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Highlights





Four underwater active acoustic sensors were characterized at frequencies < 160 kHz
All sensors produced out-of-band acoustic emissions audible to marine mammals
Emissions should not cause a temporary hearing threshold shift in any marine mammal
Behavioral response is possible and should be considered in monitoring study design

Abstract
Active acoustic sensors are widely used in oceanographic and environmental studies. Although many
have nominal operating frequencies above the range of marine mammal hearing, they can produce outof-band sound that may be audible to marine mammals. Acoustic emissions from four active acoustic
transducers were characterized and compared to marine mammal hearing thresholds. All four
transducers had nominal operating frequencies above the reported upper limit of marine mammal
hearing, but produced measurable sound below 160 kHz. A spatial map of the acoustic emissions of
each sonar is used to evaluate potential effects on marine mammal hearing when the transducer is
continuously operated from a stationary platform. Based on the cumulative sound exposure level
metric, the acoustic emissions from the transducers are unlikely to cause temporary threshold shifts in
marine mammals, but could affect animal behavior. The extent of audibility is estimated to be, at most,
on the order of 100 m.
Keywords
Underwater acoustics; marine mammal hearing; active acoustic transducers; marine mammal
monitoring
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Introduction
Active acoustic sensors are used for a variety of scientific purposes, including fisheries stock assessment
(Fernandes et al., 2002; Simmonds and MacLennan, 2007), water current measurements (Thomson et
al., 2012; Vennell, 1994), hydrographic surveys (Lundblad et al., 2006; Wilson et al., 2007), and marine
mammal monitoring (Hastie et al., 2014; Lieber et al., 2017; Pyć et al., 2016; Wilson et al., 2007). The
operational frequencies used by these sensors are driven by many factors, including scattering physics,
acoustic attenuation rates, and study range. For example, in fisheries acoustics, lower frequency
instrumentation (< 100 kHz) that allows for sampling at ranges of hundreds of meters is often used,
while short-range imaging applications generally operate at higher frequencies. There are many
advantages to using active acoustics in lieu of optical or passive acoustic sensors: they can operate when
darkness, water conditions, or range may limit the use of optical cameras, and can detect marine
animals when they are not vocalizing. However, if transducers produce sound within the range of
marine mammal hearing, it may cause temporary or permanent hearing threshold shifts (NMFS, 2018)
or affect their behavior if they are attracted to or avoid the source (Hastie, 2012; Southall et al., 2019).
The US National Marine Fisheries Service (NMFS) provides technical guidance to assess the effects of
sound exposure on marine mammals, including definition of the hearing ranges of five groups of marine
mammals (Table 1). Further, NMFS recommends that the cumulative sound exposure level (SELcum) be
used to assess the risk of hearing damage from non-impulsive sounds, and that sonars be treated as
non-impulsive sources because their pulse durations are sufficient to reach a steady-state (NMFS, 2018).
SELcum uses an equal energy hypothesis and an auditory weighting function specific to each marine
mammal hearing group to assess the cumulative impact that a source has on a marine mammal over
time (Tougaard and Dähne, 2017). If SELcum exceeds a hearing group-specific threshold (Table 1), a
temporary threshold shift (TTS) in hearing may be expected. In extreme cases, a permanent threshold
shift may occur.
For many applications, active acoustic sensors are mounted to a moving vessel and deployed for short
periods. In this scenario, exposure levels for any individual animal will likely be low because an individual
animal is unlikely to remain within the ensonified area for a long period. However, when continuous
monitoring of a site is required, sensors may be operated for extended periods from a stationary
platform (e.g., monitoring of a tidal turbine, as in [Williamson et al., 2016]). In these cases, a more
careful consideration is required to evaluate exposure effects. If the source level of a transducer at
maximum power input is known, then it can be calculated at other power levels as
𝑆𝐿 = 𝑆𝐿𝑚𝑎𝑥 + 10 log10 (

𝑃

𝑃max

1

),

where SLmax, in dB re 1 μPa, is the source level (received level at a range of one meter) on-axis within the
beam at Pmax, the maximum transmit power, and SL, in dB re 1 μPa, is the source level at another
transmit power, P. SELcum for a receiver on-axis within the beam can then be calculated as
2

𝑆𝐸𝐿𝑐𝑢𝑚 = 𝑆𝐿𝑊 − 20 log10 𝑅 + 10 log10 𝜏 + 10 log10 𝑛 − 𝛼𝑅 ,
where SLW, in dB re 1 μPa, is the weighted source level calculated by applying the auditory weighting
function for a specific marine mammal hearing group to SL; R is the range, in meters, from the
transducer to the receiver; τ is the pulse duration, in seconds; n is the number of pulses within an
3

