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In 2012 a seismic survey campaign involving four vessels was conducted in Baffin Bay, West

Greenland. Long-distance (150 km) pre-survey acoustic modeling was performed in accordance

with regulatory requirements. Four acoustic recorders, three with hydrophones at 100, 200, and

400 m depths, measured ambient and anthropogenic sound during the survey. Additional recordings

without the surveys were made from September 2013 to September 2014. The results show that (1)

the soundscape of Baffin Bay is typical for open ocean environments and Melville Bay’s sound-

scape is dominated by glacial ice noise; (2) there are distinct multipath arrivals of seismic pulses

40 km from the array; (3) seismic sound levels vary little as a function of depth; (4) high fidelity

pre-survey acoustic propagation modeling produced reliable results; (5) the daily SEL did not

exceed regulatory thresholds and were different using Southall, Bowles, Ellison, Finneran, Gentry,

Greene, Kastak, Ketten, Miller, Nachtigall, Richardson, Thomas, and Tyack [(2007) Aquat.

Mamm. 33, 411–521] or NOAA weightings [National Marine Fisheries Service (2016). NOAA

Technical Memorandum NMFS-OPR-55, p. 178]; (6) fluctuations of SPL with range were better

described by additive models than linear regression; and (7) the survey increased the 1-min SPL by

28 dB, with most of the energy below 100 Hz; energy in the 16 000 Hz octave band was 20 dB

above the ambient background 6 km from the source. VC 2017 Acoustical Society of America.

https://doi.org/10.1121/1.5014049

[JFL] Pages: 3331–3346

I. INTRODUCTION

In 2010, five petroleum exploration license blocks were

awarded in Baffin Bay, West Greenland. Some of these

blocks have considerable overlap with narwhal protection

areas and are proximal to the Melville Bay Nature Reserve

(Fig. 1). As part of the environmental permitting process for

seismic surveys in Greenland, the Danish Centre for

Environment and Energy (DCE) issued Environmental

Impact Assessment requirements that include acoustic

modeling and monitoring guidelines (Kyhn et al., 2011).

These guidelines define many of the responsible practices

with respect to marine mammals and seismic surveys that

were subsequently described by Nowacek et al. (2013). The

main mitigation measures in these guidelines are (1) estab-

lishing the radius of exclusion zones with high-fidelity

acoustic modeling; (2) visually and/or acoustically monitor-

ing exclusion zones to minimize auditory injury to marine

mammals; and (3) turning off active sources when mammals

are detected in exclusion zones. The DCE guidelines (Kyhn

et al., 2011) apply the dual criteria recommended by

Southall et al. (2007): a maximum peak sound pressure level

(SPL) and a 24-h sound exposure level (SEL) limit. Seismic

surveys are usually performed using arrays of airguns spread

over an area on the order of 100 m2 and are therefore not

point sources. The range from an airgun array where the

peak sound pressure level criterion of 230 dB re 1 lPa for

cetaceans is exceeded (if at all) is at most on the order of

tens of meters, indeed comparable to the size of the airgun

array itself (Caldwell and Dragoset, 2000; Gisiner, 2016).

Thus, the criterion of concern for defining exclusion zones is

the 24-h SEL. The 24-h SEL thresholds recommended in

Southall et al. (2007) are weighted for the hearing bands of

mammal groups; the SEL criterion is typically exceeded at

ranges from the airgun array on the order of hundreds of

meters (e.g., Tashmukhambetov et al., 2008; Breitzke and

Bohlen, 2010; Matthews, 2012). It is widely accepted that

applying mitigation zones based on these thresholds mini-

mizes the risk of injuring marine mammals (Gordon et al.,
2003; Wartzok et al., 2003; Southall et al., 2007; Nowacek

et al., 2013).

Seismic airgun pulses can be perceptible above the

background ocean sound at distances in the order of hun-

dreds of kilometers (e.g., Bohnenstiehl et al., 2012a;

MacGillivray et al., 2014; Blackwell et al., 2015) and even

farther if the energy propagates in a deep sound channel

(Thode et al., 2010; Nieukirk et al., 2012; Blackwell et al.,
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2015). At ranges between the injury exclusion zones and the

limits of perception for seismic sound, animals may experi-

ence temporary threshold shift (TTS), behavioral distur-

bance, and masking effects (Gordon et al., 2003; Southall

et al., 2007; Nowacek et al., 2013). The sound levels that

induce behavioral responses from marine mammals cover a

wide range of sound pressure and sound exposure levels and

are dependent on factors such as the type of activity an ani-

mal was engaged in when exposed to the sound (e.g.,

Richardson et al., 1986; Wartzok et al., 2003; Ellison et al.,
2012; Robertson et al., 2013). It is extremely difficult, there-

fore, to establish relevant metrics and appropriate thresholds

to minimize behavioral effects (Southall et al., 2007; Kyhn

et al., 2011; Finneran and Jenkins, 2012; Wood et al., 2012;

NOAA, 2013; Wisniewska et al., 2014). Behavioral response

studies aim to develop dose-behavioral response relation-

ships reflecting the range of sound levels required to elicit a

response within a population (e.g., Kastelein et al., 2013a)

or the magnitude of response as a function of the stimulus

(e.g., Kastelein et al., 2013b). The sound levels that have

been reported to start eliciting behavioral responses range

between 100 and 180 dB re 1 lPa SPL (Finneran and

Jenkins, 2012; Wood et al., 2012; Shannon et al., 2016;

Carroll et al., 2017). The SPL depends on the averaging time

used, which can lead to a range of possible values for the

same pulse depending how the pulse length is determined

(Madsen, 2005). It is important to document the variability

in the pulse length and SPL with in situ data.

