
The influence of temporally varying noise from seismic air guns
on the detection of underwater sounds by sealsa)

Jillian M. Sillsb)

Institute of Marine Sciences, Long Marine Laboratory, University of California Santa Cruz,
115 McAllister Way, Santa Cruz, California 95060, USA

Brandon L. Southall
Southall Environmental Associates (SEA), Incorporated, 9099 Soquel Drive, Suite 8, Aptos,
California 95003, USA

Colleen Reichmuth
Institute of Marine Sciences, Long Marine Laboratory, University of California Santa Cruz,
115 McAllister Way, Santa Cruz, California 95060, USA

(Received 14 August 2016; revised 6 December 2016; accepted 10 January 2017; published online
22 February 2017)

Standard audiometric data are often applied to predict how noise influences hearing. With regard to

auditory masking, critical ratios—obtained using tonal signals and flat-spectrum maskers—can be

combined with noise spectral density levels derived from 1/3-octave band levels to predict signal

amplitudes required for detection. However, the efficacy of this conventional model of masking
may vary based on features of the signal and noise in question. The ability of resource managers to

quantify masking from intermittent seismic noise is relevant due to widespread geophysical explo-

ration. To address this, spotted and ringed seals with previously measured critical ratios were

trained to detect low-frequency tonal signals within seismic pulses recorded 1 and 30 km from an

operational air gun array. The conventional model of masking accurately predicted the extent of

masking only in certain cases. When noise amplitude varied significantly in time, the results sug-

gested that detection was driven by higher signal-to-noise ratios within time windows shorter than

the full signal duration. This study evaluates when it is appropriate to use average noise levels and

critical ratios to predict auditory masking experienced by marine mammals, and suggests how

masking models can be improved by incorporating time-based analyses of signals and noise.
VC 2017 Acoustical Society of America. [http://dx.doi.org/10.1121/1.4976079]
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I. INTRODUCTION

Marine mammals rely on the efficient reception and

processing of sound to obtain information about their

underwater environment. Background noise can mask bio-

logically meaningful signals, thereby interfering with an

individual’s ability to effectively orient and navigate, for-

age, communicate with conspecifics, or detect and avoid

predators (Erbe et al., 2016). While hearing can be limited

by both natural and anthropogenic noise, auditory masking

of sounds by anthropogenic sources is of particular concern

for marine mammals. Noise associated with human activi-

ties—including commercial shipping, military operations,

and oil and gas development—has increased in recent deca-

des throughout many of the world’s oceans (e.g.,

McDonald et al., 2006; Hildebrand, 2009). Given continued

expansion of noise-generating activities into marine envi-

ronments, particularly into many previously undisturbed

Arctic regions, the ability to accurately predict masking

experienced by marine mammals is needed to inform effec-

tive management practices.

Critical ratios obtained using narrowband signals and

continuous, spectrally flattened (Gaussian) noise provide a

useful first approximation for understanding the effects of

noise on hearing. Critical ratios are conventionally measured

from subjects in the laboratory as the difference (in dB)

between the sound pressure level (SPL) of a just-audible tonal

signal and the spectral density level of a broadband, flat-

spectrum noise masker centered at the signal frequency

(Fletcher, 1940). Historically, critical ratio measurements

have been used to infer frequency-processing characteristics

of auditory systems. However, while they have been applied

to estimate the frequency bandwidths of auditory filters (i.e.,

critical bandwidths), this approach has been shown to be inac-

curate in many cases (e.g., Fletcher, 1940; Southall et al.,
2003; Yost and Shofner, 2009). Although critical ratios appar-

ently cannot be used to directly determine critical bandwidths,

they describe the frequency tuning of the auditory system and

its ability to detect sounds embedded within noise.
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In practice, critical ratios are often used to predict how

noise masks detection of biologically relevant sounds (see

Erbe et al., 2016). By adding the critical ratio at a particular

frequency to the noise spectral density level calculated from

the surrounding 1/3-octave band, one can estimate the lowest

detectable level of a tonal signal in a given noise environ-

ment. This approach—derived from the power spectrum

model of masking (Moore, 1993)—is referred to here as the

conventional model of masking. The model relies on the

assumptions that (1) the auditory periphery behaves as a

series of linear bandpass filters, with sound detection driven

by an energy detector at the output of a single auditory filter,

(2) each auditory filter has a functional bandwidth that is

approximately 1/3-octave wide, and (3) fine-scale spectral

and temporal variations in noise can be largely ignored. This

type of model has been applied to predict the degree of

masking experienced by animals in a range of natural and

anthropogenic noise conditions, with varying degrees of suc-

cess (e.g., Erbe and Farmer, 2000; Erbe, 2002; Jensen et al.,
2009; Dooling et al., 2013; Cunningham et al., 2014).

In realistic listening scenarios, marine mammals often

encounter spectrally complex, time-varying noise sources that

deviate markedly from the continuous, flat-spectrum noise

used to measure critical ratios in the laboratory (Erbe et al.,
2016). For example, the acoustic features of seismic air gun

pulses and the complexity of their underwater propagation

make a description of masking effects difficult. Sounds

received from air gun operations associated with oil and gas

exploration vary dramatically (in both the frequency and the

time domains) depending on characteristics of the seismic

array, distance from the source, and a range of environmental

parameters (Greene and Richardson, 1988). Seismic air guns

are typically considered to be broadband, transient noise sour-

ces (Richardson et al., 1995), but at distances of tens to hun-

dreds (and in some cases, thousands) of kilometers seismic

noise can influence ambient noise levels, even during the

intervals between pulses (Greene and Richardson, 1988;

Guerra et al., 2011; Nieukirk et al., 2012; Guan et al., 2015;

Nowacek et al., 2015). Despite awareness of the masking

potential of impulsive noise sources, it remains unclear how

masking probabilities should be estimated for animals

exposed to seismic air gun surveys.

In the present study, a novel experimental approach is

used to examine the influence of time-varying seismic noise

on hearing in marine mammals. This work expands upon

standard auditory masking research and is informed by

recent bioacoustic studies conducted with complex signals

and maskers (e.g., Branstetter et al., 2013; Dooling et al.,
2013; Cunningham et al., 2014). Specifically, we evaluate

how well the conventional model of masking predicts the

ability of trained Arctic seals to detect low-frequency sounds

in the temporally fluctuating noise background produced by

seismic surveys. As Arctic seals have acute hearing abilities

across a broad frequency range (Sills et al., 2014, 2015), this

study offers an assessment of auditory masking that is both

relevant to other impulsive sound sources and conservative

with respect to other marine mammal species whose mid- to

low-frequency hearing may not be as sensitive. The results

provide insight into the importance of signal timing within a

dynamic noise background, as well as the validity of apply-

ing audiometric data to predict masking experienced by free-

ranging animals in complex acoustic environments.

II. METHODS

Using psychophysical methods, 1/3-octave band signal-

to-noise ratios (SNRs) required for detection were measured

for one spotted (Phoca largha) and one ringed seal (Pusa
hispida) trained to listen for low-frequency test signals pre-

sented at different intervals within a background of seismic

noise. The approach involved parsing the noise from a single

air gun pulse into discrete time intervals, with each interval

considered as a unique masker with different masking

potential. To capture the spectral and temporal differences

between air gun pulses received at various distances, testing

was conducted with maskers recorded both close to (1 km)

and far from (30 km) an operational air gun array. Measured

SNRs at threshold within the different time intervals of these

seismic maskers were compared with predictions based on

previously measured critical ratios for the same subjects

(using the conventional model of masking). Fine-scale time

window analyses were performed to examine the influence

of the temporally fluctuating composition of the noise on

detection of the low-frequency signal.

A. Subjects and testing environment

Behavioral audiometric testing using a go/no-go proce-

dure took place with two trained subjects between March 2014

and November 2015. The subjects were one male spotted seal

identified as Tunu (NOA0006674) and one female ringed seal

identified as Nayak (NOA0006783). At the start of testing

both seals were 4 years old. The subjects had prior experience

participating in psychoacoustic experiments, including mea-

surement of hearing thresholds and critical ratios in air and

under water (Sills et al., 2014, 2015). Neither seal had known

history of ear injury or exposure to ototoxic medication. Each

subject typically ran one session per day, five days per week.

The seals’ diets were established to maintain healthy body

weights and were not constrained for experimental purposes.