evaluation window; and 𝛼 is the coefficient of absorption, in dB/m. SELcum has units of dB re 1 µPa2-s.
Estimating SELcum when off-axis is more difficult as it requires either measurements of the beam pattern
or an analytical model based on the geometry of the transducer (Medwin and Clay, 1997). For fisheries
echosounders, if the nominal operating frequency lies within a marine mammal’s hearing range (Table
1), this calculation is straightforward because the source level, pulse duration, and beamwidth are
known through calibration (Demer et al., 2015).
If the nominal operating frequency is above a marine mammal’s hearing range, there may still be
acoustic emissions at lower frequencies (Deng et al., 2014; Hastie, 2012; Risch et al., 2017). This “out-ofband” sound can originate from sources such as “leakage” of the high-frequency signal to lower
frequencies or sound associated with switching between transmit/receive modes or other sonar
functions. Source levels for emissions at these frequencies, particularly as a function of position within
the beam, are often not well-characterized, and out-of-band emissions may vary over the nominal pulse
duration.
In this study, we characterize acoustic emissions from four active acoustic transducers: two multibeam
sonars (one with two operating frequencies) and an acoustic Doppler current profiler (ADCP). As
summarized in Table 2, the nominal operating frequencies of these transducers exceed the marine
mammal auditory range. Acoustic emissions below 160 kHz, the upper limit of marine mammal hearing
(NMFS, 2018), are characterized in the along-swath and across-swath directions. From these
measurements, SELcum is estimated throughout the sonar swath and the extent of audibility to each
marine mammal hearing group is estimated. Acoustic emissions from one of the multibeam sonars
(Tritech Gemini) have been previously characterized (Hastie, 2012) but are not presented in a manner
that would allow SELcum to be estimated. We are not aware of acoustic characterizations in the public
domain for the other multibeam sonar (BlueView M900-2250) or acoustic Doppler current profiler
(Nortek Signature 500). The methods presented in this paper can be used to assess other active acoustic
sensors in a manner that allows for effective comparison between transducers and for the results to be
used for environmental assessments.
Table 1: Hearing ranges and SELcum thresholds for TTS onset (SELTTS) for five marine mammal hearing groups (NMFS, 2018)

Group
Low-frequency cetaceans (baleen
whales)
Mid-frequency cetaceans
(dolphins, toothed whales, beaked
whales, bottlenose whales)
High-frequency cetaceans
(porpoises, Kogia, river dolphins,
Lagenorhynchus cruciger, L.
australis)
Phocid pinnipeds (seals)
Otariid Pinnipeds (sea lions and fur
seals)

Hearing range (kHz)
0.007 – 35

SELTTS (dB re 1 μPa2-s)
179

0.150 – 160

178

0.275– 160

153

0.050 – 86
0.060 – 39

181
199
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Table 2: Evaluated active acoustic sensors, their nominal operating frequencies, an estimate of the extent of their nearfield, and
their swath dimensions. Nominal operation frequencies and swath dimensions are specified by the manufacturers. The
dimensions for the Nortek Signature 500 are for a single beam (the sensor has five diverging beams with the same axisymmetric
beamwidth). Nearfield extent was estimated at the nominal operating frequency (Appendix A). Swath dimensions are also
specified at the nominal operating frequency and are not expected to match those of out-of-band measurements.

Type

Gemini 720is
Signature 500

500

Manufacturer Sensor

Teledyne
BlueView
Multibeam Sonar Tritech
Acoustic Doppler
Nortek
Current Profiler
Multibeam Sonar

Nominal
operating
frequency
(kHz)
900
2250
720

M900-2250

Nearfield
extent (m)
3.4
1.5
5
1.2

Alongswath

Acrossswath

130°

20°

120°

20°

2.9°

2.9°

Methods
Evaluation of acoustic emissions was performed in two phases. First, an initial evaluation of each
transducer was conducted to determine what, if any, sound it produced below 160 kHz at the center of
the swath (i.e., on-axis) and how that sound varied with transducer operating mode (e.g., intended
operating range, power level). Second, across-swath and along-swath sweeps were conducted for each
transducer at the operating mode associated with highest amplitude sound. All activities were
performed in Portage Bay, Seattle, WA (freshwater, approximately 21°C) on R/V Henderson, a 21-meter
steel-hull catamaran vessel. The water depth at the test site was 5.1 meters and the water was
quiescent, with no currents or waves. Two Ocean Sonics icListen HF hydrophones (0.01-200 kHz
frequency range, 512 kHz sample rate, standard GeoSpectrum hydrophone) were used to record sound
from each transducer. The icListen uses a sigma-delta converter that samples at 16 MHz. Data are lowpass filtered (cut-off frequency of 250 kHz) to prevent aliasing and decimated to a sampling rate of 512
kHz (personal communication, Mark Wood, Ocean Sonics Ltd.).
An in-situ calibration of the hydrophones was conducted to determine their respective sensitivities in
the direction of the active acoustic sources. The hydrophones were mounted in their measurement
positions on R/V Henderson and an F41 acoustic projector with a traceable calibration was mounted at
the same location as the active acoustic transducers under evaluation. Hydrophone sensitivities were
estimated from 20 to 150 kHz in 0.5 kHz steps. Because the F41 transducer does not produce calibrated
sound at frequencies below 20 kHz, sensitivities from 1 kHz to 20 kHz were taken from the manufacturer
calibration, and sensitivities from 0.001 to 1 kHz were taken from a third-party calibration by Ocean
Networks Canada. Although the calibrations conducted at Ocean Networks Canada did not account for
directionality, the manufacturer calibration suggests directionality is not significant at frequencies less
than 20 kHz. It was necessary to move the hydrophones between the two measurement phases, which
resulted in ±5° degree azimuthal uncertainty in their orientation.