Man-made sound has the potential to mask ecologically

relevant sounds, especially when the frequency bands of the

sound sources overlap. Sounds that are ecologically relevant

to marine animals include conspecific calls, predator and

prey sounds, natural sounds used for orientation, and echolo-

cation calls from odontocetes (Clark et al., 2009). Seismic

airgun arrays emit high-intensity low-frequency sound

impulses with peak frequencies of near 50 Hz (Dragoset,

1990; Caldwell and Dragoset, 2000). They are expected to

have minimal impacts on marine mammals, such as odonto-

cetes, that have limited hearing sensitivity at these low fre-

quencies (NRC, 2005; Southall et al., 2007; NMFS, 2016).

However, Goold and Fish (1998) report frequencies of up to

8 kHz above the ambient background at a distance of 8 km

from a 2120 in.3 seismic array in 50–100 m deep water,

Madsen et al. (2006) report measured per-pulse SPLs in the

10 kHz 1/3-octave-band greater than 110 dB at a range of

1.4 km from a 2590 in.3 seismic array in deep waters in the

Gulf of Mexico, and Hermannsen et al. (2015) show energy

above 10 kHz from single airguns at a range of 1300 m in

15 m deep water.

In summer 2011, license holders submitted four seismic

survey applications to the DCE. As part of the Environmental

Impact Assessment process, each proponent’s acoustic

modeling methods and results (e.g., Matthews, 2012) were

reviewed by the DCE, and the cumulative effects of all sur-

veys were assessed. Various data gaps were identified, such

as (1) limited documentation of the propagation of seismic

airgun pulses around Greenland; (2) limited ambient sound

data for Baffin Bay and Melville Bay; (3) limited knowledge

of the variation in seismic array sound levels as a function of

depth; (4) uncertainty about the importance of high-fidelity

inputs for acoustic models (e.g., temperature/salinity profiles,

bottom contours, and the sub-bottom geo-acoustic structure);

and (5) the temporal and spatial variation of marine mammal

distribution in Baffin Bay and Melville Bay (Wisniewska

et al., 2014). Comparing measured and modeled sound propa-

gation as a function of depth was noted as especially impor-

tant, since cold fresh water from melting glaciers creates a

strong sound speed minimum at 30–80 m depth, which is

expected to trap and propagate low-frequency sounds for

long distances in the sound duct.

To address these data gaps, we conducted a multi-year

acoustic monitoring program. As part of Shell’s seismic sur-

vey in the license areas, three vertical array moorings with

hydrophones at three measurement depths were deployed in

summer 2012 (Fig. 1, also see Sec. II A). We also deployed

one bottom-mounted autonomous recorder in Melville Bay

from mid-August to mid-September 2012. During August

and September 2012, two seismic source vessels conducted a

3-D seismic survey with 3480 in.3 airgun arrays near the ver-

tical arrays, including two passes within 110 m slant range of

the top hydrophones. The modeled broadside zero-to-peak

sound pressure source level of the arrays was 247.3 dB re

1 lPa with a modeled per-pulse sound exposure level of

227.8 dB re 1 lPa2 s (Matthews, 2012). Five recorders were

deployed in September 2013 to study the summer ambient

soundscape and to characterize a lower-energy shallow-

hazards seismic survey conducted with a 140 in.3 array

FIG. 1. (Color online) Recorder stations in summer 2012 (green circles/

darker gray), summer 2013 (orange circles/lighter gray), and overwinter

2013–2014 (black triangles), as well as pre-survey modeling locations (pur-

ple hexagons). Narwhal protection area data from Kyhn et al. (2011).
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(modeled broadside zero-to-peak sound pressure source level

of the array was 239.3 dB re 1 lPa with a modeled per-pulse

sound exposure level of 214.5 dB re 1 lPa2 s) (Matthews,

2013). Two recorders with hydrophones at mid-water col-

umn depth were deployed overwinter from 29 September

2013 to 6 September 2014 to capture the soundscape over a

full year (see Sec. II A).

Here we report on the new knowledge derived from the

monitoring program through an analysis of the license block

and Melville Bay recordings. We present (1) propagation

conditions of seismic pulses in Baffin Bay; (2) an overview

of ambient sound characteristics, total sound levels, and

spectral content associated with seismic pulses in Baffin and

Melville Bay; (3) variation in seismic airgun sound levels as

a function of depth; (4) a comparison of modeled and mea-

sured sound levels at ranges up to 65 km from the source; (5)

cumulative sound exposure levels; (6) a comparison of dif-

ferent SPL metrics for predictions of ranges to behavioral

disturbance of marine mammals; and (7) the measured spec-

tral content of the pulses as a function of range to the seismic

source. Due to the large amounts of data collected in this

project, we have provided figures and tables that illustrate

points on additional recorder channels in the supplementary

material.1 The data from this project also generated exten-

sive new information on the seasonal presence of marine

mammals in Baffin Bay, which is reported in Frouin-Mouy

et al. (2017).

II. METHODS

This section describes the autonomous recorder deploy-

ments and the methods used for analyzing the data and

acoustic propagation modeling. With respect to acoustic ter-

minology, this manuscript uses the terms recommended in

the final draft of ISO standard 18405:2017. Specifically,

sound pressure level is 20 times the base-10 logarithm of the

root mean squared pressure summed over a specified time

window and is abbreviated as SPL or Lp,duration rms where “p”

stands for pressure and “duration” is the averaging window

length. The maximum of the pressure signal, in dB re 1 lPa,

is referred to as peak sound pressure level or Lp,pk. The

1/3-octave-band used in this analysis followed the 1/10

decade (deci-decade) definition of 1/3-octaves.

