lower ambient noise levels than other sites 
for each period (Figure 7). The SPLs of the overall broadband soundscape (10 Hz to 100 kHz) 
were typically highest, followed by SPLs in the frequencies for SRKW communication (500 Hz to 
15 kHz), and echolocation (15-100 kHz, Figure 7). 
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Comparisons between days of the week indicated elevated SPL for weekends when compared 
to week days (also see Burnham et al. 2021). This was most prominent for recordings in Juan 
de Fuca Strait and especially on Swiftsure Bank (Figure 8). Broadband SPL was significantly 
higher on Sundays during the early to mid-summer period (May-September, Figure 8), with 
notable elevation also for Mondays, which may represent statutory holidays (Figure 8). More 
consistency in the overall sound field was seen between the days of the week for later summer 
periods (September-October; Figure 8). Elevated SPLs were seen for SRKW communication 
and echolocation frequency ranges in the recordings for Friday and Saturday, with the greatest 
differences between days were seen between mid-week to weekend values (Figure 8). Similar 
results to those seen at Swiftsure Bank were found for Port Renfrew and Jordan River, however 
the eastern strait moorings showed more consistent soundscape levels between days, with no 
weekly patterns seen in Boundary Pass recordings (Burnham et al. 2021). 
Diurnal patterns were also examined using 05:00-16:59 local time (UTC 12:00 to 23:59) as day. 
and 17:00-04:59 local time (UTC 00:00 to 11:59) as night (Figure 9). Elevation in soundscape 
levels have been reported for moorings in Juan de Fuca Strait during daylight hours for May to 
October (Burnham et al. 2021). Examination of the SPL levels in the SRKW communication call 
frequencies showed a similar day-time increase for all moorings, and most prominently for 
Swiftsure Bank, Port Renfrew and Jordan River (Figure 9). This range encompassed acoustic 
additions from both commercial (AIS) and recreational (non-AIS) vessel traffic. The day to night 
differences were most pronounced in Swiftsure Bank and Port Renfrew recordings in July and 
August, whereby a sharp increase in noise was seen at 07:00 local time, and the lowest 
soundscape levels were recorded between approximately midnight and 02:00 local time in all 
cases (Figure 9). Recordings made in May-June were similar in their soundscape 
characteristics to those made in September and October, with less diurnal patterning also seen 
for these two periods (Figure 9; also see Burnham et al. 2021). 

3.1.1. Minimum Ambient 
The L99 exceedance level measured at each station indicated peaks in noise at low frequencies 
(approximately 30-300 Hz) for moorings in Juan de Fuca, especially at Sooke. Peaks were also 
present around 1000 Hz (Figure 10). The absence of the low frequency peaks in Boundary Pass 
and Haro Strait recordings, and lesser increases at 1000 Hz (Figure 10a) suggested the L99 
exceedance levels for these recorders were the most indicative of the ambient background 
noise levels without anthropogenic input and substantial wind or wave acoustic additions (Figure 
10a). The L99 exceedance level at Boundary Pass and Haro Strait were therefore considered 
the best to form the ‘minimum ambient’ reference ambient noise level. As the L99 exceedances 
at these sites showed congruence, a composite PSD frequency line was calculated to form the 
reference level to be applied in further analysis (Figure 10b). 

3.1.2. Soundscape composition 
The soundscape composition, derived from Knudsen curves and the relationship between 8 kHz 
and 20 kHz, at Swiftsure Bank, Port Renfrew and Jordan River showed a greater proportion of 
the mid-frequency noise, attributed to the presence of rain and smaller vessels (Figure 11a-c). 
However, for the recordings assessed, these mid-frequencies additions were the smallest 
contributor to the soundscape for all moorings (Figure 11). The soundscape at Sooke, Haro 
Strait, and Boundary Pass showed low-frequency noise additions from commercial traffic to be 
more prevalent than the moorings in Juan de Fuca Strait and on Swiftsure Bank (Figure 11d-f). 
Indeed, Swiftsure Bank had the lowest proportion of commercial vessel-derived additions for the 
period analysed (Figure 11a). A proportion of the soundscape was unaccounted for in the broad 
groups of large vessels, wind, and rain; a number of other factors such as water turbulence, 
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wave noise, or vessel traffic could form some of these acoustic contributions. The proportion of 
this ‘unknown’ class was generally at its greatest for recordings made in 2020. Sooke 
recordings consistently showed the smallest proportion of soundscape attributable to unknown 
sources, with both additions from commercial shipping and wind noise dominating (Figure 11d). 

3.1.3. Characterization of natural conditions and sound transmission 
The ECCC model, accessed through the SalishSeaCast NEMO model, showed the south-
eastern portion of the Strait of Juan Fuca and areas around San Juan Islands to experience 
greatest average wind speeds, approximately 6 ms-1, from May to August (Figure 12). Wind-
derived additions were greatest at Sooke during May and June, with recordings made on the 
Jordan River and Haro Strait moorings also possibly influenced by elevated wind speeds 
(Figures 12-14). September and October showed a greater offshore wind influence, especially 
at Swiftsure Bank (Figure 12). The acoustic additions from the wind during this time extended 
from Swiftsure Bank to Jordan River (Figures 12-14). Wind noise additions in the SRKW 
communication frequency range were greatest between July and August around Sooke (Figure 
13). Wind generated noise at echolocation frequencies was greatest around Sooke for May and 
June (Figure 14). Wind acoustic additions in the communication and echolocation frequencies 
were greatest in the offshore regions from September; in 2020 this extended eastward into Juan 
de Fuca Strait as far as Jordan River (Figures 13-14). The amplitude of wind additions was 
typically greater in the communication call frequency range rather than in the frequency range 
used for echolocation (Figure 13-14). 
Precipitation data from the SalishSeaCast model showed small pockets of rain in the Gulf 
Islands for May and June, whereas more offshore weather systems were observed for July and 
August, which were then heightened for September and October (Figure 15). Noise additions 
from rain would therefore be expected to follow this pattern, with precipitation adding to the mid- 
to high-frequencies most in September and October in Juan de Fuca Strait. 