5

Figure 1: Test configuration (plan view; not to scale). "A" represents the aft hydrophone, and "F" represents the fore
hydrophone. The blue swath represents the projection of a nominal swath from a transducer. The transducer and
hydrophones were positioned below the barge hulls.

For the first phase of testing, each active acoustic sensor was mounted to a hydraulic ram between the
hulls of the vessel, oriented towards the bow of the vessel, and lowered to a depth of 2.1 meters. The
transducers were below the catamaran hulls at this depth. The multibeam sonars were oriented such
that the along-swath direction was parallel to the water surface. The Gemini was mounted with a 10degree upward tilt to compensate for an internal 10-degree downward tilt. The Signature 500 was
oriented such that the center (i.e., “vertical”) beam was directly facing the hydrophone (all other beams
were disabled during testing). The hydrophones were mounted to rigid posts and lowered below the
hull of the vessel such that their transducers were at the same depth as the center of the beam. One
hydrophone was mounted 6.0 meters directly in front of the active acoustic transducer (“fore
hydrophone”) and one hydrophone was mounted 0.79 m directly behind the active acoustic transducer
(“aft hydrophone”) (Figure 1). The fore hydrophone was in the acoustic far-field of all transducers at
their nominal operating frequencies (see Table 2). Because the distance to the far-field is proportional to
frequency for a fixed aperture (Medwin and Clay, 1997), the near-field at the frequencies reported in
this paper (< 160 kHz) is expected to be smaller than the values presented in Table 2 (see further
discussion in Appendix A). The aft hydrophone was not positioned in the far-field of all transducers, so
source levels could not be calculated for this orientation. The test depth was fixed by the length of
hydrophone cable, and the distances from the active transducer were fixed by hardware mounting
points available on R/V Henderson.
As summarized in Table 3, both BlueView transducers (900 and 2250 kHz) were cycled through multiple
power settings. The range setting of the Gemini was varied instead of power level, as the Gemini
software (SeaTec) does not allow the power level to be adjusted. The Signature 500 was tested at its
maximum transmit power with only the center beam enabled to prevent reverberation from the
diverging beams, under the assumption that the other four beams have comparable acoustic
characteristics. Manufacturer defaults were used for all other settings. At least 60 pings were recorded
at each operating mode. The hydrophone data were monitored in real-time to avoid collecting data
when ambient levels were elevated due to intermittent anthropogenic noise (e.g., vessel traffic), and
data were collected at night when ambient noise was at a diurnal minimum. At least 30 seconds of
ambient noise (no transducer pinging) was recorded between each test of transducer operating modes.
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Table 3: Transducer operating modes. Note that the range setting indicates the sensor operating setting, not the range at which
received levels were measured.

Sensor

Operating mode

BlueView (2250 kHz)

BlueView (900 kHz)

Gemini

Signature 500

25% power level
50% power level
75% power level
100% power level
50% power level
70% power level
85% power level
100% power level
Default
Default
Default
Single beam,
Maximum power
level

Range setting
(m)
10
10
10
10
50
50
50
50
10
50
100
47

Pulse repetition
rate (Hz)
11.4
11.4
11.4
11.4
3.3
3.3
3.3
3.3
10
10
10
8

Table 4: Manufacturer-specified pulse duration at nominal operating frequency and estimated values from measurements.

Sensor
BlueView (2250 kHz)
BlueView (900 kHz)
10 meters
Gemini
50 meters
100 meters
Signature 500

Pulse duration (µs)
Manufacturer- Observed
specified
640
398
1,600
2,381
12.2
184
88.3
328
177
328
673
1,678
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Figure 2: Sample voltage time series data from on-axis measurement of the 2250 kHz BlueView at
100% power. a) Approximate ping events detected in filtered data using an amplitude threshold
(yellow circles). b) 20 ms window around one ping event, including the first arrival (yellow) and
subsequent multi-path arrivals. Only the first arrival is used for subsequent analysis. c) Ping
automatically detected using cross-correlation with the manually identified template signal. The
dashed blue line shows the lag values at peak cross-correlation in the window.

Individual pings were isolated from the hydrophone data to characterize the sound generated by a
transducer in a particular operating mode. For the first phase of testing, the first arrivals of 30 pings
were isolated for each operating mode. This was done using a semi-automated process. A spectrogram
of the recording window for each sonar mode was displayed to a human reviewer. From this, a relatively
“clean” portion of the time series (e.g., no passing vessel traffic) was selected for processing. The
reviewer then selected a frequency bin where the active transducer signal was clearly visible in the
spectra to create a bandpass filter centered at the selected frequency with a passband and stopband
that were 25 and 500 Hz wide, respectively. This filter was then applied to the voltage time series, and a
threshold was manually selected to identify the approximate time of each ping in the filtered data, as
shown in Figure 2a. All subsequent analysis was performed on the original, unfiltered data.
A 2 ms time window around an identified ping was then displayed, and the reviewer manually selected
the start and end time. This produced a “template ping” used to isolate other pings in the time series. As
shown in Table 4, the pulse durations of the pings observed in the measurements did not match the
manufacturer-specified pulse durations. The discrepancy is likely because the manufacturer-specified
pulse durations apply to the operating frequency of each instrument, while these measurements are
limited to the bandwidth of the hydrophones.