A. Recorders and deployments

Autonomous Multichannel Acoustic Recorders

(AMARs, JASCO Applied Sciences) were deployed at

Stations BB1–BB4 (Fig. 1, Table S-1)1 between 29 July and

2 October 2012. Stations BB1–BB3 were bottom-mounted

vertical arrays (Fig. 2), with hydrophones at 100, 200, and

400 m water depths. The recording depths were chosen as a

compromise between the expected propagation paths (see

Sec. II C), water column coverage, and eliminating interfer-

ence with the seismic arrays. At these three stations, the top

hydrophone (100 m depth) sampled continuously at 64 kilo-

samples per second (ksps) to record seismic airgun pulses

and marine mammal calls. The two lower hydrophones (200

and 400 m depth) sampled continuously at 8 ksps, primarily

to record seismic airgun pulses. All three hydrophones were

sampled by the same AMAR. The 8 ksps sample rate for the

lower hydrophones was chosen to maximize the recording

duration within the memory capacity of the system (1.792

TB). We chose not to duty cycle these recordings so that the

recordings would contain complete overpasses of the seismic

vessel at all depths. Station BB3 was located within 3 km of

pre-survey modeling Site 3 (Matthews, 2012) to permit com-

parisons between the measured and modeled data (Fig. 1).

At Station BB4, located within Melville Bay, an AMAR was

deployed at the seabed (130 m) with a single omnidirectional

hydrophone sampling at 64 ksps.

AMARs were deployed at Stations BB5–BB9 (Fig. 1,

Table S-1)1 between 31 August and 30 September 2013.

These systems were fitted with GTI-M8E hydrophones

which, due to the shorter monitoring period allowed for

higher sampling rates, alternated between sampling rates of

64 and 375 ksps. The hydrophones were positioned between

300 and 500 m, in each case near mid-water column for the

chosen locations (Table S-1).1 To collect a year-long dataset

without seismic activity, AMARs were deployed at Stations

BB6 and BB10 from late September 2013 to early September

2014 (Fig. 1, Table S-1).1 Each year-long AMAR was fitted

with a GTI-M8E-V35 dB omnidirectional hydrophone and

cycled between 64 and 375 ksps, as well as periods of sleep.

The details of hydrophone sampling configurations and sensi-

tivities are given in Tables S-21 and S-3.1

FIG. 2. (Color online) Overview of the mooring configuration used in 2012.

The bottom hydrophone was located at �400 m water depth with the

recorder located �5 m below it. The other hydrophones were located at 200

and 100 m depth. The streamlined sub-surface float was at 90 m depth.
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B. Acoustic data analysis

Acoustic data were quantified using three standard met-

rics: peak sound pressure level, sound exposure level (SEL),

and sound pressure level (SPL) (see, for example, Madsen,

2005 for definitions of these metrics). The broadband SPL,

as well as the SPL, in each 1/3-octave-band were computed.

The metrics were computed for each minute of data to char-

acterize the total sound levels and separately for each

detected seismic pulse to characterize the short impulses.

The one-minute deci-decade SPLs were converted to deci-

decade SELs by adding 10*log10(60 s) and combined to

assess the frequency-weighted sound levels (Southall et al.,
2007) or to compute the sound levels in octave bands so seis-

mic sound levels could be discussed as a function of fre-

quency. The 1 Hz power spectral densities averaged over

1 min were computed and are presented in the Sec. III A and

the supplementary material1 as long term spectrograms, per-

centile levels, and spectral probability densities (see

Merchant et al., 2015 for a discussion of these methods).

Our analysis used exceedance percentile levels to quan-

tify the distribution of recorded sound levels. Following

standard acoustical terminology, the nth percentile level (Ln)

is the level (i.e., power spectral density level, SPL, or SEL)

exceeded by n% of the data. Lmax is the maximum recorded

sound level. Lmean is the linear arithmetic mean of the sound

power, which can differ significantly from the median sound

level L50. The exceedance percentiles are often presented as

statistical sound levels using box- and-whisker plots (e.g.,

Fig. 5). In such plots, the bottom and top of the “box” are

defined by the 75th and 25th percentile sound levels, respec-

tively, and a line through the middle of the box shows the

median level. Whisker lines extending above and below the

box show the total range of measured data, with short hash

marks to indicate the 95th and 5th percentiles. The mean

(Lmean) value is shown with a separate line across the plot.

Seismic survey pulses were identified using a variation

on the Teager-Kaiser (TK) energy detector (Kaiser, 1990).

The detector created an “energy” time-series as the square

root of the sum of the squared pressure signal over a period

of 0.03 s. A detection was determined to have occurred when

the square of this time series (sample Xi) was greater than

the product of its neighbors by a chosen threshold [Eq. (1)]:

X2
i � Xi�1 � Xiþ1 > T: (1)

The pulse limits were defined by searching for the maxi-

mum energy in the neighborhood of each detection. Two

versions of the detector were implemented for this study.

The first version used the 90% energy duration method of

analyzing man-made impulsive sounds (T90 SPL, e.g.,

Blackwell et al., 2004; Thode et al., 2010) by searching over

a 7 s window and finding the period that contained 90% of

the energy (7 s was required due to the extensive multi-path

arrivals, see Fig. 7 and Fig. 8). The second version limited

the duration of the impulse to the integration time of mam-

malian hearing (Madsen, 2005; Tougaard et al., 2015) by

searching over a 0.5 s time window centered on the TK-

detection and finding the 0.125 s period with the maximum

energy. Multi-path arrivals from a single airgun pulse were

separated into distinct impulses for analysis when we used

the second approach. We chose the 0.125 s window based on

Tougaard et al. (2015) because it is also the standard used in

terrestrial sound level meters for fast-time weighting (ANSI

S1.4-1983, 2006) and hence will be simpler for other teams

to replicate in the future. The results of these two approaches

were compared with the total 1 min sound levels computed

from the same time periods.