3.1.4. Acoustic presence of vessels 
No significant differences between bi-monthly periods for acoustic additions were attributable to 
AIS tracked vessels (63-Hz and 125-Hz 1/3 octave bands, Figure 7). During the summer 
months considered here, Swiftsure Bank, Port Renfrew and Jordan River showed a week-
weekend distinction in frequency bands attributed to vessel traffic, with weekend SPL in 
frequencies around 50 kHz elevated (Figure 8). The broadband SPL increases in ambient noise 
seen during the day were concurrent to increases in mid- to high-frequencies (Figure 9) and 
noise levels in the frequency ranges used to represent vessel presence (Burnham et al. 2021). 
In addition to the non-parametric correlations confirming the relationship between the vessel 
metrics (Table 1) and vessel presence (see Burnham et al. 2021), a comparison showed that 
the day-time elevation seen in the vessel frequency range 49500-50500 Hz present during 
August was not present during January, further implicating this increase in SPL to result from 
small vessel presence (Figure 16). 

3.2. VESSEL PRESENCE AND SPEED 

3.2.1. AIS Vessels 
Vessel Presence 

Both AIS Class A and Class B vessels contributed considerably to vessel presence in the Salish 
Sea and the Swiftsure Bank area (Figures 17-19). The presence of large commercial vessels 
was relatively constant across months (Figures 17, 20), and was largely confined to the shipping 
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lanes and ferry routes. The presence of non-mandatory AIS Class A vessels was more variable, 
particularly around Port Renfrew and in the Swiftsure Bank area (Figures 18, 20). The presence 
of AIS Class B vessels varied greatly across months, with the greatest presence in July and 
August (Figures 19-20). However, the representation of AIS-optional small commercial and 
recreational vessels from AIS data was considered the minimum presence of these vessel 
types. 
Overall, ferries, bulk carriers and tugs were the greatest contributors to AIS Class A vessel 
presence (Figure 21), with fishing vessels, containerships, passenger vessels, government and 
research vessels, tankers, recreational vessels and naval vessels contributing to a lesser extent 
(Figure 21). 
During the study period, 5980 unique vessels transmitting AIS Class B were recorded in the 
study area. Of these, 28.8% were successfully matched to online records with information on 
vessel type. These vessels accounted for 45.6% of all AIS Class B vessel presence in the study 
area over time, and were predominantly recreational vessels (Figure 21). This category 
encompassed both sailing and motor vessels, including recreational fishing vessels. The next 
most common vessel types, in descending order, were small passenger vessels (which included 
whale watching vessels), fishing vessels, coast guard and other safety/rescue vessels and tugs 
(Figure 21). Naval, research/survey, antipollution, small cargo, diving operations, and supply 
vessels and pilot tenders were aggregated as ‘Other’ Class B vessels (Figure 21). 
In 2020 average vessel presence was reduced relative to 2018 and 2019 (Figures 22-24). This 
was particularly true for the early months of the study. There was a clear decrease in vessel 
presence along ferry routes (Figure 22), resulting from COVD-19 restrictions. The AIS Class B 
vessel presence among the Gulf Islands and around Victoria was also less compared to 
previous years (Figure 24). Vessel presence around the San Juan Islands, however, was higher 
in 2020 than in 2018 and 2019, from July onwards (Figure 24). 

Vessel Speed 
Average vessel speed varied by type (Figure 25). Large commercial vessels, specifically 
container ships, tankers, bulk carriers, passenger vessels and ferries, demonstrated the highest 
average speeds among AIS Class A vessel types. For AIS Class B vessels, the highest average 
speeds were attributed to small passenger vessels, and coast guard and other safety/rescue 
vessels (Figure 25). Average daily distance traveled calculated from vessel speeds per square 
kilometer followed a similar pattern to vessel presence (Figures 26-28). Ferry routes (Figure 26) 
and AIS Class B vessel traffic around the Gulf Islands (Figure 28) were areas of heightened 
traffic. 

3.2.2. Small Vessel Presence 
Aerial Surveys 

The data from the National Aerial Surveillance Program (NASP) showed a difference in spatial 
distribution and volume of AIS and non-AIS vessel (Figures 29-30). However, survey effort in 
the study area was low (Figure 29). Non-AIS vessels were more prevalent than those 
transmitting AIS, with their presence greatest around the Gulf Islands, and near Sooke and Port 
Renfrew (Figure 30). The DFO Creel Survey overflights added to the overall survey effort 
(Figure 31), recording presence of recreational fishing vessels (Figure 32). The surveys targeted 
this vessel type (99.3% of vessel data), and noted if these fishing vessels were actively fishing 
(76.5%) or transiting (22.8%). Limited presence of whale watching (0.2%), and active 
commercial fishing (0.5%) vessels were also recorded. The areas with the highest recorded 
recreational fishing vessel presence for the study period were again off Sooke and Port Renfrew 
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(Figure 32). Vessel presence in the Swiftsure Bank area was high for June to September when 
surveys were conducted (Figure 31-32). The data analysis was limited by flight coverage and to 
the results that had been digitized. Data were not available for August-October 2018, and were 
limited to Juan de Fuca Strait and the Gulf Islands for both 2018 and 2019 datasets (Figure 32). 

3.3. VESSEL NOISE MODEL 

3.3.1. Model Results and Validation 
Outputs of the vessel noise model at 125-Hz were given for depths of 7.5 m, 20 m, 50 m and 
100 m (Figure 33). Areas around Discovery Island, into Haro Strait and Boundary Pass showed 
the greatest SPLs in surface layers, with values lessening with depth. The southern boundary of 
Juan de Fuca Strait, along the US coast, also showed consistently elevated levels in this May 
2018 example (Figure 33). The changes in SPL with depth are due to reduced propagation 
losses in the water column, the effect of the bottom sediment boundary, and the effect of 
bathymetric features. 
Comparisons between observed and modelled median SPL at the different locations during May 
2018 demonstrated the percentage error in simulated SPL at the mooring locations were within 
5% of observed median values at 3 of the 6 locations (Port Renfrew, Jordan River, Sooke; 
Table 5). The performance improved when comparing the 95th percentile (Table 5). The model 
consistently over-predicted SPL at all locations with the performance weakened further in 
locations with a large number of islands or other barriers. This can be attributed to the lack of 
advanced three-dimensional physics (out-of-plane refraction) in the quasi-3D model being 
currently used to simulate the propagation of sound waves in the model domain. This will be 
addressed through refinements in future iterations of the model. 
The modelled probability density function of SPL at Swiftsure Bank, Port Renfrew, Jordan River 
and Sooke showed a similar Gaussian distribution, however with a modified skew and kurtosis 
(Figure 34). These differences could be due again to the simplified physics used to simulate the 
3D acoustic wave propagation in the water and sediment media. 