8

The template ping was used to isolate pings at each of the identified points in the filtered data using
cross-correlation. The time window with the highest cross-correlation with the template ping was
identified, and the lag value at the peak cross-correlation was taken to be the start of that ping, as
shown in Figure 2c. After automatic detection, each ping was manually reviewed to ensure that the
beginning of the ping was accurately located. Because surface reflections resulted in multiple arrivals of
each ping (Figure 2b), the ping was shown to the reviewer in the context of the time series to ensure
that only first arrivals were included in subsequent analysis. The same template ping was used for
transducer operating modes expected to have the same ping profile (e.g., the same transducer
operating at 50% and 100% power level). A representative ping from each transducer, received by the
fore hydrophone, is shown in Figure 3.

Figure 3: Representative on-axis pings from each transducer. For visualization, data are normalized by the peak
absolute pressure in each time-series. 100% power modes are shown for both BlueView transducers, and both 10
and 100-meter operating ranges are shown for the Gemini. The structure of the pings were approximately constant
with varying power level for both BlueView transducers, as well as for the 50 and 100-meter range modes for the
Gemini. Note that the time scale varies between plots because of varying ping duration.

The first arrivals of pings in the aft hydrophone data were automatically isolated by shifting the time
window for each detected ping by the time difference of arrival between the two hydrophones using an
estimated sound speed of 1486 m/s (Marczak, 1997) and the separation distance from the forward face
of the transducer.
The frequency content of each ping was calculated using a discrete Fourier transform (DFT). Because of
the short pulse duration (300-2000 μs), a window length equal to the size of the longest ping (the 900
kHz BlueView, at 1219 points) was used and a periodic Blackman taper applied. For pings with a pulse
duration shorter than the window length, the data were zero-padded after tapering. This yielded the
mean-square sound pressure, p2(f), in units of Pa2/Hz with a frequency resolution of 420 Hz. The median
and interquartile range of p2(f) were calculated for the 30 identified pings.
Fifteen seconds of ambient data were processed using the same approach as the ping data to allow
sound during a ping to be compared to ambient noise. The mean-square sound pressure spectral density

9

(PSD) of each ping, in dB re 1 µPa2/Hz, was calculated by subtracting the ambient mean-square sound
pressure spectrum recorded closest to each ping, pa2(f):
𝑝2 (𝑓)−𝑝𝑎2 (𝑓)
).
2
𝑝𝑟𝑒𝑓

3

𝑃𝑆𝐷ℎ (𝑓) = 10 log10 (

PSDh(f) is the PSD measured at the hydrophone, and p2ref is the reference pressure (1 μPa2/Hz).
Fluctuations in ambient sound pressure did not contribute significantly to ping-to-ping variations in
PSDh(f). Figure 4 compares the interquartile range of a 15-second window of ambient PSD recorded
before each transducer was tested to the PSD measured immediately before each detected ping. This
demonstrates that ambient PSD did not vary significantly during testing. The peak in the ambient PSD at
50 kHz is likely associated with depth sounders from a nearby marina. Because pings that contained the
50 kHz signal were discarded during manual review, this means that PSDh(f) is slightly over-corrected at
this frequency. However, this is of limited consequence, as ambient PSD is at least a 10 dB below the
source PSD of the active transducer pings for most frequencies (see Figure 5).

Figure 4: Variations in ambient sound during testing for each transducer. The grey shaded region depicts the interquartile
range of the ambient PSD calculated for 15-second recordings before the test window. The colored lines indicate the median
PSD calculated for the 3.9 ms (2000 points) preceding each detected ping.

PSDh(f) for the first arrival was extrapolated to the PSD at the source (received levels at a range of 1
meter) as:
4

𝑃𝑆𝐷(𝑓) = 𝑃𝑆𝐷ℎ (𝑓) + 20 log10 𝑅ℎ .
PSD(f) is the source PSD, in dB re 1 μPa2/Hz, and Rh is the range to the hydrophone (6 meters). Given
that measurements were made in freshwater with a relatively short path length, absorption is negligible
(𝛼≈0). Specifically, absorption is approximately 5.4 dB/km in freshwater at 21°C with a pH of 7.5 at the
measurement depth of 2.1 m, or 0.03 dB over the 6 meter measurement distance (Francois and
Garrison, 1982a, 1982b), which is negligible in comparison to measurement accuracy. As previously
10

discussed, a receiver at 1-meter range is in the far-field for all transducers at 160 kHz except the Gemini,
which has an estimated nearfield range of 1.1 meters at this frequency (see Appendix A).
PSD(f) can be inverted to yield a source pressure distribution as:
2
𝑝𝑠2 (𝑓) = 𝑝𝑟𝑒𝑓
10

𝑃𝑆𝐷(𝑓)⁄
10 .