The data were pre-conditioned using a 10 Hz high-pass

digital filter to remove very low-frequency electrical noise

caused by an improper power supply to the current-loop cir-

cuits of the hydrophones. The finite impulse response filter

was designed with the MATLAB (The Mathworks Inc, Natick,

MA) Filter and Window Design Application, with a 7 Hz

stop frequency, a 10 Hz pass frequency, and 60 dB of stop-

band attenuation using the “Kaiser Window” design option.

The filter had 77342 points, and it did not significantly affect

the measured signal levels above 10 Hz. Analysis of seismic

pulses received 40 km from the source before the electrical

noise began (5–6 August) showed up to a 0.2 dB difference

in the per-pulse SPL and SEL, and up to a 1.5 dB difference

in the peak sound pressure level. Processing of the wav file

recordings was performed using the PAMlab software suite

(JASCO Applied Sciences). Post processing of the PAMlab

outputs and plot generation was performed using custom

MATLAB scripts.

C. Seismic source and acoustic propagation modeling

Acoustic propagation modeling was a four-part process:

(1) modeling of the airgun source; (2) modeling per-pulse

sound exposure level propagation loss using a range-

dependent parabolic equation model, (3) combining the

source level and propagation loss to estimate the per-pulse

SEL at the water volume around the source, and (4) convert-

ing the per-pulse SEL to SPL. The first two steps were per-

formed at individual deci-decade center frequencies between

10 and 2000 Hz, and the contributions of each band were

summed during the final step. We used the Airgun Array

Source Model (AASM, JASCO Applied Sciences) to esti-

mate the source signature of each airgun in the array by sim-

ulating the physics of bubble expansion and interactions

with adjacent bubbles. The frequency dependent source level

and beam pattern of the array were estimated by convolving

the signatures of the individual airguns taking into account

the geometry of the array (MacGillivray, 2006; Matthews,

2012). The Marine Operations Noise Model (MONM,

JASCO Applied Sciences) was used to perform parabolic

equation propagation loss modeling. MONM is based on the

U.S. Navy’s Range-dependent Acoustic Model (Collins,

1993), modified to use complex density to approximate shear

wave conversion energy loss at the seafloor (MacGillivray,

2006; Matthews, 2012; MacGillivray, 2013).

Propagation loss estimates are affected by the bathyme-

try, water column sound speed profile, and acoustic proper-

ties of the seabed. Pre-survey modeling (Matthews, 2012)

was performed using sound speed profiles from the

Generalized Digital Environmental Model (GDEM) database
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(Teague et al., 1990), bathymetry from the SRTM 30 data

set (Rodriguez et al., 2005), and a five-layer seabed geo-

acoustic profile based on available literature (Table S-4).1

The sound speed profile in this area has a strong sound speed

minimum at �60 m depth because of cold fresher water

lying over warmer more saline water (e.g., Fig. S-3).1

Therefore, we expected that sound would refract towards the

sound speed minimum and that there would be higher sound

levels at 100 m recording depth compared to the lower

recording depths (see Sabra et al., 2016 for an introduction

to long range underwater sound propagation). Due to the

width of the measured sound duct (�15 m/s change from 30

to 100 m depth) the measured sound levels at higher frequen-

cies may slightly less than could have been measured at

60 m at long ranges.

Per-pulse SELs were converted to T90 SPLs using a

range dependent estimate of the pulse length. The pulse

length was estimated by generating a synthetic pressure

waveform for the airgun array through a Fourier synthesis of

the waveform. The vertically and azimuthally directional

starting field for the sound propagation model was generated

in a 1-Hz frequency bin from 10 to 2000 Hz, based on the

source signature computed by AASM and the relative posi-

tion of each array element. The propagated sound field was

summed across frequency, and then an inverse Fourier trans-

form was performed to obtain the modeled waveform. The

pulse length was obtained from the modeled waveform to

produce a per-pulse SEL to SPL conversion factor. During

the pre-survey modeling, two conversion factors were esti-

mated, one eastward from Station BB1 and the other west-

ward from BB1. For the post-survey analysis, a conversion

factor along bearing of 030� (northeast) from Station BB1,

towards BB3, was computed.

During data analysis, the measured and modeled sound

levels were compared. Further modeling was performed to

investigate if the differences between the measured and

modeled sound levels could be reduced by increasing the fre-

quency resolution of the modeling, running the model with

the measured sound speed profiles, or using the bathymetry

measured by the seismic vessels.

D. Greenland seismic surveys in 2012 and 2013

Seismic surveys were conducted in the Shell-operated

license areas in 2012 and 2013. The 2012 3-D survey was

conducted by the Polarcus Amani and Polarcus Samur from

2 August 2012 to 15 October 2012. In that year, each vessel

towed two 3480 in.3 seismic arrays (Fig. S-2).1 The arrays on

each ship were operated alternately so that the average

sounding rate per ship was 10–12 s. The median survey speed

was 2.25 m/s, or 8.1 km/h. The vessels operated indepen-

dently throughout the survey. The ships occasionally oper-

ated in the same area on parallel acquisition lines, separated

in time by a 4 h delay (32 km separation). Approximately

228 000 pulses from the Amani and 220 000 from the Samur
were recorded. The median ranges of the Amani to Stations

BB1, BB3, and BB4 were 42, 106, and 124 km, respectively

(Table I, Fig. 3). The median ranges to the Samur were 36,

62, and 105 km, respectively. The vessel tracks that passed

closest to Station BB1 on 4 September 2012 and BB3 on 18

September 2012 are examined. Station BB2 measurements

were similar to BB1, so only BB1 is analyzed in detail.