Vessel Noise at SRKW relevant frequency ranges 
First-order estimates of vessel noise levels at 10 kHz (Figure 35) and 50 kHz (Figure 36) for 
surface waters (to 7.5 m) showed the vessel noise additions to be greatest in echolocation 
frequencies. The L95 and Leq exceedance levels especially highlighted the commercial shipping 
lanes as sources of noise for both frequency ranges (Figures 35-36). Noise levels in the 
echolocation frequencies was also heightened in shallow water areas and regions where 
vessels turn (Figure 36). 

3.3.2. Scenario Modeling Results 
The vessel noise model was used to examine the impact to the Salish Sea sound field resulting 
from a projected increase in oil tanker traffic due to the expanded TMX pipeline capacity. This 
future growth in vessel traffic was simulated by increasing the frequency of tanker traffic from 
approximately one vessel per week to one vessel per day representing increased TMX pipeline 
capacity, and plotting a path of additional TMX tanker traffic passage (Figure 37). Using traffic 
recorded in May 2018 as a baseline, this would mean an increase in the total number of tankers 
passing through the study area from 197 to 228. Mean SPL values at a number of locations 
throughout the study area, identified to be important areas for SRKW, were found to increase by 
approximately 0.80% with the increased tanker traffic simulated here. The expected increases 
varied between 0.36% and 1.14% for the locations of interest (Table 6). 
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4. DISCUSSION 
Underwater soundscapes are the composites of abiotic, biological and man-made sound. The 
soundscape of the Salish Sea varies with space and time dependent on acoustic additions from 
wind as natural noise and vessel presence from human use of the study area. The increased 
wind-speeds at the eastern extent of Juan de Fuca (Figure 12) explained the increased 
broadband soundscape conditions seen at Sooke (Figure 6, 10a) during the study period, and 
the distinction of the sound field at this site compared to neighbouring moorings (Figures 6-7). 
The contribution of wind noise in the SRKW ranges was heightened in areas of shallow water 
and hard substrate (Figure 5, 14-15) which may alter the way these additions are expressed in 
the sound field and influence the soundscape interpretation by the whales. The offshore wind 
influence was seen most strongly in the early and latter parts of the study period, with additions 
present in the acoustic record as far east as Jordan River (Figures 13-14). 
Mid-frequency additions around 20 kHz were not considerable to the soundscape at any of the 
mooring locations (Figure 11). The source of the noise around this frequency can be difficult to 
discern between rain and small vessels, as additions can appear very similar, depending on the 
amount and type of rain (Nystuen, 1986; Medwin et al., 1990, 1992; Ma et al., 2005). The 
SalishSeaCast model demonstrates how localised the acoustic additions can be, especially 
given the nature of intense rain showers and squalls. Therefore, comparison between SPL and 
precipitation may need an increased resolution. Acoustically distinguishing high-frequency 
additions from precipitation and those from small vessels may be aided by the use of the 
SalishSeaCast model. Precipitation was low from May through August (Figure 15), and 
therefore it is more likely that this acoustic addition could be attributed to small vessels, 
particularly in the early- to mid-summer. 
The anthropogenic component of the soundscape is determined by the volume of traffic and 
properties of the sound field as well as topography and sediment type. The commercial AIS 
Class A vessels add to the soundscape in the lower frequencies, showing good agreement 
when AIS-derived vessel number was correlated with the acoustic vessel metrics (Merchant et 
al., 2012, 2015; Burnham et al. 2021). Vessel transits of AIS Class A are predominantly 
restricted to the shipping lanes following the traffic separation scheme and so spatial presence, 
and therefore acoustic additions were predictably represented (Figures 18-19, 33). Whereas 
Swiftsure Bank, Port Renfrew and Jordan River recordings demonstrated the chronic nature of 
vessel noise, Boundary Pass and Haro Strait showed the more acute nature of additions from 
direct transits of vessels over the mooring site. In Juan de Fuca Strait, the acoustic impact of 
commercial vessels may be lower, with fewer peaks in PSD in the lower frequencies (Port 
Renfrew and Jordan River, Figure 6), but the influence of Class B and recreational vessel traffic 
shaped the sound field at these locations (Figures 18-19; also see Burnham et al. 2021), with 
PSD peaks for additions in the mid- to high-frequencies (Figure 6). The 20 kHz contributions 
seen in the soundscape composition analysis (Figure 11) and the patterns seen for the 50 kHz 
frequency range, also add evidence of increased small vessel presence in the acoustic record 
for the study area for May to October (Figures 7-8). Considered together this shows how 
influential this vessel type can be in the soundscape, and likely how under-represented in 
acoustic analyses they currently are (Erbe et al., 2012; Cominelli et al., 2018). The AIS Class B 
and recreational vessels contribute substantially in the higher-frequencies, and to those relevant 
to the SRKW on more local spatial and short-term temporal scales (see L75, 50 kHz; Figure 
17b). The use of 50 kHz as a metric to track small vessel presence showed their contribution to 
the cumulative soundscape experienced by SRKW could be significant, especially during 
daylight hours. These acoustic additions are likely from pleasure craft, recreational fishing 
vessels, and whale watchers, few of which carry AIS transceivers. Indeed, in much of our study 
area, non-AIS carrying vessels have been recorded to outnumber those vessels that could be 
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tracked through AIS (Serras-Sogas et al., 2018). Seeing at least 50 vessels of these types near 
SRKW is not uncommon during summer weekends and holidays in the Salish Sea (Koski et al., 
2006; Holt et al., 2009). Better quantification of small vessel presence, to tie to the acoustic 
additions made by this vessel type, is still needed. 
The vessel presence of AIS Class A vessels decreased between 2018 and 2019, resulting in 
reductions in the overall soundscape, in both broadband (10 Hz to 100 kHz) measures and 
those more pertinent to SRKW (Vagle, 2020; Burnham et al. 2021). The vessel noise model 
suggests greater additions in the frequencies used in echolocation, with this having the potential 
to mask echoes or decrease the extent over which echolocation could be effectively used. 
Reduced efficacy in echolocation could have implications for success in navigation and foraging 
behaviours (see Thornton et al., 2021bError! Bookmark not defined.), with reduced traffic levels offering 
a possible reprieve. In 2020, vessel passages were impacted by the COVID-19 pandemic. 
Measures announced in early April (April 6, 2020) restricted recreational vessel activities and 
prohibited all commercial marine vessels with a capacity of more than 12 passengers including 
cruise ships and ferries. This period of ‘anthropause’ (Rutz et al., 2020), has led to suggestions 
of benefits for wildlife including reduced human disturbance (Bates et al., 2020). In our study 
area, the presence of AIS-tracked vessels declined immediately following the announcement, 
but recovered as the summer progressed (Figures 23-25), demonstrating only a short-term 
reduction in human-use. Overall, AIS Class A vessel transits in 2020 met or exceed numbers 
seen in previous years, with SRKW and other cetacean species in the Salish Sea therefore not 
likely to have had significant benefit from restrictions. The reduced presence of smaller, 
recreational vessels may have resulted in the greatest benefit (Figure 24), but this is hard to 
quantify due to them not being tracked by AIS and limited NASP and Creel data to draw from 
(Figures 29, 31). 
The presence of AIS Class A small commercial and non-commercial vessels as well as AIS 
Class B vessels presented in this analysis should be assumed to represent a minimum estimate 
of presence. Many of these vessels are not required to carry AIS transceivers, and so are 
considerably underrepresented in AIS datasets in the Salish Sea especially during the spring 
and summer (Serras-Sogas et al., 2018). An expansion of AIS carriage requirements enforced 
from June 15, 2019 by Transport Canada now requires vessels traveling at least 1 nm from 
shore to carry AIS (either Class A or Class B type) if they are certified to carry more than 12 
passengers or are at least eight metres in length and carrying passengers (Government of 
Canada, 2019). This applies to many whale watching vessels and will increase the number of 
Class B vessels tracked by the AIS. In this analysis, AIS-non mandatory vessel presence was 
higher in Juan de Fuca Strait in American waters compared to Canadian (Figures 18-19), which 
may represent true differences in vessel number, or simply that a greater range of vessels are 
regulated to carry AIS transceivers in the US, and were within line-of-sight of the terrestrial 
receivers. However, another expansion of Canadian AIS carriage requirements came into effect 
on April 26, 2021, such that AIS Class A is now required for vessels at least 20 m in length (with 
the exception of pleasure crafts), tugs at least 8 m in length, and vessels carrying more than 50 
passengers (Government of Canada, 2020). This will provide a more complete picture of 
Canadian vessel presence and brings requirements closely in line with those already in force in 
American waters, allowing for more equitable comparisons of American and Canadian vessel 
traffic in the future. However, the exclusion of pleasure crafts from the expanded requirements 
results in a continued need for other means of quantifying recreational vessel traffic. 
Aerial surveys have the potential to provide valuable information to supplement vessel data 
collected via AIS. The aerial survey data shown in this study highlight the presence of smaller 
vessels in the study area, however, the data currently available have limitations in their 
application to this analysis. Again, these data are considered to be a minimal representation of 