Testing took place at Long Marine Laboratory in Santa

Cruz, CA. The underwater testing enclosure was a circular,

partially in-ground pool 1.8 m deep and 7.6 m in diameter,

filled with natural seawater ranging from 11 to 18 �C. The

experimental apparatus comprised a water-filled polyvinyl

chloride (PVC) frame with a mounted chin cup—referred to

as the listening station—that positioned each subject’s ears

precisely and reliably at 1 m depth, 0.75 m from the edge of

the pool, within a calibrated sound field. A small underwater

light was placed 40 cm in front of the station at eye level,

and was illuminated by the experimenter to define each 4-s

trial interval. The response target, which the subject could

press upon detection of a test signal, was a PVC plate located

20 cm to the left of the station. The listening station included

a switch that the seal was trained to depress with his nose to

initiate each test trial. This enabled the measurement of

response times, calculated as the time (in ms) between signal

onset and release of the switch as the subject moved to touch

the response target.
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Experiments were conducted from a sound-isolated

room adjacent to the test enclosure. The experimenter had

visual access to the subject via an underwater surveillance

camera, but was out of sight of the seal and the trainer during

testing. The trainer—positioned on the deck of the test pool

and wearing a headset linked to the experimenter—cued the

subject to dive to the listening station at the start of each trial

and delivered primary (fish) reinforcement when instructed

to do so, but was blind to specific trial conditions.

B. Audiometric test signals and seismic masking
noise

Test signals were 500 ms linear frequency-modulated

upsweeps centered on 100 Hz, with 10% bandwidth

(95–105 Hz) and 5% linear rise and fall times (25 ms ampli-

tude ramps). Signals were synthesized using MATLAB

(MathWorks, Natick, MA). The 100 Hz test frequency was

selected for two reasons: (1) this was the lowest frequency

for which absolute detection thresholds and critical ratio

data were available for both seals (Sills et al., 2014, 2015),

and (2) the maximum energy of the seismic noise maskers

was contained within the 100 Hz and 125 Hz 1/3-octave

bands.

Masking noise stimuli were generated from calibrated

recordings of a seismic air gun survey in the Chukchi Sea

(for details, see Patterson et al., 2007). This survey was con-

ducted in relatively shallow water (�40 m) using an opera-

tional three-string air gun array (24 Bolt air guns, 3147 in.3,

2000 psi). Representative 6-s samples containing single air

gun shots were selected at two known recording distances

from the array: 1 km away to exemplify the impulsive condi-

tion close to the source, and 30 km away to represent a

more distant condition with significant propagation effects.

While the recorded 1 km masker was spectrally broadband

and characterized by a rapid rise/fall time [Fig. 1(A)],

the recorded 30 km masker was considerably longer in dura-

tion and contained frequency-modulated downsweeps

[Fig. 1(B)], likely as a result of multipath propagation and

reverberation in shallow water (Urick, 1983; Guerra et al.,
2011). Pulse duration—defined as the time interval between

the arrival of 5% and 95% of the total energy in the pulse—

was 0.25 s for the 1 km exemplar and 0.98 s for the 30 km

exemplar. Over this duration, the broadband peak sound pres-

sure level measured in the field was 190 dB re 1 lPa for the

1 km pulse, with an rms SPL of 181 dB re 1 lPa and a corre-

sponding single-shot sound exposure level (SEL) of 175 dB

re 1 lPa2 s. For the 30 km pulse, a peak sound pressure level

of 154 dB re 1 lPa, a SPL of 142 dB re 1 lPa, and a single-

shot SEL of 142 dB re 1 lPa2 s were measured in the field.

Each noise sample was saved as a 6-s .wav file, with the

onset (5% time) of the air gun pulse positioned 2 s into the

.wav file. During testing these files were projected to sur-

round each 4-s trial interval, so that the start and end of the

noise fell 1 s before and 1 s after each test trial, and the onset

of the air gun pulse occurred 1 s into the trial. Each projected

masker had a 50 ms linear rise time, which did not affect the

rise time of the impulse itself. As demonstrated in Figs. 1(C)

and 1(D), the received noise stimuli measured in the

reverberant environment of the testing enclosure retained the

dominant spectro-temporal features of the actual air gun

stimuli. Note, however, the greater deviation between pro-

jected and received stimuli evident in the waveforms of the

30 km air gun masker relative to those of the 1 km masker.

C. Generation and calibration of acoustic stimuli

The 100 Hz signals and masking noise were combined

at particular SNRs using Adobe Audition (Adobe Systems

Inc., San Jose, CA) to derive the final acoustic stimuli pre-

sented during testing. These SNRs were defined in terms of

the 100 Hz 1/3-octave band signal level relative to the

100 Hz 1/3-octave band noise level, measured over the full

(500 ms) signal duration. The 100 Hz signal could occur

within one of three 500 ms intervals during each 4-s trial: at

the onset of the projected air gun pulse (onset interval), one

second later (intermediate interval), or two seconds later

(terminal interval). To achieve the desired SNR, signal

amplitude was varied while masker amplitude remained con-

stant. For the two different seismic maskers (1 and 30 km air

gun noise), a set of merged .wav files was created for each

signal interval (onset, intermediate, and terminal), with

SNRs spanning a range of at least 15 dB in 3 dB increments.

Outgoing stimuli were sent from a custom LabVIEW

virtual instrument (National Instruments Corp., Austin, TX)

through a National Instruments USB-6259 BNC M-series data

acquisition module (with update rate of 500 kHz), a TDT PA5

digital attenuator (Tucker-Davis Technologies, Alachua, FL),

and a Hafler P1000 power amplifier (Hafler Professional,

Tempe, AZ) prior to reaching the Naval Undersea Warfare

Center J-11 transducer (Newport, RI) that projected these stim-

uli into the test pool. The J-11 was suspended into the pool

from an overhead metal cable 5.3 m behind the subject, at a

depth of 1.6 m. Stimuli were received at the listening station

with a Reson TC4032 hydrophone (0.01–80 kHz, 62.5 dB;

Reson A/S, Slangerup, Denmark) and a Reson EC6073 input

module before being passed through a Roland Quad-Capture

USB 2.0 Audio Interface (sampling rate 192 kHz; Roland

Corporation US, Los Angeles, CA) to a battery-powered per-

sonal computer (PC) laptop. SpectraPlus software (Pioneer

Hill Software LLC, Poulsbo, WA) was used to visualize the

received spectrum and to measure the received SPL in the 1/3-

octave band encompassing 100 Hz.

The sound field surrounding the listening station was

mapped prior to testing to ensure minimal variability in

received stimuli. The two maskers and several merged test

stimuli (specifically, the .wav file with the highest SNR for

each signal interval) were projected and received at nine

positions in a 14� 14 cm plane at the depth of the subject’s

ears. Additionally, the 100 Hz test signal was measured at 24

positions in a 14� 14� 14 cm grid surrounding the listening

station. In all cases, acceptable variability in received SPL

was considered to be þ/�3 dB across the measured positions

in the 100 Hz 1/3-octave band.

To confirm that the masking noise received at the posi-

tion of the subject’s head in the reverberant enclosure was

similar to the masking noise sent to the J-11 projector, the

relative 100 Hz 1/3-octave band levels of the projected
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and received maskers were compared. Sliding analysis win-

dows (50 ms duration, 10 ms step size) were used to measure

the SPL of the noise across the entire 4-s trial duration

[Figs. 1(E) and 1(F); with shaded regions marking the onset,

intermediate, and terminal intervals of each masker]. The

projected and received maskers had similar temporal pat-

terns in the relevant 100 Hz frequency band, with an average

difference between projected and received stimuli of 3 dB

for the 1 km masker and 4 dB for the 30 km masker.

Sound field calibration was conducted at the listening

station prior to each session, in the absence of the subject.

The masker used for testing was projected and received

using the hardware chain described in this section, and the

Hafler P1000 power amplifier was adjusted until the 100 Hz

1/3-octave band SPL was within 1 dB of target level (128 dB

re 1 lPa for the 1 km masker and 125 dB re 1 lPa for the

30 km masker) over the 6-s duration of the masker. This cor-

responded to average 100 Hz 1/3-octave band levels of 127,

91, and 86 dB re 1 lPa for the onset, intermediate, and termi-

nal intervals of the 1 km masker, respectively, and levels of

124, 103, and 100 dB re 1 lPa for the onset, intermediate,

and terminal intervals of the 30 km masker, respectively.