Two other seismic surveys occurred in summer 2012 in

Baffin Bay. ConocoPhillips, DONG Energy, and Nunaoil

jointly conducted a 2-D survey from 25 August 2012 to 24

September 2012 in the license area north of the Shell license

area. This survey’s closest point of approach was �40 km

to Station BB3 and 120 km to BB4. Maersk Oil conducted a

TABLE I. Minimum, median, and maximum distances from the Amani and

Samur to Stations BB1, BB3, and BB4 (Fig. 1) in summer 2012.

Ranges from

survey vessel

to station

Minimum

distance (km)

Median

distance (km)

Maximum

distance (km)

Median daily

closest point of

approach (km)

Amani to:

BB1 0.1 42 89 16

BB3 0.02 106 153 40

BB4 68 124 158 95

Samur to:

BB1 0.7 36 90 14

BB3 0.6 62 153 25

BB4 68 105 158 95

FIG. 3. (Color online) Survey lines of the Amani and Samur in summer 2012.
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3-D survey from 6 August 2012 to 1 October 2012 in the

license area southeast of the Shell license area. This survey’s

closest point of approach was 100 km to Station BB1 and at

least 200 km from BB4 (Wisniewska et al., 2014).

From 15 September 2013 to 8 October 2013 the Fugro
Discovery conducted a localized shallow-hazards survey for

Shell Oil by using a 140 in.3 array (Table S-5,1 Figure S-1).1

Shallow hazards surveys detect features that may impact

proposed oil and gas operations such as gas vents, abnormal

pressure zones, and faults lines. Here we present the data

from Station BB6 as an example of measurements that were

40 or more kilometers from the shallow-hazards survey, and

BB7 as an example of recordings within the region of the

survey. The two summer data sets with seismic surveys are

compared with the year-long data from Stations BB6 and

BB10.

III. RESULTS AND DISCUSSION

A. Soundscapes of Baffin and Melville Bays

The various sets of acoustic data acquired during this

project are characterized by different combinations of man-

made and natural sounds (Fig. 4): (1) the year-round record-

ing at Station BB6 shows minimal man-made sounds; (2) the

September 2013 recording at BB7 reveal few man-made

sources until the start of the shallow hazards survey on 15

September 2013; (3) the nearshore recordings in Melville

Bay (BB4) from 2012 are dominated by glacial ice sounds;

and (4) the BB1 recordings from 2012 prominently feature

the 3-D seismic survey. When the seismic surveys started on

2 August 2012 and 15 September 2013, the average sound

levels near the operations increased. The average 1-min SPL

at Station BB1 was 106 dB re 1 lPa prior to 2 August 2012

and 134 dB re 1 lPa after that date, with most of the increase

at frequencies below 100 Hz (Fig. 4, Panel 4). The received

sound levels at that station increased and decreased as the

survey vessel approached and departed. Other stations (e.g.,

Station BB3, Fig. S-4)1 had similar results. The sounds from

the surveys in the other license areas are not discernible in

these figures.

The summer 2012 stations were deployed 29 and 30

July 2012 and retrieved 29 September 2012 to 2 October

2012 (Table S-1).1 Since the seismic survey started on 2

August 2012, there were little data available from 2012 to

FIG. 4. (Color online) Summary of the received sound levels in Baffin Bay for four sound scenarios: (1) Station BB6 in overwinter 2013–2014 with minimal

man-made sounds; (2) BB7 in summer 2013 at 3–100 km from a shallow hazards survey that started 15 Sep; (3) BB4 near glacial ice in Melville Bay in 2012;

and (4) BB1 in summer 2012 at 0.1–90 km from the 3-D seismic survey that started 2 Aug. The bottom section of each figure shows long-term spectrograms

and the top section corresponding band-level time-series plots.
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assess the natural ambient soundscape in Baffin Bay. The

summer 2013 and overwinter 2013–2014 recordings provide

data for this purpose (Fig. 5, Fig. S-4,1 Fig. S-6,1 Fig. S-81).

Figure 5 shows the distribution of 1-min SPLs in four of

these recordings. Broadband (10–32 000 Hz) and four decade

bands are shown. The 10–100 Hz band normally contains

sounds from natural and anthropogenic seismic sources, calls

from the very large baleen whales, as well as possible

pseudo-noise from flow over hydrophones and cable strum.

Large vessels, seismic surveys, baleen whales, and wind and

wave action are the primary sources of sound in the

100–1000 Hz band. The 1000–10000 Hz band contains

sounds from wind and wave action and potentially whistles

from pilot whales and narwhals. The 10 000–32 000 Hz band

normally contains energy from whistles, echolocation clicks,

and rain (see Cato, 2008; Hildebrand, 2009 for summaries of

ocean noise).

Station BB6 is representative of ambient sound level

measurements in Baffin Bay with a median SPL of 102 dB re

1 lPa in summer 2013 and 100 dB re 1 lPa overwinter

2013–2014 (Figs. 5, S-6,1 and S-81). There were few anthro-

pogenic sound sources in this period, and no 3-D seismic

surveys were conducted. The general shape of the spectra

are similar to those reported from sonobuoy studies in 1981

(Leggat et al., 1981). The 100–1000 Hz band, driven by

wind action, has the highest sound levels during summer.

During winter, ice cover reduced the sound levels above

100 Hz from December to May (Figs. S-61 and S-81) (see

also Roth et al., 2012). Biologic sound sources were infre-

quent, with the exception of bearded seals (Erignathus bar-
batus) in May and June (Frouin-Mouy et al., 2015).