https://www2.gov.bc.ca/gov/content/covid-19/info/
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vessel types not required to carry AIS transceivers, because the DFO Creel Survey overflights 
focus only on recreational fishing vessels and the NASP surveys avoiding areas of high vessel 
density. This highlights the unknowns about non-AIS vessel presence in both number and 
location. Further planned improvements, such as more accurate flight track recording and 
expansion of vessel types recorded by DFO Creel Survey overflights, will further add to these 
types of vessel presence analyses in addition to expansion of the vessel types required to carry 
AIS. 
Reduced representation of AIS vessel presence data between Port Renfrew and Sooke, 
especially in AIS Class B vessel data along the coast southeast of Port San Juan (Figure 19), 
corresponds to an area of reduced coverage by the AIS receivers, not necessarily a lack of 
vessels. Terrestrial AIS works on approximately line-of-sight coverage, where here the greater 
distance between base stations (Figure 1) and weaker signal in the Class B transceivers 
resulted in limited data reception. Although the data were checked for inaccuracies before use, 
they were also still subject to error or instrumentation failure (Aarsæther and Moan, 2009; 
McGillivary et al., 2009; Silber et al., 2010; Robards et al., 2016). 
The vessel noise model highlights the acoustic impact that AIS Class A commercial vessels 
have on the soundscape in the Salish Sea. The acoustic additions were considerable at all 
depths examined. The acoustic disturbance was greater in the upper 20 m or so, within the 
typical dive depths of SRKW (Baird et al., 2005). Data from DTags have shown foraging dives to 
be initiated at approximately 7.5 m depth, and dive depths were frequently limited to the upper 
30 m (Baird et al., 2003, 2005; Tennessen et al., 2019). Slow echolocation click use related to 
prey searching in the upper water column has been recorded for shallow dives (2.5-3.5 m), but 
maximum dive depth for prey capture has been recorded to exceed 150 m (Tennessen et al., 
2019). Resting and travelling behaviours also occurred within these shallower depths near the 
surface (Baird et al., 2003), and most other dives recorded for travelling were within the top 10 
m of the water column (Tennessen et al., 2019). Foraging SRKW will dive to depth following 
Chinook salmon (Oncorhynchus tshawytscha) prey, but typically these dives will not exceed 150 
m (Baird et al., 2003, 2005). These depths match what has been presented in this analysis 
(Figure 33). Diving to depth, the soundscape is more likely to be to be dominated by more 
distance noise sources, coming from vessel traffic in the outbound shipping lane (Vagle et al., in 
prep4). 
The SPL level of 110 dB has been suggested as a threshold value beyond which behavioural 
modifications may occur in SRKW (Hemmera Environchem Inc., 2014), with areas in the study 
area exceeding this level in both the observed and the model results. Changes in behaviour, or 
a transition from foraging to travelling in the presence of vessels (Williams et al., 2014), or 
abandonment of prey-rich areas would tax an already stressed population. Areas of Swiftsure 
Bank, Juan de Fuca Strait and Haro Strait are known foraging areas (Olson et al., 2018; 
Thornton et al., 2021bError! Bookmark not defined.) that also demonstrate elevated vessel presence. 
Prey detection and conspecific communication needed for prey sharing may also be impacted, 
as demonstrated by the vessel noise model’s application to the SRKW communication and 
echolocation ranges (Figures 35-36). It also demonstrated how noise can concentrate in areas 
due to the physical geographies of the inlets and waterways. 
The vessel noise models presented here represent the worst-case scenario for SRKW foraging 
or transiting the Salish Sea. First, the modelled values in all cases represent an overestimation 