5

Decidecade source levels (ISO/TC 43/SC 3 Underwater Acoustics, 2017), equivalent to one-third octave
band source levels, were calculated as:
𝑓 𝑝𝑠2 (𝑓)
𝑑𝑓 ).
2
1 𝑝𝑟𝑒𝑓

𝑆𝐿𝑑𝑑𝑒𝑐 (𝑓) = 10 log10 (∫𝑓 2

6

where f1 and f2 are the upper and lower frequencies of the band, respectively, and SLddec(f) is in dB re 1
µPa.
The active acoustic sensors were rotated by the hydraulic ram to characterize variation in sound level in
the across-swath and along-swath axes for the multibeam sonars, and across the beam of the Signature
500 (see Figure 1). To do this, the transducers and hydrophones were initially mounted in the same
configuration as in the first phase of testing. The multibeam sonars were rotated 360 degrees in a
clockwise direction, pausing every 5 degrees to record at least 30 pings. The ram was positioned with
0.02-degree precision. Within 10 degrees of the manufacturer-specified edge of the sonar swath, the
angular resolution was doubled to 2.5 degrees to ensure that the edges of the swath were wellresolved. This test was repeated with the sonar swaths oriented parallel and perpendicular to the
seafloor to characterize along-swath and across-swath variation, respectively. An error in hydrophone
data acquisition resulted in a loss of data between 20o and 35o for the Gemini across-swath sweep
(outside of the nominal swath width). Because the Signature 500 beam is relatively narrow compared to
the multibeam sonars swaths, 1-degree resolution was used for the Signature 500, with the resolution
increased to 0.5 degrees within one degree of the edge of the beam (the ram was positioned with 0.01degree precision). The Signature 500 beam pattern was assumed to be axisymmetric (Medwin and Clay,
1997), so only one orientation was tested. The raw Signature 500 beam pattern showed the peak in
received levels shifted 0.5 degrees to the right. However, it was assumed that this shift was due to
inaccuracy in positioning the Signature 500 on the hydraulic ram, and reported values were shifted so
that the peak received level is at zero degrees rotation.
For these measurements, pings were detected in the time series data by the peak cross-correlation with
the template ping. If fewer pings were detected than anticipated (e.g., near the edge of the swath as
received levels decreased), a bandpass filter was applied to attempt to isolate pings in the data,
following the methodology used to isolate pings in the on-axis measurements. Additionally, when the
ping structure was observed to change within the swath, the reviewer was able to update the template
ping (maintaining the same pulse duration). All pings were manually reviewed to ensure accuracy in ping
selection. Ten pings were selected for analysis at each angular position, and PSD(f) and ps2(f) were
calculated for each ping at each position using equations 3-5.
The source level (SL) of each ping, in dB re 1 µPa at 1 m, was calculated from measurements as:

11

7
𝑝𝑠2 (𝑓)
𝑑𝑓
).
2
𝑝𝑟𝑒𝑓
0
SL for each angular position was defined as the median SL of the 10 pings at that position, calculated in
pressure-squared space.
160 𝑘𝐻𝑧

𝑆𝐿 = 10 log10 (∫

Finally, the PSD at each angular position was used to estimate SELcum for each marine mammal group as
a function of range and direction from the transducer. The auditory weighting function for each marine
mammal hearing group, W(f), was applied to the PSD for each position in the across-swath and alongswath sweeps to produce a weighted PSD, PSDW. W(f) was applied in log-space as:
8

𝑃𝑆𝐷𝑊 (𝑓) = 𝑊(𝑓)𝑃𝑆𝐷(𝑓).
A weighted source level, SLW, in dB re 1 µPa, was then calculated as:
160 𝑘𝐻𝑧

𝑆𝐿𝑊 = 10 log10 (∫0

10

𝑃𝑆𝐷𝑊
10

9

𝑑𝑓 ).

These weighted SLW values were used to calculate SELcum, in dB re 1 µPa2-s, at each angle and range, R, in
meters, from the transducer by applying Equation 2. The number of pulses, n, varies with the exposure
time, T, as:
10

𝑛 = 𝑇𝑟
where r is the pulse repetition rate, in pulses per second, and T is time in seconds. For example, the
2250 kHz BlueView had a pulse repetition rate of 11.4 Hz with an observed pulse duration of 398 µs.
After T = 1 minute within the sonar swath, a marine mammal would be exposed n = 684 pings.
Calculation of SELcum was repeated for exposure times from 0 to 104 minutes (approximately 7 days) and
for ranges from 1 to 20 meters. It was assumed that an animal makes no auditory recovery between
pings (NMFS, 2018), and the absorption coefficient, 𝛼, was calculated for representative conditions in
seawater (10°C, 35 psu, pH 8) at a depth of 10 meters. We note that these calculations assume an
unobstructed acoustic path between source and receiver and neglect boundary interactions. In other
words, these results would be accurate for a downward looking sonar in relatively deep water, but in
shallower water or other sonar orientations, site-specific propagation modeling would be necessary to
estimate the propagation loss. Results are presented in terms of the percentage of the TTS threshold
𝑆𝐸𝐿