The sound spectra recorded at Station BB4 in Melville

Bay were consistent with glacial ice melt. The median 1-min

SPL was 116 dB re 1 lPa, 14 dB higher than the 102 dB re

1 lPa at Station BB7 in summer 2013 (Figs. 5, S-5,1 and S-81).

The highest Melville Bay sound levels were in the

1000–10 000 band, whereas in the data from other stations the

1000–10 000 Hz band were much lower than the 100–1000 Hz

and 10–100 Hz bands. Listening to the sound files from Station

BB4 (e.g., the data represented in Fig. S-7)1 reveals many

instances of ice cracking, as well as pops and hisses that are

likely caused by air escaping from melting glacial ice (Pettit

et al., 2015). This is reasonable given that station is near the

Greenland coast and its calving glaciers (Fig. 1).

Seismic pulses were rarely detectable at Station BB4

(e.g., Fig. 4), and the 1-min SPL was uncorrelated with the

distance to the Samur and Amani (Fig. 6, r2¼ 0.017,

SE¼ 0.31). The periods with higher sound levels (e.g., 7–13

September 2012, Fig. 4) did not contain pulses originating

from the seismic surveys in the adjacent lease areas either;

instead, these periods contained more loud ice cracking

events than the quieter periods.

The octave-band 1-min SPLs at Station BB6 in

September 2013 (Fig. S-8,1 Table S-51) were used to estab-

lish a threshold where the seismic survey sounds would stand

out against the ambient background sounds and begin mask-

ing other sounds in the same band as the received seismic

energy (see Sec. III G). The data preceding the 2012 seismic

survey were not used because the time period was quite short

and the dynamic range of the 2012 ambient recordings was

limited by the low sensitivity of the M8E-0 dB hydrophones

(see Table S-3).1

B. Nature of seismic airgun pulses in Baffin Bay

The seismic pulses recorded in Baffin Bay showed very

strong multipath arrivals for source-recorder ranges (or sepa-

rations) of less than 40 km (Figs. 7 and 8). The pattern of

arrivals depended on the depth of the hydrophone, the water

depth (770 m), and the range to the seismic vessel. At 100 m

hydrophone depth (Fig. 7), the pulses arrived in pairs, where

the first one was the upward traveling reflection from the

seabed and the second was the downward traveling surface

reflection. As the range to the vessel increased, the time

between the impulses in each pair decreased due to the

FIG. 5. (Color online) Comparison of the statistical received sound levels for the four sound scenarios in Fig. 4. From left to right the bands are 10–32 000,

10–100, 100–1000, 1000–10 000, and 10 000–32 000 Hz.

FIG. 6. Ranges from Station BB4 to the Samur and Amani in summer 2012

and the 1-min SPL.
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reduced differences in path length. The number of pairs

arriving at the hydrophone also increased with range. At

the 400 m hydrophone (Fig. 8), the path lengths between the

bottom and surface reflections were the same; hence, the

impulses were evenly spaced. Similar to the measurements

at 100 m water depth, the number of impulses increased with

the distance to the vessel. The additional impulses increased

the 90% energy duration every time an additional propaga-

tion path became important (Fig. 9). The duration decreased

with range as the length of the propagation path shortened.

At �40 km from the source, the number of arrivals depended

on many propagation variables (e.g., bathymetry, bottom

FIG. 7. Shape of 3480 in.3 seismic array pulses at progressively longer ranges from Station BB3 in 770 m water depth at the 100 m deep hydrophone. All fig-

ures show 5 s of data. (Left) Time-series waveforms, and (right) spectrograms (1 Hz resolution, 0.2 s of data per FFT, 0.19 s overlap between FFTs, Hamming

window). The SPL and SEL are for the T90 window durations shown.

FIG. 8. Shape of 3480 in.3 seismic array pulses at progressively longer ranges from Station BB3 in 770 m water depth at the 400 m deep hydrophone. These

are the same pulses as shown in Fig. 3 at 100 m depth. All figures show 5 s of data. (Left) Time-series waveforms, and (right) spectrograms (1 Hz resolution,

0.2 s of data per FFT, 0.19 s overlap between FFTs, Hamming window). The SPL and SEL are for the T90 window durations shown.
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scattering roughness, weather), and the pulse lengths ranged

from 2 to 6 s (Fig. 9).

Also at �40 km from the source, the received signal at

100 m depth began to exhibit a frequency upsweep pattern in

the 0.5–1 s initial arrival in the time series. This pattern became

the dominant spectral feature at ranges greater than 40 km.

These sweeps were the result of the sound being refracted into

a low-velocity sound channel (Fig. S-3).1 Higher frequencies

were refracted more steeply than the lower frequencies, result-

ing in a longer path length and thus later arrivals at higher fre-

quencies. Upsweeps were faintly present at 200 m depth, but

they were not detected at 400 m depth (Fig. 8).

The pulses recorded in Baffin Bay had a different char-

acter than those reported from other deep water measure-

ments, in that the direct arrival and subsequent multipath

arrivals in the recordings from Baffin Bay study had similar

amplitudes (within 1–6 dB). These signal characteristics

were sustained at ranges between 1 and 40 km, unlike those

reported by Madsen et al. (2006) from deep waters in the

Gulf of Mexico where the first arrival had much higher lev-

els than the multipath arrivals. The pulse structure was also

different than the long reverberant pulses observed at inter-

mediate ranges in deep water in the Lau Basin by

Bohnenstiehl et al. (2012b); however, the long range pulses

(127 km) recorded at 400 m depth in Baffin Bay were similar

to the Lau Basin pulses at comparable ranges (Fig. 8).