                                                 
4 Vagle, S., Burnham, R.E., O’Neill, C., Yurk, H. Variability in anthropogenic underwater noise due to 
bathymetry and sound speed characteristics. Manuscript in preparation. 
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of the ambient noise values arising from vessel presence compared to that measured by the 
moorings (Table 5). The overestimate remained in the extrapolation to the representative 
frequencies of SRKW communication and echolocation. Iterative model refinements hope to 
address some of this overestimate in the future. Also, the vessel noise modelling does not 
assume any spatial, temporal, or comodulation masking release for SRKW (Erbe et al., 2016). 
Instead, the model depicts vessel presence to be consistent based on the transit numbers 
derived from the AIS data, and so is considered here as more of a chronic rather than transient 
input when considering vessel noise levels monthly. The model does not take into account 
whale location or the dynamics of calling, including directionality (Miller, 2006; Wellard et al., 
2020), or parameters of calls such as inter-pulse-interval (Lammers et al., 2004; Madsen et al., 
2005; Morisaka et al., 2011), which are altered to assist with localisation and particularly during 
prey capture. Instead, the maximum abiotic and ambient noise levels that might be experienced 
by a whale in all locations during anytime of the time period shown were depicted. These worst-
case scenarios were also used in Thornton et al. (2021bError! Bookmark not defined.) to further evaluate 
the noise levels present in the study area, and how they may alter the acoustics use of SRKW. 
It is assumed in the model results that there was no release mechanism from the masking 
noise, and that hearing, calling and sound reception is omnidirectional. Also, no directionally or 
change in amplitude in signal output either from the whale (e.g., Miller and Tyack, 1998; Miller, 
2002; Jensen et al., 2018) or vessels were included. 
The noise model was limited to AIS Class A vessels only. Inclusions of AIS Class B and 
recreational vessels to better represent all anthropogenic noise sources is an ongoing 
endeavour. Other sources of vessel noise, for example such as berthing from vessel 
maneuvering or at anchor, from the pump and generator, were not quantified here as they are 
not thought to be relevant to the vessels in the study area. 
The vessel-noise model used in this analysis is limited to about 500 Hz. Therefore, the 
necessary extrapolations to the higher frequency bands used by SRKW introduce significant 
uncertainties when using the present model outputs to evaluate impacts on SRKW (Table 3, 
Figure 3). However, work is presently underway to expand the modeling capability to better 
represent the 3D nature of the ocean landscape and to be able to demonstrate noise additions 
to at least 5 kHz, which will allow a more direct evaluation of the vessel noise impact on the 
soundscape at SRKW relevant frequencies. In addition, the model would benefit greatly from a 
means to account for Class B and non-AIS vessel presence. The addition from these vessel 
types is considerable, with their presence still underrepresented in the current analysis 
physically and acoustically. Killer whales vocalise and have demonstrated hearing sensitivity 
into the low frequencies (<1 kHz, Miller et al., 2006; Branstetter et al., 2017), but are presumed 
to have the most acute hearing capacity in the frequencies in which they vocalise. The acoustic 
additions from smaller vessels are more likely to fall into these higher frequency ranges. 
Together the interpretation of the soundscape components in the frequency ranges known to be 
used by SRKW informs our understanding of the whales’ appreciation of the sound field, the 
relative impact each component has, and the potential level of acoustic disturbance vessels 
present. Global increases in ambient noise levels in low-frequency ranges have been seen over 
the last fifty years, in the order of 10-12 dB re 1 μPa, coincident to the doubling of the global 
shipping fleet (Notarbartolo di Sciara and Gordon, 1997; Rolland et al., 2012). This is set to 
continue with cargo capacity predicted to triple, and vessel passage rate to double in the next 
20-years (Jasny, 2005). Models like the vessel noise model presented here could be used to 
predict the soundscape increases that might result from changes in shipping schedules and 
pressures. Noise emissions from vessels varies depending on ship size, class, engine type, hull 
design, propeller configurations, operating conditions, and speed of travel (Badino et al., 2012; 
McKenna et al., 2013; Lidtke et al., 2016; Veirs et al., 2016). Scenarios with alterations of one or 
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more of these factors could be modelled to determine the soundscape impacts before changes 
are made. Here a scenario of TMX tanker traffic being increased seven-fold was presented, in-
line with what has been predicted to occur as the Trans-Mountain pipeline expansion (TMX) 
project proceeds. The impacts of this increase in tanker traffic were found to occur mostly at 
Swiftsure Bank and the Port Renfrew and Jordan River moorings in Juan de Fuca Strait (Table 
6). 
Vessel noise models can also be used to evaluate the impact of potential reductions in traffic or 
actions taken to mitigate vessel noise. Measures undertaken by the Vancouver Fraser Port 
Authority’s Enhancing Cetacean Habitat and Observation (ECHO) program, for example, to 
reduce impacts to SRKW critical habitat include voluntary ship slowdowns and inshore lateral 
displacement for tug operators, designed to reduce vessel noise contributions and to shift 
vessel transits further from SRKW habitat, respectively. In addition, Transport Canada has 
implemented temporary vessel exclusion zones (Interim whale Sanctuary Zones, ISZs). These 
measures have shown more limited success principally because a lack of participation in the 
trial by AIS Class B and recreational vessels (Vagle and Neves, 2019; Vagle, 2020; Burnham et 
al., in review5). Vessel noise models, like that used in this report, could be used to identify the 
regions where measures like these might be most effective. The use of other operational 
mitigations, such as vessel convoys or greater restrictions in timing or routes of transit could 
also be explored by modeling to establish their potential benefit. The model may also be used to 
explore the benefits of retrofitting vessels or removing the oldest vessels in the fleet as part of 
source-based mitigation actions (Veirs et al., 2017; Burnham et al., in review5). 
The work presented here provides an insight into the level of anthropogenic noise resulting from 
vessels, in addition to the ambient natural noise levels. It also describes the patterns of physical 
presence of vessels. Coastal and on-shelf waters show greater variation in ambient noise levels 
compared to deeper more offshore sites, and are subject to a greater concentration of shipping 
and industrial activity (Urick, 1983; Jensen et al., 2011; Merchant et al., 2012). The wind and 
precipitation models helped to appreciate the additions and level of variation over time and 
space from these natural noise additions. The attempt to quantify AIS and non-AIS vessel 
traffic, and comparisons to the acoustic data, will help increase knowledge on vessel-derived 
noise. Considered together the components of chronic and more acute or transient noise 
sources, all overlapping in time in frequency, that form the soundscape in the Salish Sea at 
times when SRKW were most frequently present can be presented. There is increasing 
evidence that cetaceans perceive anthropogenic noise as a risk or form of threat (Tyack, 2008). 
Therefore, the results of these analyses can be used to examine how noise additions from 
natural and human-derived sources add to the frequency ranges used by SRKW, and initiate 
the discussion of how that might have implications in their ability to navigate, find prey and 
communicate with conspecifics. On a broader scale, acoustic and physical disturbance from 
vessels have been listed as main threats to the SRKW population. The results presented here 
add to the consideration of the impacts of vessel presence, and both the short- and long-term 
implications for acoustic masking of conspecifics’ calls or sound cues in fecundity and survival in 
an acoustically degraded habitat. 
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6. TABLES 