FIG. 1. (Color online) Comparison of projected (recorded at sea) and received (recorded at the listening station) 1 and 30 km air gun maskers across the 4-s

trial duration. The left side of this figure portrays data for the 1 km air gun masker while the right side corresponds to the 30 km air gun masker. The top panels

show the normalized waveform and spectrogram for the original recordings obtained 1 km (A) and 30 km (B) from the operational air gun array. (C) and (D)

represent the same information for these stimuli when projected in the testing enclosure and received at the listening station. For the 1 km masker, the broad-

band peak-to-peak received sound pressure throughout testing was 161 dB re 1 lPa, peak sound pressure level was 155 dB re 1 lPa, and SPL was 134 dB re

1 lPa, with a corresponding SEL of 141 dB re 1 lPa2 s. For the 30 km masker, the broadband peak-to-peak received sound pressure throughout testing was

158 dB re 1 lPa, peak sound pressure level was 152 dB re 1 lPa, and SPL was 134 dB re 1 lPa, with 142 dB re 1 lPa2 s SEL. Spectrogram analysis settings

were as follows: sampling rate 44.1 kHz; Hann window; fast Fourier transform (FFT) size 2048 (filter bandwidth 31 Hz); overlap 90%. The bottom panels

depict the normalized 100 Hz 1/3-octave band level of the projected (dashed lines) versus received (solid lines) 1 km (E) and 30 km (F) maskers during each

test trial. Amplitude is normalized for each curve to the maximum measured 1/3-octave band level of that stimulus to allow for direct comparison of projected

and received maskers. These curves correspond to moving averages over 50 ms sliding windows with a step size of 10 ms. Also visible in (E) and (F) are

shaded gray regions representing the three intervals within each test trial during which a signal may be present (onset, intermediate, and terminal intervals).
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These levels were chosen to ensure that the quietest portion

of the masking noise was louder than the median 50th per-

centile 1/3-octave band level of the ambient noise in the test-

ing enclosure at 100 Hz (82 dB re 1 lPa). While the absolute

noise levels varied across the three testing intervals for each

of the two maskers, the use of SNRs allowed relative com-

parisons to be made across all conditions. Corresponding

broadband SPLs were calculated (Fig. 1); peak sound pres-

sure level values were measured using SpectraPlus software

(as described above in this section), while the remaining val-

ues were measured using identical hardware and a custom

LabVIEW virtual instrument.

D. Psychoacoustic procedures

The task was a go/no-go behavioral procedure with sin-

gle response audiometry (Cornsweet, 1962). Each trial began

once the subject had settled in the listening station and the

experimenter had illuminated the trial light, and subse-

quently ended either when the subject touched the response

target or when the 4-s trial interval was complete and the

light was extinguished.

Masking noise was presented on every trial at fixed

amplitude and, within a session, was always drawn from

the same recording distance (1 or 30 km). However, the tar-

get signal was only present on 50% of trials during a partic-

ular test session. A correct detection occurred on these

signal-present trials when the subject touched the response

target, while a correct rejection occurred on signal-absent
trials when the subject remained in the listening station for

the entire 4-s trial duration. Both correct trial types were

marked by a conditioned acoustic reinforcer (buzzer) trig-

gered by the experimenter, followed by primary reinforce-

ment (one piece of fish) given by the trainer at the water’s

surface. Alternatively, if the subject withheld a response on

a signal-present trial (miss) or reported a detection on a

signal-absent trial (false alarm), no reinforcement was pro-

vided and the subject was allowed to begin the next trial

after a brief period at the surface. The trial sequence for

each testing session was predetermined, and constrained in

a modified Gellerman series (Gellerman, 1933) such that

there were never more than four in a row of a given trial

type.

Following an initial training period with an adaptive

staircase procedure (Cornsweet, 1962) to eliminate practice

effects, detection thresholds for each masker/interval condi-

tion were measured using the method of constant stimuli

(Stebbins, 1970). Testing was completed for the 30 km dis-

tance before data collection began with the 1 km masker.

Each session included 40–60 trials, beginning with a warm-

up phase of about 10 trials with signals easily detected by

the subject, and finishing with a cool-down phase of 4–6

easily detectible trials to complete the session and ensure

stimulus control on the task. The majority of each session

occurred between these two phases and comprised the test

phase, during which the signal timing (interval) and the SNR

presented on each signal-present trial were determined pseu-

dorandomly. The number of presentations of each timing/

SNR combination (encoded in the different .wav files) was

balanced over blocks of 30 signal-present trials, and was not

necessarily balanced during every testing session. Within the

onset, intermediate, and terminal signal intervals, there were

ultimately 5–6 possible SNRs that ranged from detectable to

undetectable. Sessions were run until there were at least ten

presentations of each of these SNRs within a given time

interval. Response bias was evaluated by monitoring false

alarm rates during the test phase of each session, with this

rate defined as the number of false alarms out of the total

number of signal-absent trials during the test phase of the

session. Usable sessions had test phase false alarm rates

>0% and <30%.

Hearing threshold was calculated for each interval using

probit analysis (Finney, 1971), and was defined as the SNR

in the 100 Hz 1/3-octave band (dB re 1 lPa) resulting in a

50% correct detection rate. This analysis involved fitting the

psychometric function to the proportion of correct detections

obtained for each SNR within a time interval; an inverse pre-

diction was then used to determine threshold at the 50% cor-

rect detection level. The proportion of correct detections for

each interval was pooled across multiple testing sessions

(13–36) for each masker distance. Data were considered con-

verged when the 95% confidence interval for the threshold

was <4 dB. Thresholds were measured for a total of six test-

ing conditions for each subject, within the three signal inter-

vals of the two different masker distances. This enabled an

experimental assessment of masking by seismic noise

received at different spatial and temporal intervals relative to

the impulsive source.

In addition to measuring detection thresholds, response

times were used as a secondary measure of auditory perfor-

mance. Response times were automatically calculated in the

LabVIEW virtual instrument for all correct detections

throughout testing. Response latencies were pooled across

sessions within a testing condition (e.g., the 1 km onset inter-

val) and were used to generate latency-intensity curves with

least-squares fits to a power function (Moody, 1970).

Reaction times at threshold were interpolated from this

function.

E. Threshold predictions

Prior to psychoacoustic testing, SNR at threshold was

predicted for each subject from previously measured critical

ratio data at 100 Hz using the conventional model of mask-

ing. The critical ratio data (Sills et al., 2014, 2015) had been

obtained with continuous, spectrally flattened maskers using

the same testing configuration and similar testing methodol-

ogy as that applied in this seismic masking experiment.

Typically, to generate a masked threshold prediction in

terms of SPL (dB re 1 lPa), the critical ratio is added to the

masking noise spectral density level at the same frequency

(dB re 1 lPa2/Hz). This spectral density level can be approx-

imated from the measured 1/3-octave band level by subtract-

ing 10 log(B), where B is the 1/3-octave bandwidth. To

normalize across testing conditions and enable easier perfor-

mance comparisons, 1/3-octave band SNRs required for

detection can be calculated by subtracting the 1/3-octave

band level of the noise from these predicted SPLs. This
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process is numerically equivalent to the method applied

here. To generate masked threshold predictions for this

experiment in terms of 100 Hz 1/3-octave band SNR, the

previously measured critical ratios were converted to 1/3-

octave band levels by subtracting 10 log(B) to account for

bandwidth. For all six testing conditions, the measured

100 Hz critical ratios of 12 dB (Tunu) and 14 dB (Nayak)

minus 10 log(B) yielded predicted SNRs at threshold of

�1 dB and 0 dB for Tunu and Nayak, respectively.

To determine whether there was a difference between

the predicted SNR and the experimentally measured SNR,

the offset between the two values was calculated for each

testing condition as the measured SNR at threshold minus

the predicted SNR at threshold. These sensitivity offsets

provided a measure of masking release or masking increase

observed relative to that predicted by the conventional

model of masking. Negative offsets indicated greater sensi-

tivity than predicted (masking release) and positive offsets

indicated poorer sensitivity than predicted (masking

increase).

F. Time window analysis of signals and noise

To characterize the time-varying nature of the masking

noise—and thus the SNR—across the entire trial and within

each signal interval, time window analysis was conducted on

recordings made at the listening station on three separate

testing days. This analysis aimed to describe dynamic noise

and SNR patterns and investigate whether temporal variation

influenced the predictive capability of the conventional

model of masking. Replicate recordings were made of the

two maskers, the 100 Hz test signals used to create each

merged .wav file, and the final testing stimuli.

For the merged testing files, 100 Hz 1/3-octave band

SNR was measured in the appropriate interval over sliding,

overlapping time windows ranging from 50 to 500 ms in

duration (in 50 ms increments). In each case, there was a

10 ms time increment between the start of adjacent windows.