The presence of many multipath arrivals in the present

data suggests a smooth and flat seabed with a high reflection

coefficient in the Baffin Bay project area. The Lau Basin

region, by comparison, is a tectonic spreading zone with a

very high sound speed bottom (primarily basalt with little

surface sediment accumulation) that should be an excellent

reflector. However, random seafloor deformations at the Lau

Basin spreading zone scatter the higher frequencies so that

only low frequencies propagate long distances in the Lau

Basin Bay. We note, by contrast to the deep water propaga-

tion conditions in Baffin Bay and the Lau Basin, that seismic

pulses received in shallow water areas (<100 m) are affected

by shallow water filtering (Urick, 1983), head waves from

higher speed propagation in the substrate, and modal disper-

sion (Guerra et al., 2011; Guan et al., 2015).

C. Cumulative sound exposure and predictions of
ranges to radii for auditory injury of marine mammals

As discussed in the Introduction, recent frameworks for

assessing the effects of noise on marine life (e.g., Southall

et al., 2007; Popper et al., 2014; NMFS, 2016) use two crite-

ria to assess the risk of auditory injury: peak sound pressure

level and cumulative SEL. For airgun arrays, the peak sound

pressure level drops below the injury threshold level for

marine mammals at a range of tens of meters. The cumula-

tive SEL drops below the suggested regulatory sound levels

for injury at ranges of hundreds of meters and can be 1 km or

longer and becomes the zone that is monitored for protection

of marine mammals (e.g., Matthews, 2012). This is espe-

cially true for a stationary receptor. Thus, an analysis of the

cumulative SEL metric using the Greenland data may be

instructive for future regulatory discussions.

The radius around the source where the measurements

suggest possible auditory injury to marine mammals depends

on which set of thresholds and auditory weighting functions

are used. The Guidelines to Environmental Impact Assessment
of Seismic Activities in Greenland Waters (Kyhn et al., 2011)

mandates the M-weightings and thresholds recommended in

Southall et al. (2007). In the intervening period between the

project and present, new approaches have been distributed by

the National Ocean and Atmosphere Administration (NOAA)

for the United States. Each approach uses different auditory

weighting methods and thresholds for auditory injury and

behavioral disturbance. To estimate the ranges when the cumu-

lative SEL exceeded the thresholds, we computed the

frequency-weighted daily SEL at Stations BB1 and BB3 and

plotted them against the closest point of approach of the seis-

mic vessels for that day (Fig. 10). The Southall et al. (2007)

weighting functions and thresholds predict potential hearing

damage for pinnipeds at ranges of 600 m from the vessel and

that low-frequency cetaceans could be injured at very close

ranges (<100 m, Fig. 10). The NOAA Technical Guidance

(NMFS, 2016) weighting functions and thresholds predict

that the acoustic energy from this survey could injure

high-frequency cetaceans at ranges of less than 500 m (Fig.

10). On eight days when the seismic vessels’ closest points

of approach to the stations were greater than 10 km, the

measured exposure levels were exceeded the high-

frequency cetacean threshold. Our review of these events

showed that seismic sounds were present; however, addi-

tional energy from the close passage of other vessels (ranges

and vessel identities are unknown) increased the sound

levels in the high-frequency weighted cetacean SEL for

those days. The NOAA Technical Guidance threshold for

exposure of high-frequency cetaceans to non-impulsive

sounds is 173 dB re 1 lPa2 s, and these exposures do not

exceed the threshold. The data were included as “seismic”

by the automated processing since detection was performed

on unweighted data and the weighting applied to the

impulses after detection. These results highlight the contin-

ued need for research into the appropriate auditory

FIG. 9. The 90% energy pulse duration compared to range for the data

received at Station BB1 and BB3’s 100 m deep hydrophones. Data were

selected from 3.7 days when only a single seismic vessel was active. Ranges

to the vessels were 1–150 km. For each minute of seismic activity, the five

pulses with the highest energy were selected and plotted.
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weighting functions for marine species, the effects of sound

on marine life, methods of data analysis, and thresholds that

will minimize impacts.

D. Depth dependence of seismic pulse energy

DCE’s review of the possible effects of seismic surveys

on marine life raised the question of variation in the received

levels as a function of depth (Wisniewska et al., 2014);

therefore, our study recorded acoustic signals at 100, 200,

and 400 m below the sea surface. We found that the SPL,

per-pulse SEL, and 24-h SEL showed only minor variations

in the received sound levels as a function of depth in Baffin

Bay. Figures 7 and 8 show that the received sounds at ranges

beyond 40 km from the source at a 100 m depth contained a

low-frequency upsweep that was not present at 200 and

400 m depth, as described in the Sec. III B. In the longest-

range case (127 km), the SPL at 100 m depth was 6 dB higher

than at 400 m; however, the pulse was also four times shorter

at 100 m, which resulted in the same SEL at both depths.

At close ranges (0–3 km) there were differences with

depth in the received signals that depended on the multipath

reflections arriving at different times and the vertical beam

pattern of the seismic array (Fig. 11). Because the hydro-

phones were at different depths, the first reflection of the

seismic pulse arrived at the 400 m hydrophone, followed by

the 200 m and finally the 100 m hydrophone. This pattern

was reversed for the subsequent surface reflection (Fig. 11).

Seismic arrays concentrate sound in the vertical direction

with an angular beam width that depends on frequency (Fig.

S-9).1 As the vessel approached within 1 km of the recording

station, the deepest hydrophone “entered” the beam first, and

therefore as the vessel approached the received sound level

at 400 m depth rose before the levels at the 200 and 100 m

depths (Fig. 11). At the closest point of approach, all three

hydrophones were almost entirely in the main lobe of the

seismic array, so that the 100 m deep hydrophone had the

highest sound levels since it was closest to the array and had

the lowest geometric spreading loss.