(SELTTS in Table 1) that is exceeded at a given position and exposure time ( 𝑆𝐸𝐿𝑐𝑢𝑚, calculated in pressure𝑇𝑇𝑆

squared space). In addition, the exposure time, TTTS, that an animal would need to spend at a given
location in the sonar swath before exceeding SELTTS was calculated. The tables contained in NMFS (2018)
were used for auditory weighting functions and TTS exposure thresholds.
Finally, PSD(f) was used to estimate the maximum ranges at which marine mammals might be able to
detect the sound produced by each sonar using the composite audiograms for each marine mammal
hearing group derived in (NMFS, 2018) and representative ambient noise levels at sea state one (Wenz,
1962). A simple propagation model was used to predict the received level at varying ranges from the
sonar:

12

𝑅𝐿 = 𝑃𝑆𝐷(𝑓) − 20 log10 𝑅 − 𝛼(𝑓)𝑅.

11

We assume that integration times play no role in audibility to provide a conservative estimate of hearing
ranges (Erbe et al., 2016). This calculation was repeated for the PSD measured at each angular position
within the beam. The absorption coefficient for each frequency, 𝛼(𝑓), was calculated for representative
conditions in seawater (10°C, 35 psu, pH 8) at a depth of 10 meters, the same conditions used for SELcum
calculations. The sonar was considered to be no longer audible at the range where received levels at all
frequencies and at all points in the beam fell below either the animal’s hearing threshold or the ambient
noise level. Because of the relatively low ambient noise levels, animal hearing thresholds were the
determining factor in audibility for all frequencies and marine mammal hearing groups.
Results
Acoustic Characteristics
Figure 5 shows the median source PSD and SLddec at 1 meter range from the transducer for pings
measured by the fore hydrophone for each sonar operating mode at the center of the swath. The
dashed, black line in each plot shows the ambient noise level during the test. All three sonars produced
measurable sound within the range of marine mammal hearing in front of the transducer. For both
BlueView transducers, the amplitude of the sound decreased non-linearly with power level setting,
though the frequency content was independent of power level. For example, for the 2250 kHz
transducer, the decrease in source PSD from 75% to 50% power is smaller than the decrease from 50%
to 25% (average decreases of 4 dB and 8 dB, respectively), but the source PSD for the 75% and 100%
power modes are similar. The same trend is observed for the 900 kHz BlueView transducer. This nonlinear relationship between power level and source level is consistent with Equation 1.
The BlueView (both transducers) and Gemini also produced low-amplitude sound within the range of
marine mammal hearing behind the transducer (aft hydrophone), most significantly for the 2250 kHz
BlueView. As with the fore measurement, PSD increased with power level for both BlueView
transducers. For the Gemini, the 50-meter and 100-meter range modes again had similar PSDs, while the
10-meter range was not detectable above ambient noise behind the transducer. The Signature 500 also
was not detectable behind the transducer. For all transducers, the received PSD behind the transducer
(0.79 m range) did not exceed 20 dB above the ambient levels at any measured frequency.
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Figure 5: Median mean-square sound pressure spectral densities measured at the center of the sonar swath or Signature 500
beam for each transducer mode. The left-hand column shows the estimated PSD at one meter range from the transducer,
and the right-hand column shows decidecade sound pressure levels at the same range. The shaded region indicates the
interquartile range for all pings, and the dashed line indicates the ambient noise level recorded closest to each test.
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Beam Patterns

Figure 6: Median source level (unweighted, 0-160 kHz band) for ten pings recorded with the fore hydrophone at each
orientation. The left-hand column shows the along-swath levels and the right-hand column shows the across-swath levels.
The grey shaded region indicates the nominal swath or beamwidth of each transducer at the nominal operating frequency,
and the colored shaded region indicates the interquartile range for the source level. The black dashed line indicates the
ambient received level at the time of recording. The deviations between along-swath and across-swath measurements at 0°
are most likely attributable to alignment error in positioning the transducers (see Experimental Repeatability section).

Figure 6 shows the across-swath and along-swath variations in SL (Equation 7) for each sonar at the
operating mode corresponding to the maximum SL. The dashed line indicates the median ambient level
closest to the time of recording. Several observations can be made. First, for the BlueView and Gemini,
SL at the edge of the nominal swath is lower in the along-swath direction, and rolls off more quickly
outside of the nominal swath in the along-swath direction than in the across-swath direction. Second,
distinct trends can be observed in the beam pattern of each instrument. For the Signature 500, the
center is the highest-amplitude point and SL rolls off towards the edge of the beam. As a consequence
of increased transducer complexity in the along-swath direction, the Gemini and BlueView have greater
variability. For the Gemini, the maximum SL is observed near the edge of the swath. For the BlueView
2250 kHz, there are local maxima in SL throughout the swath, likely because three synchronized
transducers are used to produce a single acoustic image. Asymmetry in the beam pattern is likely due to
angular positioning error in sensor mounting (e.g., -5° and 5° were not equidistant from the center axis)
and the relatively coarse resolution in across-swath and along-swath sweeps, such that sharp gradients
within the swath may not have been resolved.
15