For the individual signal and noise recordings, the same pro-

cedure was applied to measure SPL over these various

analysis windows. Signal and noise SPL data for the same

interval were then used to calculate SNRs. The SNRs com-

puted directly from merged testing files were consistent with

those calculated after separately measuring the SPL of

received signals and maskers; given this, the measured SNRs

were averaged across all replicate recordings (n¼ 7–10). A

50 ms time window was chosen to represent the noise alone

and to be the minimum SNR analysis length because this

duration should fall well below the temporal integration time

for seals at this frequency (Terhune, 1988; Holt et al., 2004;

Kastelein et al., 2010; Reichmuth et al., 2012).

The 100 Hz 1/3-octave band noise was also compared—

in terms of both the SPL range (q) and the SPL variance (r2)

measured for 50 ms analysis windows—to the offset between

measured and predicted SNRs at threshold within the same

interval. The aim of these comparisons was to determine

whether certain amplitude-based features of the noise corre-

lated with the performance of the conventional model of

masking. Ordinary least squares regressions were calculated

to predict SNR offset (averaged across subjects) based on

SPL range or variance, and determine the strength of the

associated correlations.

III. RESULTS

A. Threshold performance

Measured SNRs at detection threshold are reported for

the spotted seal and the ringed seal across the six masker/

interval testing conditions (Table I). Predicted SNR at

threshold is also provided for each subject. SNR offsets are

shown for each testing condition as the difference between

measured and predicted SNRs. In the initial portion of the

pulse for both the 1 km and the 30 km masker (i.e., the onset

interval), measured detection capability was much better

than predicted for both subjects (average SNR offsets of

�23 dB for 1 km and �9 dB for 30 km). In contrast, detec-

tion capability was well predicted overall (SNR offsets of

þ/�2 dB) for the two subjects in the latter intervals of these

maskers. The only case in which the performance of the

two subjects diverged was for the female ringed seal

TABLE I. SNRs at threshold obtained for one spotted and one ringed seal using psychophysical methods. The SNRs required for 50% correct detection were

measured as the 100 Hz 1/3-octave band level of the signal relative to the 100 Hz 1/3-octave band level of the noise over the full duration of the signal

(500 ms). These measured SNRs are reported for each testing condition, along with predicted SNRs at threshold, offsets between measured and predicted lev-

els, and interpolated reaction times at threshold. For both subjects, 95% confidence intervals were narrower than 4 dB in all cases. Predicted SNR at threshold

was constant for each subject across all six conditions, based on previously measured critical ratio data at 100 Hz (Sills et al., 2014, 2015) and a conventional

model of masking.

Tunu (spotted seal) Nayak (ringed seal)

Testing condition

Predicted

SNR at

threshold

(dB)

Measured

SNR at

threshold

(dB)

SNR offset

(measured -

predicted,

dB)

Response

latency at

threshold

(ms)

Predicted

SNR

at threshold

(dB)

Measured

SNR at

threshold

(dB)

SNR offset

(measured -

predicted,

dB)

Response

latency at

threshold

(ms)

1 km Onset �1 �24 �23 666 0 �22 �23 648

Intermediate �1 0 1 523 0 0 0 426

Terminal �1 �1 0 450 0 �1 �1 437

30 km Onset �1 �11 �10 489 0 �8 �8 280

Intermediate �1 1 2 537 0 9 9 468

Terminal �1 �3 �2 472 0 �1 �1 404
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listening for signals in the 30 km intermediate interval; her

sensitivity in this interval was worse than predicted (SNR

offset 9 dB).

Both subjects exhibited stable and similar response

bias throughout all testing conditions. Tunu’s false alarm

rate was 0.18 for each of the three 1 km conditions and

0.17 for each 30 km condition, while Nayak’s false alarm

rate was 0.17 for all six testing conditions. Both subjects

showed greater variability in measured thresholds than

in previous experiments with flat-spectrum maskers. The

average standard deviation (SD) for Tunu was 4.0 dB

(range 3.1–6.0) in this study, compared to 2.6 dB (range

1.8–3.4 dB) in the prior experiment (Sills et al., 2014).

Nayak’s average SD was 3.4 dB (range 2.5–4.7 dB) com-

pared to 2.5 dB (range 1.7–3.6 dB) during previous testing

(Sills et al., 2015).

Interpolated response latencies at threshold are given

alongside the SNR values for each testing condition (Table I).

Response times were longest near threshold and typically

close to 500 ms—Tunu’s median response time at threshold

was 506 ms and Nayak’s was 432 ms—and varied based on

testing condition. While there was no clear overall pattern in

these data, latencies for both individuals in the 1 km onset

condition were notably longer (>600 ms at threshold) than for

the other five conditions tested.

B. Time window analysis of signals and noise

The upper panels of Figs. 2(A) and 2(B) show the rela-

tive 100 Hz 1/3-octave band amplitude of the received 1 km

and 30 km maskers, respectively, across the 4-s trial interval.

These noise curves—which correspond to moving averages

over 50 ms sliding, overlapping time windows—are the same

as those provided in Figs. 1(E) and 1(F). These curves reflect

the amplitude fluctuations of the noise across the entire trial

duration (a 54 dB range for the 1 km masker and a 46 dB

range for the 30 km masker). A notable feature is that noise

does not return to background (pre-impulse) levels by the end

of the 4-s trial in either case. Amplitude variation is most sub-

stantial in the onset interval of each masker; when comparing

across distances, the 1 km onset interval shows greater varia-

tion in amplitude over time than does the 30 km onset inter-

val. Within a particular interval, SNR offset at threshold

could be predicted from the 100 Hz 1/3-octave band SPL

range (q) of the noise by the following formula, obtained via

linear regression (Fig. 3): SNR offset (dB)¼ 0.70q� 5.6,

R2¼ 0.82, p¼ 0.013; similarly, offset could be predicted

from 1/3-octave band SPL variance (r2) by the formula: SNR

offset (dB)¼ 0.12r2þ 1.1, R2¼ 0.93, p¼ 0.002. Received

noise SPLs for the onset, intermediate, and terminal intervals

are shown for non-overlapping analysis windows of 50, 250,

FIG. 2. (Color online) Overview of time window analysis with the 1 km masker (left panels) and 30 km masker (right panels). The upper panels show the nor-

malized 100 Hz 1/3-octave band amplitude of the received 1 km (A) and 30 km (B) maskers across the 4-s trial duration. These received noise curves are the

same as those described and plotted in the bottom panels of Fig. 1. Additionally, within the three possible signal intervals (shaded gray regions) are plotted the

normalized noise levels when measured over non-overlapping analysis windows of 50, 250, and 500 ms. Horizontal lines within the shaded regions denote the

specific windows over which noise was measured in each case. The lower panels show—for the 1 km (C) and 30 km (D) air gun maskers—the 100 Hz 1/3-

octave band SNRs over the same three signal intervals, measured across overlapping time windows of 50, 250, and 500 ms (step size 10 ms). Each data point

is plotted in the center of the time window over which it was calculated (i.e., the data point for the window from 1000 to 1500 ms is plotted as a single point at

1250 ms). These SNRs correspond to received levels at threshold for the spotted seal subject, Tunu. When there are significant fluctuations in noise amplitude

over time (e.g., during the onset intervals), analysis duration strongly affects measured noise amplitude and SNR. Additional detail is provided in Fig. 4.
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and 500 ms [horizontal bars in Figs. 2(A) and 2(B)]. These

different measurement windows greatly affect the measured

noise values, especially when the noise varies considerably

within a given interval.

The lower panels of Figs. 2(C) and 2(D) provide an

overview of time window analysis when applied to the test-

ing files for 1 and 30 km, respectively. The plotted data

points reflect the variation in SNR across each time interval,

and demonstrate the variability in this measured SNR as a

result of analysis window duration (50–500 ms). Note that

the 500 ms SNR is the nominal SNR at threshold, as reported

for the seismic masking experiment (see Table I); this point

is shown in the center of each 500 ms (shaded) interval.

Specifically, these plots show a snapshot of SNRs at thresh-

old for the spotted seal subject, Tunu, across the three signal

intervals, measured over durations of 50, 250, and 500 ms.

However, SNR patterns over time are identical for both sub-

jects, and any differences in Nayak’s thresholds would be

reflected simply as a shift in these data points on the y axis.

Additional detail is provided for both maskers in Fig. 4,

with SNR at threshold shown in separate subplots for each

of the six testing conditions for analysis durations of

50–500 ms (in 50 ms increments). These plots represent how

the auditory scene is changing in time when the subject is at

sensory threshold. The horizontal dotted line visible on each

subplot marks Tunu’s predicted SNR at threshold based on

100 Hz critical ratio data (Sills et al., 2014). As can be seen

in Fig. 4, measured SNR crosses this line in all cases for a

subset of the analysis durations.