Table 1: Frequency ranges of acoustic metrics used in this analysis to describe changes and additions to 
the soundscape. 

Frequency range (Hz) Metric Description 

10-100,000 Soundscape, 
SRKW 

General ambient noise metric, range where 
behavioural change in SRKW may be observed if 
noise additions are present (Heise et al., 2017) 

500-15,000 SRKW Range for SRKW communication calls (Heise et al., 
2017) 

15,000-100,000 SRKW Echolocation range for SRKW (Heise et al., 2017) 

100-1,000 Vessel Vessel presence marker, excluding water 
turbulence (Merchant et al., 2012) 

57-71 Vessel  63 1/3 octave band (Merchant et al., 2012, 2015, 
EU's Marine Strategy Framework Directive) 

113-141 Vessel 125 1/3 octave band (Merchant et al., 2012, 2015, 
EU's Marine Strategy Framework Directive) 

10-100  Abiotic Low-frequency wind, wave and water turbulence 
(Merchant et al., 2012) 

4,9500-50,500 Vessel Representative of the 50 kHz signal used in depth 
sounders 

7,500-8,500 Abiotic  Correlated to wind speed (Vagle et al., 1990) 

19,500-20,5000 Abiotic Precipitation noise, centered around 20000 Hz 
(Vagle et al., 1990) 
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Table 2: Geoacoustic properties used to define the longitudinal and shear wave propagation of low 
frequency acoustic waves through the different sediment types present in the study area. λ is the 
wavelength of a given acoustic wave penetrating into the substrate. 

Sediment 
Type 

Density 
(dB/λ) 

P-wave 
speed (m/s) 

P-wave 
attenuation 
(dB/λ) 

S-wave 
speed (m/s) 

S-wave 
attenuation 
(dB/λ) 

Rocky 2200 2275 0.1 500 3.4 

Sandy 1900 1700 0.9 250 2.2 

Silt and Mud 1640 1550 0.8 125 1.2 

  



 

24 

Table 3: A list of vessel noise model and extrapolation inputs, the sources of the data, assumptions under 
which the data was applied and the sensitivity of the model to each of the inputs. 

Model Input Data Input Source Assumption Model sensitivity 
(approx.) 

Bathymetry 15 s arc, 300 m 
resolution 

Canadian 
Hydrographic 
Service, 2020 

Interpolated to 
model grid 

Low 

Sediment data Sediment type, 
on a 300m 
resolution 

Haggarty et al., 
2018 

Sediment type 
approximated 
into different 
zones  

High 

Geoacoustic 
sediment 
properties 

Low frequency 
(60-500 Hz) 
propagation of P 
and S waves 

Hamilton, 1980; 
Jensen et al., 
2011 

Properties tuned 
to fit acoustic 
observations 

High 

Water properties Temperature, 
salinity, wind 
data 

Live Ocean 
model, 
SalishSeaCast 
model 

Interpolated 
from 
hydrodynamic 
model grid to 
acoustic model 
grid 

Medium 

Water column 
properties 

40 vertical layers McDougall and 
Barker, 2011 

Variable layer 
thickness 

Low 

Acoustic 
transmission 
properties 

Acoustic 
frequency 
dependent 
absorption for 
pH value of 8 

Francois and 
Garrison, 1982 

Assumes 
constant pH 

Low 

Vessel source 
levels 

Derived source 
levels, 
considering 
SOG 

Veirs et al., 2016 
; Simard et al., 
2016 ; 
MacGillivray and 
Li, 2018 

- High 

Vessel presence Cleaned AIS 
vessel presence 
data. AIS Class 
A only 

CCG - High 
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Table 4: Periods of recording at each location for each summer month of analysis. Full represents data 
was recorded continuously for that month without interruption, otherwise the days of the month with 
recordings are indicated. Asterisks (*) indicate periods lost due to COVID-19 

Year  Month Swiftsure 
Bank 

Port 
Renfrew 

Jordan 
River 

Sooke Haro 
Strait 

Boundary 
Pass 

2018 May Full Full Full Full Full Full 

June Full 1-20 1-6, 9-30 Full Full Full 

July 1-29 None Full Full Full Full 

Aug. 17-31 19-31 Full Full Full Full 

Sept. Full Full Full Full Full Full 

Oct. Full Full Full Full Full Full 

2019 May Full Full Full 1-18, 31 Full Full 

June Full Full Full Full Full Full 

July Full Full Full Full Full 1-2, 18-31 

Aug. Full Full Full 1-9, 17-31 Full Full 

Sept. Full Full Full 1-7, 10,13-
15,17-30 

Full Full 

Oct. Full Full Full 1, 18-19, 
22-31 

Full Full 

2020 May None* None* 14-31* 14-31* None 12-31* 

June 21-30* 21-30* Full Full None Full 

July Full Full Full Full 16-31 Full 

Aug. Full Full Full Full Full Full 

Sept. Full Full Full Full Full Full 

Oct. 1-26 1-26 1-22 1-23 1-23 1-29 
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Table 5: Comparison between observed and simulated SPL from the vessel noise model at mooring 
locations for May 2018. Median (L5o) and 95th percentile/L5 exceedance level are shown. 