Experimental Repeatability
Because the test set-up did not allow for precise sonar alignment, there is some inter-test variability. For
example, the BlueView was removed and re-mounted to the hydraulic ram between the along-swath
and across-swath characterization. This resulted in an increase in estimated SL at the beam center in the
vertical measurements. This indicates that the zero-degree position in the along-swath direction was
not perfectly aligned with the corresponding zero-degree position in the across-swath position.
Similarly, the source PSD curves reported for the different operating modes are at the nominal beam
center in the across and along swath direction. This suggests that the measurements are sensitive to the
precise position in the beam and that some results here may slightly under-report the peak values
within the swath. More precise measurements could be obtained by a rigid mounting system directly
coupling the active acoustic sensor to the hydrophone.
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Cumulative Sound Exposure Level

Figure 7: Percent of 𝑆𝐸𝐿𝑐𝑢𝑚 TTS threshold for high-frequency cetaceans, as a function of time and range from the sonar. The
black line indicates TTTS, the time at exceedance of the TTS threshold for a high-frequency cetacean in the portion of the
swath with the highest source level.

Figure 7 shows the percentage of SELTTS as a function of range and time spent at the angular position
within the swath/beam with the maximum SL. We emphasize that these results are for a case in which
boundary interactions are negligible. Results are only shown for high-frequency cetaceans, because they
were the only one of the five NMFS marine mammal hearing groups that exceeded the TTS threshold
within T = 1 day of exposure (the maximum integration time recommended for a continuous source
[NMFS, 2018]). Of the sonars tested, the Gemini could cause a temporary threshold shift in highfrequency cetaceans first, at approximately T = 2.6 hours at 1 meter from the sonar. For context, at a
range of 1 m, the Gemini swath is only 35 cm in the along-swath direction, and therefore an animal
larger than the ensonified area would need to remain stationary for 2.6 hours before experiencing TTS.
The Signature 500, 2250 kHz BlueView, and 900 kHz BlueView would exceed the TTS threshold at 1meter range at approximately 6.1, 8.3, and > 24 hours of exposure, respectively.
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Figure 8: The exposure time, 𝑇𝑇𝑇𝑆 , before the NMFS 𝑆𝐸𝐿𝑐𝑢𝑚 threshold for high-frequency cetaceans is
exceeded as a function of position relative to the transducer. All transducer swaths are shown to the
same scale. The black line indicates where 𝑇𝑇𝑇𝑆 exceeds 24 hours. a) and b) show the along and acrossswath direction of the 2250 kHz BlueView, respectively, c) and d) show the along and across-swath
directions of the Gemini, respectively, and e) shows the symmetrical swath of the Signature 500. The 900
kHz BlueView is not shown because 𝑇𝑇𝑇𝑆 exceeds 24 hours at all ranges and positions. As for Figure 6,
the disparity between TTTS in the across- and along-swath orientations for the BlueView is most likely a
consequence of a minor alignment error.

While all four of the transducers produced measurable sound within the range of marine mammal
hearing, the SELcum metric indicates that in an operational context, these transducers are unlikely to
affect hearing sensitivity for any of the five marine mammal hearing groups when operated continuously
from a stationary platform. Figure 8 shows the time, TTTS, that a high-frequency cetacean would need to
spend at a given point in the sonar swath before TTS is expected. The black line indicates the range
where TTTS is equal to 1 day. The region of the swath where TTTS would be expected within 24 hours is
less than 3 m for all sonars. For the Gemini, the transducer with the highest amplitude out-of-band
emissions, the ensonified volume where SELcum exceeds the TTS threshold within one day is less than 5
m3. Even when considering that the Signature 500 is typically operated with 4 or 5 diverging beams, the
comparable volume is less than 0.03 m3 because the individual beams are relatively narrow. While we
have only presented the cumulative sound exposure level for the most sensitive marine mammal
hearing group, the supplemental material can be used to calculate the cumulative sound exposure level
for any of the five marine mammal hearing groups at any point in the beam when surface reflections are
negligible.
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Audibility to Marine Mammals
Because the sound produced by these sonars is likely to be audible to marine mammals, is it possible
that behavioral changes could occur, even when SELcum is below the TTS threshold. Consequently, if
active acoustic sensors are used for environmental monitoring of marine mammals, the potential for
animal behavior to be affected by sonar emissions should be considered during study design and when
interpreting results.
Table 5: Maximum range, in meters, at which a marine mammal from each hearing group may be able to detect each sonar.