To complement the graphical representations of noise

variation over time, Table II presents the maximum 100 Hz

1/3-octave band SNR received at threshold (for Tunu) when

measured over analysis windows of 100–500 ms. Again, the

500 ms column represents the nominal SNR, measured over

the full duration of the signal interval. In the case of the 1

and 30 km onset intervals, in particular, there is considerable

variation in received SNR when measured over these succes-

sively longer time windows. Comparison of these values

against predicted SNR at threshold (�1 dB) demonstrates

that the predicted level is exceeded in all testing conditions

for at least one measurement duration.

IV. DISCUSSION

This study evaluated how impulsive noise from seismic

air guns can limit the detection of low-frequency sounds by

ice-living seals, and how well standard audiometric data can

predict the extent of masking that these seals experience in

more realistic exposure scenarios. To incorporate the influ-

ence of propagation on the spectral and temporal characteris-

tics of the received noise, we quantified the masking of

acoustic signals at different time intervals within seismic

noise that would be received by seals relatively close to and

far from an operational air gun array. Results demonstrate

that, even in complex masking scenarios, a conventional

model of masking can be sufficient to predict hearing in cer-

tain noise conditions. This more simplistic approach works

surprisingly well when considering the reverberant portion

of the received air gun noise. Only when the noise back-

ground fluctuates more rapidly—closer to the onset of the air

gun pulse—do predictions based on critical ratios consis-

tently diverge from observed threshold performance. The

application of time window analyses to explain this finding

demonstrates the importance of fine-scale temporal structure

when considering signal detection against time-varying

noise.

To our knowledge, this type of masking assessment has

not been previously conducted. The general results provide a

new analytical framework for quantifying the proportion of

time that masking may occur for marine mammals exposed

to impulsive sounds at varying distances from seismic air

gun arrays.

A. Detection of low-frequency signals embedded
within seismic noise

The auditory performance of the subjects in this experi-

ment demonstrates that—in cases when sensitivity offsets

from predicted are large—the conventional model of

FIG. 3. Ordinary least squares regression analyses calculated to predict SNR

offset at threshold from the 100 Hz 1/3-octave band SPL range (A) or SPL

variance (B) of the masking noise. For each of the six data points shown per

panel—corresponding to the six different testing conditions—the offset

between measured and predicted SNR at threshold was averaged for the two

test subjects. These offsets were compared to noise variation measured over

50 ms analysis windows within the corresponding signal intervals. The

resulting regression line in each case is shown along with its regression

equation, R2, and p-value. SNR offset at threshold could be predicted from

both the SPL range and the SPL variance, as shown here.
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masking overestimates the extent of masking. Stated differ-

ently, while masking effects are predictable in the reverber-

ant portion of impulsive air gun noise, some form of

masking release confounds conventional masking predic-

tions closer to noise onset. However, it is important to note

that this paradigm only considers the reliable detection of a

target signal, and that signal discrimination, recognition, and

effective communication are also necessary for meaningful

information transfer. In the same noise conditions, these per-

ceptual metrics require progressively higher signal ampli-

tudes than that needed for signal detection alone (Lohr et al.,
2003; Franklin et al., 2006; Dooling et al., 2009a; Dooling

et al., 2009b; Dooling and Blumenrath, 2014). This must be

considered when using masking models to estimate the

masking potential of anthropogenic noise.

The results of this study represent the abilities of well-

trained animal subjects. Both seals were experienced listen-

ers (Sills et al., 2014, 2015; Reichmuth et al., 2016) and

participated in several months of preparation for this task;

their performance improved significantly between the initial

training sessions and the start of data collection. When

assessing masking with wild seals attempting to receive and

process relevant sounds in the marine environment, it is

important to consider that (1) they likely require higher

SNRs to support functional hearing than those measured at

the 50% detection level, and (2) based on prior experience,

individuals may have varying degrees of practice ignoring

particular noise sources and focusing on specific target sig-

nals, which will affect their ability to discern relevant signals

from background noise. When extending these laboratory

FIG. 4. 100 Hz 1/3-octave band SNRs measured across each signal interval at threshold for the spotted seal Tunu. The upper three subplots show (from left to

right) SNR data for the onset, intermediate, and terminal intervals, respectively, of the 1 km masker. The lower three subplots show the same for the 30 km

masker. SNRs are plotted in each case for durations ranging from 50 to 500 ms, in 50 ms increments. These SNRs were calculated for overlapping time win-

dows with a 10 ms step size. Also shown is a horizontal dotted line at the level of Tunu’s predicted 1/3-octave band SNR at threshold (�1 dB), based on critical

ratio data obtained previously for the same subject (Sills et al., 2014) and the conventional model of masking.

TABLE II. Maximum received 100 Hz 1/3-octave band SNRs at threshold for the spotted seal Tunu. The maximum SNR for each of the six testing conditions

is reported for measurement windows ranging from 100 to 500 ms. These values can be compared to Tunu’s predicted SNR at threshold of �1 dB re 1 lPa in

the 100 Hz 1/3-octave band. This predicted level is met or exceeded in all cases over shorter analysis windows, even when the maximum SNR measured over

the entire signal duration (500 ms) is well below that predicted for detection. See Fig. 4 for additional detail and a visual representation of these results.

Maximum 100 Hz 1/3-octave band SNR at threshold, measured over different window durations (dB re 1 lPa)

Testing condition 100 ms 200 ms 300 ms 400 ms 500 ms

1 km Onset 5 3 �8 �19 �24

Intermediate 2 1 0 0 0

Terminal 2 2 1 0 �1

30 km Onset 5 4 3 �5 �11

Intermediate 2 4 3 3 1

Terminal 7 4 2 0 �3
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results to wild populations, it must be recognized that

within- and between-individual variability may be greater

for real-world sounds than for the simpler, controlled test

stimuli often used in audiometric testing. This assertion is

supported by the higher SDs reported for this experiment,

relative to those obtained for the same seals in audiometric

studies using flat-spectrum noise maskers. Finally, the vari-

able expression of seismic noise in the real world—the result

of factors including distance from the noise source, water

depth and other environmental parameters, and precise tim-

ing and character—could reduce signal detectability relative

to what was demonstrated here using predictable masking

noise from trial to trial. It is important to note that only two

recorded maskers were used in this experiment, rather than

multiple exemplars at each source-receiver distance.

Therefore, we cannot be certain that some unknown, idio-

syncratic masker feature did not influence the observed tem-

poral patterns in measured thresholds.

When considering possible explanations for the reduced

predictive ability of the conventional model of masking in

the initial (onset) intervals of the seismic noise, response

times may provide a clue. In particular, the relatively long

latencies measured for signals in the onset interval of the

1 km masker indicate that, at threshold, the subjects took lon-

ger than expected to perceive the target stimulus. Similar

results (not reported here) were obtained for the seals at

supra-threshold levels (20 dB sensation level, or 20 dB above

threshold), with markedly longer response times observed in

the 1 km onset interval than in the other five test conditions.

Since response time can be considered a proxy for perceptual

loudness (Moody, 1970), latencies at a particular sensation

level should be consistent across conditions. It is possible

that, in this case, the subjects may have experienced com-

plete masking during the impulse, for the first �200 ms, and

then perceived the signal only during the latter portion of the

interval, resulting in longer measured reaction times.

Combined with the large SNR offsets for this condition—

with both subjects demonstrating much greater sensitivity

than predicted—this result suggests that predictions based

on average signal and noise levels over the 500 ms duration

of the signal may sometimes be misleading. SNRs calculated

across different time windows within a given signal interval

may reveal that the relevant listening period is sometimes

shorter than the full signal duration; when this is the case,

fine-scale temporal analyses may yield improvements in the

predictive capability of conventional masking models.

B. Insights provided by time window analysis

Studies examining human auditory perception have used

“glimpsing” models to explain how human listeners are able

to understand brief snippets of speech in noisy backgrounds

(e.g., Miller and Licklider, 1950; Howard-Jones and Rosen,

1993; Buss et al., 2003; Assmann and Summerfield, 2004;

Holt and Carney, 2005; Cooke, 2006). These models are

based on the auditory system’s ability to process multiple,

brief “looks” at the target signal within fluctuating noise

(Viemeister and Wakefield, 1991; Erbe, 2008). The response

time data for this seismic masking experiment suggest that,

similarly, the spotted and ringed seal subjects may have

attended to certain portions of the target signal while other

portions remained masked. In essence, within-valley or “dip”

listening (Buus, 1985) could have allowed detection of the

signal within the quieter portions of the amplitude-

modulated masking noise. This likely occurred in the onset

interval of the pulses when the masker amplitude varied con-

siderably over the duration of the 500 ms signal.