Mooring 
Location and 
approx. depth 
(m) 

Observed SPL 
(dB)125Hz, L50 
exceedance 
level 

Observed SPL 
(dB) 125Hz, L5 
exceedance 
level 

Percentage 
Error, L50 
exceedance 
level (%) 

Percentage 
Error, L5 
exceedance 
level (%) 

Swiftsure (70m) 80.46 100.44 8.10 1.79 

Port Renfrew 
(155m) 

85.25 96.36 1.17 4.00 

Jordan River 
(112m) 

85.40 99.23 4.78 1.05 

Sooke (163m) 88.90 101.83 2.89 1.72 

Haro Strait 
(224m) 

81.46 102.43 13.55 6.69 

Boundary Pass 
(181m) 

81.66 105.53 19.28 4.91 
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Table 6: Results of acoustic scenario modelling, showing the impact of higher TMX-related tanker traffic, 
and the percentage increases from the model results of current traffic levels. 

Location Mean Scenario SPL (dB) % increase in total vessel noise 

Swiftsure 85.71 0.82 

Port Renfrew 84.51 1.14 

Jordan River 87.62 0.90 

Sooke 89.40 0.36 

Haro Strait 88.48 0.60 

Boundary Pass 94.94 0.47 
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7. FIGURES 

 
Figure 1: The study area (bounded by a black box, 49.0°N, 125.5°W; 49.0°N, 123.0°W; 48.0°N, 125.5°W; 
48.0°N, 123.0°W) in the Salish Sea. The acoustic moorings (yellow circles), AIS receivers (red triangles) 
and shipping lanes (grey lines) are shown. SRKW critical habitat in Canadian waters (yellow shading) and 
American waters (pink shading) is also indicated. 
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Figure 2: One of the PAM moorings being deployed. Each mooring is equipped with four white floatation 
spheres to keep the moorings vertical on the sea floor and equipped with a dual set of acoustic releases 
for redundancy during recovery and held down by a 100 kg anchor. The hydrophone is positioned 2 m 
above the sea floor. 
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Figure 3: Knudsen curves relating wind speed (U) to deep water noise spectrum level used in the present 
analysis (black lines). Curves are shown for 3 different wind speeds. Also shown is the assumed 
frequency dependent spectrum level characteristics used to extrapolate modeled vessel noise at 125 Hz 
to higher frequencies associated with SRKW (red line). The three frequencies used in the analysis (125, 
10,000 and 50,000 Hz) are shown as vertical dotted lines 
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Figure 4: Example of method used to determine abiotic and anthropogenic acoustic additions to the 
soundscape with the SPL in the wind (8 kHz, blue) and rain (20 kHz, red) and commercial vessel noise 
(green) frequency ranges plotted for matching minute-wise minimum broadband (10 Hz to 100 kHz) 
ambient noise level for each hour of data. The number of the points from (a) are expressed as a 
proportion in (b) 
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Figure 5: Bottom substrate type defined in the model. Substrate type 1 (yellow) is rock, substrate type 2 
(green) is sand, and substrate type 3 (blue) is silt and mud. 
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Figure 6: Ambient noise levels averaged from recordings made May to October for each year. Noise 
exceedance levels L1, L50, L99, and the arithmetic mean Leq are displayed. Each year is represented by a 
colour whereby blue is 2018, red is 2019, and green is 2020. 



 

34 

 

Figure 7: Rhythm plots to compare exceedance levels L25, L50 and L75 of bimonthly sound pressure levels 
(SPLs) in vessel frequency ranges (57-71 Hz, 113-141 Hz) broadband soundscape (10-100000 Hz) and 
SRKW communication (500 Hz-15 kHz) and echolocation (15-100 kHz) ranges. Comparisons are made 
between years and mooring locations. 
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Figure 8: Comparison of exceedance levels L25, L50 and L75 of sound pressure levels (SPLs) for 
broadband soundscape and frequency ranges with the possibility to disturb SRKW behaviour (10-100 
kHz), communication (500 Hz-15 kHz) and echolocation (15-100 kHz) over days of the week made for 
Swiftsure Bank recordings from summer 2020. 
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Figure 9: Hourly SPLs in the SRKW communication (500 Hz-15 kHz) frequency range to compare 
ambient noise levels during a day, particularly between day and night. Time is expressed in UTC, with 
12:00-00:00 representing day, and 00.00-12:00 representing night for this analysis. 
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Figure 10: (a) The L99 exceedance levels for ambient noise levels of each site aggregated over May to 
September for 2018-2020 and (b) the use of a composite of L99 exceedance levels of ambient noise levels 
from Boundary Pass and Haro Strait as the ‘minimum ambient’ noise level. 

 
Figure 11: Soundscape composition, with proportions derived from the relationship between the SPL at 8 
kHz and 20 kHz against a Knudsen curve. Results were aggregated to give proportional soundscape 
additions by shipping (blue), wind (orange) rain (green) and unknown sources (red) monthly for the 
summers of 2018-2020 for Swiftsure Bank (a), Port Renfrew (b), Jordan River (c), Sooke (d), Haro Strait 
(e) and Boundary Pass (f). 
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Figure 12: Averaged summer wind speeds (m/s) in the Salish Sea derived from the SalishSeaCast NEMO 
model (Soontiens et al., 2016; Soontiens and Allen, 2017), displayed in bimonthly increments for 2018-
2020. 

 
Figure 13: Wind-noise derived additions at 10 kHz, to represent the SRKW communication band in 
bimonthly periods through the summer season aggregated for 2018-2020. 