Sensor
BlueView (2250 kHz)
BlueView (900 kHz)
Gemini
Signature 500

Lowfrequency
cetaceans
82.5
41.0
20.0
61.5

Midfrequency
cetaceans
27.0
12.0
29.5
33.0

Highfrequency
cetaceans
53.0
34.0
108.5
68.0

Otariid
pinnipeds

Phocid
pinnipeds

9.5
3.5
4.5
7.0

52.0
14.0
21.5
30.0

Table 5 lists the maximum range at which a marine mammal from each hearing group might be able to
detect each sonar, given hearing thresholds and relatively low ambient noise. The Gemini could be
audible to high-frequency cetaceans up to a range of 108.5 meters, the longest range at which any of
the tested sonars might be detectable by a marine mammal. Counterintuitively, both BlueView
transducers and the Signature 500 are audible to low-frequency cetaceans at a longer range than to
mid-frequency cetaceans, and, in the case of the BlueView transducer, at a longer range than to highfrequency cetaceans. This can be attributed to the peaks in source level observed at low frequencies (<
20 kHz) for these transducers (see Figure 5). At these frequencies, the composite audiograms for lowfrequency cetaceans suggest a higher sensitivity than for mid-frequency or high-frequency cetaceans.
Further, we note that, for some hearing groups, the maximum range of audibility is similar to, or
exceeds, the functional range of some of the multibeam sonars. In other cases, the maximum range of
audibility is a small fraction of the sonar range.
These estimates are consistent with a previous study (Hastie, 2012) which showed that harbor porpoises
(a high-frequency cetacean) changed their surfacing patterns in a pool when a Gemini was operated, out
to a range of 40 m. Because audibility is necessary, but not sufficient to cause behavioral change, the
values in Table 5 should be taken as conservative estimates of the maximum range for potential changes
in behavior. Further, the ambient noise levels in coastal environments, such as a marine energy site,
would likely be higher than those considered here, resulting in reduced hearing ranges, and we
recommend that a site-specific propagation be used to evaluate hearing ranges for specific conditions.
For example, Hastie, (2012) estimated that the Gemini could be audible to harbor porpoises (a high
frequency cetacean) to a range of only 60 meters at a tidal energy site.
Conclusions
The active acoustic transducers characterized in this study all have nominal operating frequencies above
500 kHz. While all of the transducers produced out-of-band sound audible by marine mammals (i.e., at
frequencies less than 160 kHz) at some range, cumulative sound exposure levels are unlikely to cause
hearing threshold shifts for any marine mammal group. If acoustic emissions could be a confounding
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factor for a behavioral study, we have shown that these may be decreased by adjusting the sonar
operating mode. Overall, out-of-band sound should be considered when sonars are used to study
marine mammals, but the measurements presented here show that these instruments should not raise
regulatory concerns under current NMFS guidelines (2018).
Supplemental Material
The values of the PSD at the hydrophone (PSDh) measured at each angular position reported in this
paper are contained in a Microsoft Excel spreadsheet that has been published on Mendeley Data. PSDh
is calculated using Equation 3 and can be used determine SELcum for any marine mammal exposed to the
signal using the methods outlined in this paper or adjusted using range-dependent propagation losses
and absorption for site-specific studies. All values are in dB re 1 μPa2/Hz.
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Appendix A
The nearfield extent of a line array transducer (used in both the BlueView and Gemini multibeam
sonars) can be estimated by
𝑟=

𝐿2
,
𝜆

where r is the extent of the nearfield, in meters, L is the length or aperture of the transducer, in meters,
and λ is the wavelength of the measured sound waves (Medwin and Clay, 1997). Substituting 𝑓 = 𝑐𝜆,
where f is the measured frequency, in Hz, and c is the speed of sound, in m/s,
𝐿2 𝑓
.
𝑐

𝑟=

This equation is used to estimate the nearfield extent at both the transducer nominal operating
frequency and the highest measured frequency (160 kHz) for the BlueView and Gemini in Table 6. For
the Gemini, the manufacturer provided the nearfield extent estimate at the nominal operating
frequency rather than the transducer aperture. This value was used to estimate the transducer aperture
for the calculation at 160 kHz.
Medwin and Clay (1997) also provide an estimate for the nearfield of a circular piston transducer:
𝑟=

𝜋𝑎 2
,
𝜆

which can be equivalently expressed as
𝑟=

𝜋𝑎 2 𝑓
.
𝑐

The latter equation is used to estimate the nearfield of the Signature 500 in Table 6. An estimated speed
of sound of 1486 m/s (Marczak, 1997) is used for all calculations. Because the nearfield extent is
proportional to the measured frequency, the nearfield extent for frequencies less than 160 kHz will be
smaller than the values reported in Table 6.
Table 6: Manufacturer provided information and calculation of nearfield extent estimations for each transducer at its operating
frequency and at the highest frequency reported in this paper (160 kHz) based on Medwin and Clay, (1997).

Instrument

Manufacturer provided
information

BlueView (900 kHz)

Transducer aperture, L =
0.075 m
Transducer aperture, L =
0.032 m
Nearfield extends 5 meters
from transducer at
operating frequency
Circular piston transducer
with a = 0.033 m radius

BlueView (2250 kHz)
Gemini (720 kHz)

Signature (500 kHz)

Nearfield extent at
operating frequency
(m)
3.4

Nearfield
extent at 160
kHz (m)
0.61

3.4

0.11

5

1.1

1.2

0.37
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