The results of time window analysis suggest that the

fluctuating noise background produced by the air gun

maskers enabled the subjects in this experiment to detect

the target signal even when conventional (longer-term)

SNR averages indicated that detection was improbable.

Examination of SNR at threshold over windows of different

duration (as illustrated by Fig. 4) revealed that the predicted

threshold was exceeded in each condition over a subset of

the analysis windows used. For the onset intervals of both

masker distances—which exhibited considerable variation

in 100 Hz 1/3-octave band SPL—the large SNR offsets

observed could be reconciled with the predictions of the con-

ventional model of masking simply by measuring SNR over

shorter time windows (<200–300 ms). Glimpses of the sig-

nal afforded to the subjects due to brief variations in noise

amplitude were apparently sufficient to allow signal detec-

tion. These results are consistent with a dip-listening hypoth-

esis, with detection driven by variations in local rather than

overall SNR. In contrast, for the intermediate and terminal

intervals of the seismic maskers, the comparatively minimal

temporal variability in the noise is reflected in SNR measure-

ments that are less dependent on the particular analysis win-

dow used. This observation corresponds well with the

improved predictive performance of the conventional model

of masking in these intervals, relative to the onset interval of

the noise. When there is less variation in noise—and thus

SNR—over time, longer-term amplitude averages yield rea-

sonable predictions of masking.

Time window analysis performed with these seismic

noise stimuli addressed the methodological question: when
are standard, average noise measurements effective predic-
tors and when are they not? Clearly, amplitudes averaged

over the entire signal are simplest and most useful for pre-

dicting the detectability of signals embedded within less var-

iable noise (i.e., during the reverberant portion of an air gun

impulse). When noise variation is significant within the time

domain, a shorter analysis window can improve predictive

ability. The relevant temporal window for detection likely

depends upon the particular features of the noise in question,

as well as on the temporal processing capabilities of the

receiver. However, it is notable that regression analyses

identified two amplitude-based measures of noise variation

(1/3-octave band SPL range and variance) that were corre-

lated with the offset between measured and predicted SNRs

at threshold: increased amplitude variation in noise within

an interval consistently led to increased offset between mea-

sured and predicted threshold values, even when temporal

processing was not taken into account.

While time window analysis focused on amplitude vari-

ation in the two maskers within the 1/3-octave band contain-

ing the target signal, several other factors may have further
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influenced signal detection. These include the shape and

bandwidth of auditory filters, the potential effect of across-

channel mechanisms (e.g., comodulation masking release),

the role of frequency modulation in the maskers, the rele-

vance of different measurement metrics (e.g., peak sound

pressure level or SEL versus SPL values), and a more

detailed consideration of temporal processing capabilities.

The accuracy of hearing predictions may be improved by

including such factors into masking models (Erbe et al.,
2016), but starting with consideration of the time windows

over which SNRs are determined will be of immediate bene-

fit for impulsive noise sources.

C. Estimating seismic masking in realistic listening
scenarios

The conventional model of masking, informed by the

results of this study, can be effectively applied to many real-

istic scenarios of signal detection in the presence of noise.

The seismic noise values used in the following example are

based on the 1 and 30 km exemplars from this experiment,

combined with data reported in Patterson et al. (2007),

and adjusted for ambient noise (measured �1 s before the

impulse in each case). Note that this simplified analysis

assumes that spotted seal vocalizations are the same duration

as the test signals in this study (500 ms).

Consider a spotted seal vocalizing in relatively shallow

water in the Chukchi Sea. The 100 Hz 1/3-octave band SPL

of his vocalization is �130 dB re 1 lPa at 1 m (Sills and

Reichmuth, 2015). In sea state 4 conditions, we can assume

that the 100 Hz spectral density level of ambient noise is

�60 dB re 1 lPa2/Hz, which falls more than a critical ratio

below the hearing threshold of spotted seals at this frequency

(hearing threshold 89 dB re 1 lPa, critical ratio 12 dB for the

spotted seal Tunu; Sills et al., 2014). Therefore, if detection

is based simply on sensory threshold in this case, and we

assume that idealized spreading1 (15 log R) occurs in the

shallow water environment, a second spotted seal should the-

oretically be able to detect the vocalizing individual at a dis-

tance of �541 m. However, if these seals were located 1 km

from an operational air gun array, 100 Hz received noise

spectral density levels would be approximately 155, 117,

and 107 dB re 1 lPa2/Hz for seismic noise in the onset, inter-

mediate, and terminal intervals of each impulse, respec-

tively, as defined in this experiment. Adding Tunu’s critical

ratio at 100 Hz to these values, and then adjusting for the off-

set results reported in the seismic masking study (Table I),

received SPLs required for the detection of this vocalization

would be 144, 130, and 119 dB re 1 lPa for these three inter-

vals, respectively. In this case, the call would be undetect-

able during the first two intervals for receivers farther than

1 m from the vocalizing individual, and detectable within

about 5 m if it was received 2 s or more after the pulse.

Alternatively, if these seals were 30 km from the same air

gun array, the 100 Hz received spectral density levels would

be approximately 119, 100, and 95 dB re 1 lPa2/Hz for noise

received in the onset, intermediate, and terminal intervals,

respectively. This would correspond to signal detection lev-

els of 121, 114, and 105 dB re 1 lPa, suggesting that the

detection range would be limited to 46 m or less for calls

received within 3 s of the pulse. During a typical seismic sur-

vey, pulses occur every 10–12 s over a period of weeks to

months (International Association of Oil and Gas Producers,

2011). Extending this analysis further in time would allow

an estimate of the total extent of masking between succes-

sive pulses, and a practical and dynamic sense of how seis-

mic noise constrains hearing in seals.

There are several acknowledged caveats with this exam-

ple. First, spotted seal underwater breeding vocalizations are

�4 s in duration (Sills and Reichmuth, 2015), which would

presumably increase their detectability over the 500 ms call

considered in this example. However, the estimates provided

represent 50% detection levels, meaning that signal levels

required for certain detection, discrimination, recognition, or

effective communication would all be higher than those dis-

cussed here. Another relevant consideration is the relation-

ship between air gun received levels and ambient

noise. Based on the particular air gun samples used in this

example, 100 Hz noise levels returned to ambient within

�7 s of the pulse received at 1 km, and within �10 s of the

pulse received at 30 km. It is important to note that the time

at which air gun received levels fall below background noise

will vary greatly based on the source array, distance to the

receiver, environment, current ambient conditions, and other

factors, and in some cases there may not be a complete

return to background levels between pulses (Guerra et al.,
2011; Nieukirk et al., 2012; Guan et al., 2015; Nowacek

et al., 2015). In this example, ambient noise levels were

defined based on received levels �1 s before the impulse; if

reverberation consistently elevated noise levels between con-

secutive pulses, these values provide an overestimate of

ambient noise and a resulting underestimate of the extent of

masking caused by the impulse. Nonetheless, this simplified

example underscores the importance of considering detec-

tion probability for signals received at different times within

a temporally varying noise background, rather than using

typical methods to average noise levels. Although the correc-

tions applied in this example were based on experimentally

measured offsets from predicted thresholds for this particular

noise source, corrections could be similarly derived for other

cases by assessing the fluctuating composition of the noise

relative to the target signal and considering SNR over differ-

ent analysis durations. Furthermore, our data suggest that,

while the dominant portion of the air gun impulse (�300 ms

close to the source and <1 s at distances of �30 km) requires

such special consideration, a conventional masking model

can be reasonably applied to the remainder of the inter-pulse

interval without a correction factor.

V. CONCLUSIONS

When applying laboratory data from trained animals to

predict auditory masking in complex listening scenarios, one

must evaluate the many sources of variability inherent in nat-

ural environments and how they may cause deviation from

predicted values. Critical ratios alone cannot account for the

full range of temporal and spectral variation present in some

realistic scenarios and the resulting differences in masking
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potential. The empirical methods developed in this study

provide a way to consider masking from the perspective of

the listener—taking into account differences in the auditory

scene experienced by an animal as a result of distance from

the noise source and timing of the target signal relative to

the noise exposure. For noise sources that are relatively sta-

ble in time (e.g., wind noise, certain types of shipping noise,

reverberant noise in the inter-pulse intervals of seismic sur-

veys)—at least when combined with tonal signals—a con-

ventional model generates reasonable estimates of masking.

However, for maskers that vary significantly in time and

space (e.g., seismic air gun or pile-driving impulses), factor-

ing physical distance and signal timing into masking models

can enable more accurate estimates of masking probability.