 
Figure 14: Wind-derived acoustic additions at 50 kHz, to represent the SRKW echolocation band in 
bimonthly periods through the summer season aggregated for 2018-2020. 
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Figure 15: Averaged rainfall amounts (mm/hr) in the Salish Sea derived from the SalishSeaCast NEMO 
model (Soontiens et al., 2016; Soontiens and Allen, 2017), displayed in bimonthly increments for 2018-
2020. 

 

Figure 16: Diurnal comparison, using four 4-hour periods (00:00-04:00; 06:00-10:00; 12:00-16:00; 18:00-
22:00) to compare noise levels in the overall soundscape, SRKW communication and echolocation 
bands, and frequencies focused around 50 kHz. The same comparison was made for January (A) and 
August (B) 2020 to explore seasonality in the differences between day-night SPL. 
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Figure 17: Average daily presence (hours/day/km2) of AIS Class A large commercial vessels in the study 
area, for May to October, 2018-2020. This includes cargo vessels, tankers, ferries, and cruise ships. 
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Figure 18: Average daily presence (hours/day/km2) of AIS Class A (non-mandatory) small commercial 
and non-commercial vessels in the study area, May through October, 2018-2020. This includes tugs, 
fishing vessels, government/research vessels, recreational vessels, naval vessels and other vessel types. 
These vessels are generally not required to carry AIS and so are incompletely captured here. 
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Figure 19: Average daily presence (hours/day/km2) of AIS Class B vessels in the study area, May through 
October, 2018-2020. This includes recreational, small passenger, fishing, and coast guard vessels, tugs 
and other vessel types not required to carry AIS transceivers. 
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Figure 20: Average daily AIS vessel presence in the study area by month averaged across 2018-2020, for 
vessels making way (SOG > 1 knot). For large commercial vessels, AIS is generally mandatory, but for 
vessels labeled ‘Other’ it is not. 
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Figure 21: Relative composition of AIS Class A and AIS Class B vessel presence by type, in the study 
area, May through October, 2018-2020. AIS is generally mandatory for large commercial vessels (dark 
grey bars), but not for vessel types light grey bars. AIS Class A 'Other' vessels (mid-grey bar) represents 
large commercial vessels and other vessel types. The data were filtered to exclude vessels not making 
way (i.e. SOG < 1 knot). Only the top 10 Class A, and top 5 for Class B vessel types are shown, all others 
are represented as ‘Other’. 
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Figure 22: The change in average vessel presence (hours/day/km2) of AIS Class A large commercial 
vessels in 2020 compared to values for 2018 and 2019, expressed as a relative deviation. This includes 
cargo vessels, tankers, ferries, and cruise ships. 
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Figure 23: The change in average presence (hours/day/km2) of AIS Class A (non-mandatory) small 
commercial and non-commercial vessels in 2020 compared to values for 2018 and 2019, expressed as a 
relative deviation. This includes tugs, fishing vessels, government/research vessels, vessels, naval 
vessels and other vessel types. 
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Figure 24: The change in daily presence (hours/day/km2) of AIS Class B vessels in 2020 compared to 
values for 2018 and 2019, expressed as a relative deviation. This includes recreational, small passenger, 
fishing vessels, and coast guard vessel, tugs and other vessel types. 
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Figure 25: Average speed over ground (SOG) of AIS Class A and AIS Class B vessel presence by type in 
the study area, May through October, 2018-2020. AIS is generally mandatory for large commercial 
vessels (dark grey bars), but not for vessel types light grey bars. AIS Class A 'Other' vessels (mid-grey 
bar) represents large commercial vessels and other vessel types. The data were filtered to exclude 
vessels not making way (i.e. SOG < 1 knot). Only the top 10 Class A, and top 5 for Class B vessel types 
are shown, all others are represented as ‘Other’. 
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Figure 4: Average daily distance traveled by AIS Class A large commercial vessels in the Salish Sea, May 
through October, 2018-2020. This includes cargo vessels, tankers, ferries, and cruise ships. Distances 
were calculated from time and speed values. 
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Figure 27: Average daily distance traveled by AIS Class A (non-mandatory) small commercial and non-
commercial vessels in the Salish Sea, May through October, 2018-2020. This includes tugs, fishing 
vessels, government/research vessels, recreational vessels, naval vessels and other vessel types. These 
vessels are generally not required to carry AIS and so are incompletely captured here. Distances were 
calculated from time and speed values. 
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Figure 28: Average daily distance traveled by AIS Class B vessels in the Salish Sea, May through 
October, 2018-2020. This includes recreational, small passenger, fishing, and coast guard vessels, tugs 
and other vessel types. These vessels are generally not required to carry AIS and so are incompletely 
captured here. Distances were calculated from time and speed values. 
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Figure 29: Survey coverage of National Aerial Surveillance Program flights in the study area, April 
through September, in 2015-2017. Adapted from Serra-Sogas et al., (2018). 

 
Figure 30: Vessel sightings per unit effort for National Aerial Surveillance Program flights in the study 
area, April through September, in 2015-2017. Vessels transmitting AIS (AIS Vessels, Left) and vessels 
not transmitting AIS (Non-AIS Vessels, Right) were mapped separately. Areas with no survey effort are 
shown in white. Data are from Serra-Sogas et al., (2018). 
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Figure 31: Approximated survey coverage of DFO Creel Survey overflights in the study area, May through 
October, in 2018-2020. Only flights for which vessel sightings have been digitized were included. 
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Figure 32: Average count of vessels observed per DFO Creel Survey overflight in the study area, May 
through October, in 2018-2020. Areas with no survey effort are shown in white. 
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Figure 33: Example of vessel model output. The modelled SPL (95th percentile/L5 exceedance level) 
values at 4 representative depths (7.5, 20, 50 and 100 m) for May 2018. 
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Figure 34: Comparison between the Empirical PDF of observed and simulated SPL at different mooring 
locations in the domain for the month of May 2018. 
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Figure 35: Vessel noise additions in the SRKW communication range (500 Hz to 15 kHz) for the L95 (a), 
L50 (b), L5 (c) exceedance levels and the arithmetic mean Leq (d). 

 
Figure 36: Vessel noise additions in the 50 kHz range for the L95 (a), L50 (b), L95 (c) exceedance levels 
and the arithmetic mean Leq (d). 
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Figure 37: Track of additional (outgoing) TMX tankers. Starting point is marked with a blue circle.  
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