Furthermore, considering variation in SNR over analysis

windows shorter than the full signal duration can, in these

cases, provide insight into the time-varying soundscape that

the listener experiences. Quantifying these SNR “snapshots”

can yield improved masking predictions, even when using

simple models.

While the recorded seismic maskers in this study repre-

sent specific sounds that might be encountered by seals in

the Arctic, this experiment was conducted with simple

audiometric signals that fell entirely within a single critical

band. Future work using signals extending across multiple

auditory filters—and, ultimately, a representative signal like

a conspecific vocalization—would illuminate whether the

patterns observed in this simpler case apply in even more

realistic listening scenarios. Studies using increasingly com-

plex stimuli would improve our understanding of masking in

the real world; however, additional research conducted with

simple, controlled stimuli is also needed. For example, an

experiment with a pure tone signal embedded within a

frequency-modulated down-sweep masker—reminiscent of

the propagation effects observed in distant air gun record-

ings—would help to characterize the impact of a frequency-

modulated background, independent of amplitude modula-

tion. Alternatively, the role of amplitude modulation could

be more thoroughly examined by using synthesized noise

with different modulation rates (e.g., Buss et al., 2009;

V�elez and Bee, 2011) to determine how long of a glimpse

within fluctuating noise is required for signal detection.

Continued explorations of temporal processing in seals and

other marine mammals would also inform this type of work.

Progressive research to improve understanding of the mecha-

nisms underlying masking will support more accurate pre-

dictions of zones of masking for marine mammals around

specific noise sources in their environment, including seis-

mic air guns.

ACKNOWLEDGMENTS

Animal studies were conducted with the approval and

oversight of the Institutional Animal Care and Use

Committee of the University of California at Santa Cruz,

with authorization from the Ice Seal Committee and the

National Marine Fisheries Service of the United States

(marine mammal research permits 14535 and 18902). This

project was supported by the International Association of Oil

and Gas Producers through their E and P Joint Industry

Programme on Sound and Marine Life (Award No. 22-07-

23). Auditory measurements of the trained seals were made

possible by the dedicated team at the Pinniped Cognition

and Sensory Systems Laboratory, especially J. Lofstrom, C.

Casey, S. Knaub, and S. Strobel. The authors gratefully

acknowledge M. Macrander of Shell Offshore, Inc. for

access to the air gun pulse data sets and S. Blackwell of

Greeneridge Sciences, Inc. for providing details regarding

the characteristics of received pulses in the field. J. Terhune

of the University of New Brunswick provided helpful

comments on this manuscript, and A. Rouse of SEA, Inc.

developed the custom LabVIEW virtual instrument used in

the seismic masking experiment. We appreciate the valuable

advice and productive discussions about time window

analysis offered by K. Cunningham and R. Sills, as well as

their thoughtful comments on this document, which, along

with the helpful suggestions of two anonymous reviewers,

improved this manuscript.

1The use of 15 log R here is a simplification, which ignores absorption (a

reasonable assumption given the frequencies and physical ranges consid-

ered here). Spherical spreading (20 log R) will likely occur near the vocal-

izing individual, followed by cylindrical spreading (10 log R) at further

distances. The true spreading loss will depend on local conditions between

the vocalizing individual and the listener.

Assmann, P., and Summerfield, Q. (2004). “The perception of speech under

adverse conditions,” in Speech Processing in the Auditory System, edited

by S. Greenberg, W. A. Ainsworth, and A. N. Popper (Springer, New

York), pp. 231–308.

Branstetter, B. K., Trickey, J. S., Bakhtiari, K., Black, A., Aihara, H., and

Finneran, J. J. (2013). “Auditory masking patterns in bottlenose dolphins

(Tursiops truncatus) with natural, anthropogenic, and synthesized noise,”

J. Acoust. Soc. Am. 133(3), 1811–1818.

Buss, E., Hall, J. W., III, and Grose, J. H. (2003). “Effect of amplitude mod-

ulation coherence for masked speech signals filtered into narrow bands,”

J. Acoust. Soc. Am. 113, 462–467.

Buss, E., Whittle, L. N., Grose, J. H., and Hall, J. W., III (2009). “Masking

release for words in amplitude-modulated noise as a function of modula-

tion rate and task,” J. Acoust. Soc. Am. 126, 269–280.

Buus, S. (1985). “Release from masking caused by envelope fluctuations,”

J. Acoust. Soc. Am. 78, 1958–1965.

Cooke, M. (2006). “A glimpsing model of speech perception in noise,”

J. Acoust. Soc. Am. 119, 1562–1573.

Cornsweet, T. N. (1962). “The staircase-method in psychophysics,” Am. J.

Psychol. 75, 485–491.

Cunningham, K. C., Southall, B. L., and Reichmuth, C. (2014). “Auditory

sensitivity in complex listening scenarios,” J. Acoust. Soc. Am. 136(6),

3410–3421.

Dooling, R. J., and Blumenrath, S. H. (2014). “Avian sound perception in

noise,” in Animal Communication in Noise, edited by H. Brumm

(Springer, Heidelberg, Germany), pp. 229–250.

Dooling, R. J., Blumenrath, S. H., Smith, E., and Fristrup, K. (2013).

“Evaluating anthropogenic noise effects on animal communication,” in

Noise-Con2013, August 26–28, Denver, CO.

Dooling, R. J., Leek, M. R., and West, E. W. (2009a). “Predicting the effects

of masking noise on communication distance in birds,” J. Acoust. Soc.

Am. 125, 2517.

Dooling, R. J., West, E. W., and Leek, M. R. (2009b). “Conceptual and

computational models of the effects of anthropogenic noise on birds,”

Proc. Inst. Acoust. 31(1), 99–106.

Erbe, C. (2002). “Underwater noise of whale-watching boats and its

effects on killer whales (Orcinus orca),” Mar. Mammal Sci. 18(2),

394–418.

Erbe, C. (2008). “Critical ratios of beluga whales (Delphinapterus leucas)

and masked signal duration,” J. Acoust. Soc. Am. 124(4), 2216–2223.

J. Acoust. Soc. Am. 141 (2), February 2017 Sills et al. 1007

http://dx.doi.org/10.1121/1.4789939
http://dx.doi.org/10.1121/1.1528927
http://dx.doi.org/10.1121/1.3129506
http://dx.doi.org/10.1121/1.392652
http://dx.doi.org/10.1121/1.2166600
http://dx.doi.org/10.2307/1419876
http://dx.doi.org/10.2307/1419876
http://dx.doi.org/10.1121/1.4900568
http://dx.doi.org/10.1121/1.4783458
http://dx.doi.org/10.1121/1.4783458
http://dx.doi.org/10.1111/j.1748-7692.2002.tb01045.x
http://dx.doi.org/10.1121/1.2970094


Erbe, C., and Farmer, D. M. (2000). “Zones of impact around icebreakers

affecting beluga whales in the Beaufort Sea,” J. Acoust. Soc. Am. 108(3),

1332–1340.

Erbe, C., Reichmuth, C., Cunningham, K., Lucke, K., and Dooling, R.

(2016). “Communication masking in marine mammals: A review and

research strategy,” Mar. Pollut. Bull. 103, 15–38.

Finney, D. J. (1971). Probit Analysis, 3rd ed. (Cambridge University Press,

Cambridge, UK).

Fletcher, H. (1940). “Auditory patterns,” Rev. Mod. Phys. 12, 47–65.

Franklin, C. A. J., Thelin, J. W., Nabelek, A. K., and Burchfield, S. B. (2006).

“The effect of speech presentation level on acceptance of background noise

in listeners with normal hearing,” J. Am. Acad. Audiol. 17, 141–146.

Gellermann, L. W. (1933). “Chance orders of alternating stimuli in visual

discrimination experiments,” Pedagog. Semin. J. Genet. Psychol. 42,

206–208.

Greene, C. R. J., and Richardson, W. J. (1988). “Characteristics of marine seis-

mic survey sounds in the Beaufort Sea,” J. Acoust. Soc. Am. 83, 2246–2254.

Guan, S., Vignola, J., Judge, J., and Diego, T. (2015). “Airgun inter-pulse

noise field during a seismic survey in an Arctic ultra shallow marine envi-

ronment,” J. Acoust. Soc. Am. 138(6), 3447–3457.

Guerra, M., Thode, A. M., Blackwell, S. B., and Macrander, A. M. (2011).

“Quantifying seismic survey reverberation off the Alaskan North Slope,”

J. Acoust. Soc. Am. 130(5), 3046–3058.

Hildebrand, J. A. (2009). “Anthropogenic and natural sources of ambient

noise in the ocean,” Mar. Ecol. Prog. Ser. 395, 5–20.

Holt, M. M., Southall, B. L., Kastak, D., Schusterman, R. J., and Reichmuth

Kastak, C. (2004). “Temporal integration in a California sea lion and a

harbor seal: Estimates of aerial auditory sensitivity as a function of signal

duration,” J. Acoust. Soc. Am. 116, 2531.

Holt, R. F., and Carney, A. E. (2005). “Multiple looks in speech sound dis-

crimination in adults,” J. Speech Lang. Hear. Res. 48, 922–943.

Howard-Jones, P. A., and Rosen, S. (1993). “The perception of speech in

fluctuating noise,” Acustica 78, 258–272.

International Association of Oil and Gas Producers. (2011). “An overview

of marine seismic operations,” Report No. 448, April 2011.

Jensen, F. H., Bejder, L., Wahlberg, M., Aguilar Soto, N., Johnson, M., and

Madsen, P. T. (2009). “Vessel noise effects on delphinid communication,”

Mar. Ecol. Prog. Ser. 395, 161–175.

Kastelein, R. A., Hoek, L., Wensveen, P. J., Terhune, J. M., and de

Jong, C. A. F. (2010). “The effect of signal duration on the underwater

hearing thresholds of two harbour seals (Phoca vitulina) for single

tonal signals between 0.2 and 40 kHz,” J. Acoust. Soc. Am. 127(2),

1135–1145.

Lohr, B., Wright, T. F., and Dooling, R. J. (2003). “Detection and discrimi-

nation of natural calls in masking noise by birds: Estimating the active

space of a signal,” Anim. Behav. 65, 763–777.

McDonald, M. A., Hildebrand, J. A., and Wiggins, S. M. (2006). “Increases

in deep ocean ambient noise in the Northeast Pacific west of San Nicolas

Island, California,” J. Acoust. Soc. Am. 120, 711–718.

Miller, G. A., and Licklider, J. C. R. (1950). “The intelligibility of inter-

rupted speech,” J. Acoust. Soc. Am. 22(2), 167–173.

Moody, D. B. (1970). “Reaction time as an index of sensory function,” in

Animal Psychophysics: The Design and Conduct of Sensory Experiments,

edited by W. C. Stebbins (Springer, New York), pp. 277–302.

Moore, B. C. (1993). “Frequency analysis and pitch perception,” in Human
Psychophysics, edited by W. A. Yost, A. N. Popper, and R. R. Fay

(Springer, New York), pp. 56–115.

Nieukirk, S. L., Mellinger, D. K., Moore, S. E., Klinck, K., Dziak, R. P., and

Goslin, J. (2012). “Sounds from airguns and fin whales recorded in the

mid-Atlantic Ocean, 1999–2009,” J. Acoust. Soc. Am. 131(2),

1102–1112.

Nowacek, D. P., Clark, C. W., Mann, D., Miller, P. J. O., Rosenbaum, H. C.,

Golden, J. S., Jasny, M., Kraska, J., and Southall, B. L. (2015). “Marine

seismic surveys and ocean noise: Time for coordinated and prudent

planning,” Front. Ecol. Environ. 13(7), 378–386.

Patterson, H., Blackwell, S. B., Haley, B., Hunter, A., Jankowski, M.,

Rodrigues, R., Ireland, D., and Funk, D. W. (2007). “Marine mammal

monitoring and mitigation during open water seismic exploration by Shell

Offshore Inc. in the Chukchi and Beaufort Seas, July–September 2006:

90-day report,” LGL Draft Rep. P891-1. Report from LGL Alaska

Research Associates Inc., Anchorage, AK, LGL Ltd., King City, Ont., and

Greeneridge Sciences Inc., Goleta, CA, for Shell Offshore Inc, Houston,

TX, and Nat. Mar. Fish. Serv., Silver Spring, MD, pp. 1–199.

Reichmuth, C., Ghoul, A., Sills, J. M., Rouse, A., and Southall, B. L.

(2016). “Low-frequency temporary threshold shift not observed in spotted

or ringed seals exposed to single air gun impulses,” J. Acoust. Soc. Am.

140(4), 2646–2658.

Reichmuth, C., Ghoul, A., and Southall, B. (2012). “Temporal processing of

low-frequency sounds by seals (L),” J. Acoust. Soc. Am. 132(4), 2147–2150.

Richardson, W. J., Greene, C. R., Malme, C. I., and Thomson, D. H. (1995).

Marine Mammals and Noise (Academic, San Diego, CA).

Sills, J. M., and Reichmuth, C. (2015). “Vocal behavior of spotted seals,” in

21st Biennial Conference for Marine Mammals, December 13–18, San

Francisco, CA.

Sills, J. M., Southall, B. L., and Reichmuth, C. (2014). “Amphibious hearing

in spotted seals (Phoca largha): Underwater audiograms, aerial audio-

grams and critical ratio measurements,” J. Exp. Biol. 217, 726–734.

Sills, J. M., Southall, B. L., and Reichmuth, C. (2015). “Amphibious hearing

in ringed seals (Pusa hispida): Underwater audiograms, aerial audiograms

and critical ratio measurements,” J. Exp. Biol. 218, 2250–2259.

Southall, B. L., Schusterman, R. J., and Kastak, D. (2003). “Auditory mask-

ing in three pinnipeds: Aerial critical ratios and direct critical bandwidth

measurements,” J. Acoust. Soc. Am. 114, 1660–1666.

Stebbins, W. C., editor (1970). “Principles of animal psychophysics,” in

Animal Psychophysics: The Design and Conduct of Sensory Experiments
(Springer, New York), pp. 1–19.

Terhune, J. M. (1988). “Detection thresholds of a harbour seal to repeated

underwater high-frequency, short-duration sinusoidal pulses,” Can. J.

Zool. 66(7), 1578–1582.

Urick, R. J. (1983). Principles of Underwater Sound (McGraw-Hill,

New York).

V�elez, A., and Bee, M. A. (2011). “Dip listening and the cocktail party prob-

lem in grey treefrogs: Signal recognition in temporally fluctuating noise,”

Anim. Behav. 82, 1319–1327.

Viemeister, N. F., and Wakefield, G. H. (1991). “Temporal integration and

multiple looks,” J. Acoust. Soc. Am. 90(2), 858–865.

Yost, W. A., and Shofner, W. P. (2009). “Critical bands and critical ratios in

animal psychoacoustics: An example using chinchilla data,” J. Acoust.

Soc. Am. 125(1), 315–323.

1008 J. Acoust. Soc. Am. 141 (2), February 2017 Sills et al.

http://dx.doi.org/10.1121/1.1288938
http://dx.doi.org/10.1016/j.marpolbul.2015.12.007
http://dx.doi.org/10.1103/RevModPhys.12.47
http://dx.doi.org/10.3766/jaaa.17.2.6
http://dx.doi.org/10.1080/08856559.1933.10534237
http://dx.doi.org/10.1121/1.396354
http://dx.doi.org/10.1121/1.4936904
http://dx.doi.org/10.1121/1.3628326
http://dx.doi.org/10.3354/meps08353
http://dx.doi.org/10.1121/1.4808636
http://dx.doi.org/10.1044/1092-4388(2005/064)
http://dx.doi.org/10.3354/meps08204
http://dx.doi.org/10.1121/1.3283019
http://dx.doi.org/10.1006/anbe.2003.2093
http://dx.doi.org/10.1121/1.2216565
http://dx.doi.org/10.1121/1.1906584
http://dx.doi.org/10.1121/1.3672648
http://dx.doi.org/10.1890/130286
http://dx.doi.org/10.1121/1.4964470
http://dx.doi.org/10.1121/1.4746030
http://dx.doi.org/10.1242/jeb.097469
http://dx.doi.org/10.1242/jeb.120972
http://dx.doi.org/10.1121/1.1587733
http://dx.doi.org/10.1139/z88-230
http://dx.doi.org/10.1139/z88-230
http://dx.doi.org/10.1016/j.anbehav.2011.09.015
http://dx.doi.org/10.1121/1.401953
http://dx.doi.org/10.1121/1.3037232
http://dx.doi.org/10.1121/1.3037232

	s1
	tr1
	l
	n1
	s2
	s2A
	s2B
	s2C
	f1
	s2D
	s2E
	s2F
	s3
	s3A
	t1
	s3B
	f2
	s4
	s4A
	f3
	f4
	t2
	s4B
	s4C
	s5
	fn1
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c26
	c25
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36
	c37
	c38
	c39
	c40
	c41
	c51
	c42
	c43
	c44
	c45
	c46
	c47
	c48
	c49
	c50