The daily SEL integrates the received exposure levels

over a 24-h period and provides a macroscopic assessment

of the sound levels as a function of depth. The SELs were

virtually identical at all depths, except when the source

passed directly over the receivers. The single pulse SELs at

the closest point of approach differed by 7 dB between the

100 and 400 m recordings (Fig. 11), yet the daily SELs only

differed by 2 dB (Fig. 12). The frequency content at all

depths was also virtually identical (not shown). We conclude

that for the purposes of assessing the possibility of auditory

injury or behavioral disturbance to marine mammals, the

sound levels as a function of depth can be treated as uniform

for the conditions in Baffin Bay.

E. Verification of propagation modeling results with
actual environmental inputs

A knowledge gap identified during the pre-survey

modeling effort (Wisniewska et al., 2014) was the poor

understanding of the dependence of acoustic propagation

model results on the accuracy of the environmental inputs,

since there was little high fidelity data available for Baffin

Bay to base such an analysis on. The acoustic measurements

collected as the seismic surveys passed Stations BB1 and

FIG. 10. Exceedance of frequency-weighted daily SELs compared to three injury metrics versus the closest range to either seismic vessel for the 100 m hydro-

phone at Station BB1. (Left) Southall et al. (2007) injury threshold. (Right) NOAA Technical Guidance (2016) permanent threshold shift (PTS). Positive val-

ues exceed the thresholds. Frequency band abbreviations: LF—low-frequency cetacean auditory weighting; MF—medium-frequency cetacean auditory

weighting; HF—high-frequency cetacean auditory weighting; Pinniped—pinniped weighting from Southall et al. (2007) and the phocid weighting from

NOAA Technical Guidance (2016). The light-gray shaded high-frequency data also contained significant levels of energy from the close passage of vessel and

hence are comparable to the threshold of 173 dB re 1 lPa2 s rather than 155 dB re 1 lPa2 s, and hence do not constitute an exceedance of the thresholds.

FIG. 11. (Color online) Per-pulse SEL for 125 ms impulses detected at

Station BB3 hydrophones from the 3480 in.3 seismic source as it passed the

station on 18 September 2012. Differences in received sound levels were

primarily within the first 3 km from the source.
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BB3 enable us to directly compare the environmental param-

eters used for the pre-survey acoustic modeling (Matthews,

2012). The acoustic propagation model was re-run with the

source at the vessel’s closest point of approach to Station

BB1 along the radial from BB1 to BB2 and BB3 (Fig. 1).

The measured per-pulse fixed window SPL as the ship

approached Station BB1, as well as the simultaneous meas-

urements at BB2 and BB3, were compared to the pre- and

post-survey modeled SPLs. The SPLs were computed by

applying a range-dependent conversion factor to the SELs

modeled by MONM. The conversion factor was computed

by running a full waveform version of MONM and comput-

ing the pulse duration as a function of range. The pre-survey

modeled levels were 3–7 dB higher than the measured values

at ranges greater than 500 m (Fig. 13, left). Using the

measured sound speed profile did not improve the error sig-

nificantly. The results were improved (Fig. 13, right) by

improving the correction factor. The full waveform model

was re-run using the bathymetry measured by the seismic

survey vessels along the line from Stations BB1 to BB3 and

the measured sound speed profile (Figs. S-101 and S-31). The

pre-season conversion factor had been computed along two

radials, one from Station BB1 east and the other west. By

using the more accurate conversion factor, the error reduced

to 0–4 dB, even 65 km from the source.

F. Approaches for computing SPL

The first regulatory guidance for limiting effects of

sound on marine mammals used the per-pulse SPL as the

threshold metric for both behavioral disturbance and injury.

Subsequent research has concluded that dual thresholds for

the peak sound pressure level and weighted sound exposure

levels are appropriate for limiting injury from sound

(Southall et al., 2007; Popper et al., 2014; NMFS, 2016),

however no direction has emerged for behavioral distur-

bance. Madsen (2005) clearly articulates the issues with vari-

able length windows when calculating an impulsive SPL.

Here we provide results from the long-term and long-range

Baffin Bay dataset that supports Madsen’s assertion. We

demonstrate that if SPL must be used, any fixed window

duration is preferable to a variable length window (e.g., the

90% energy duration). We then show how this result sup-

ports Tougaard et al. (2015) argument that it is essential that

the metric used to establish a regulatory threshold be the

same one that is used to measure compliance.

Measuring the peak and average sound levels is inherent

in any study of the response of marine life to sound stimuli. In

addition to the behavioral state of animals, the wide variability

within and between the responses of individual animals makes

it difficult to understand what elements of the sound are elicit-

ing a response. It may be the similarity of a sound to predator

calls, frequency content, absolute level, duration, the onset of

the sound, rise time, perceived distance to the source, per-

ceived motion of the source, or other cues not yet discovered

(Wartzok et al., 2003; see reviews in NRC, 2005; Nowacek

et al., 2007; Southall et al., 2007; Gedamke et al., 2011;

Ellison et al., 2012; Pirotta et al., 2012; Risch et al., 2012;

Deruiter et al., 2013; Goldbogen et al., 2013; Popper et al.,
2014; Miller et al., 2015). Early studies of the effects of

impulsive sound on marine life measured the SPL over a time

window that includes 90% of the pulse energy (Blackwell

et al., 2004; Thode et al., 2010). Madsen (2005) and Madsen

et al. (2006) advocate computing the SPL over a maximum

window of 100–200 ms, the presumed integration time range

of the hearing system for most mammals, including all marine

mammals that have been tested.

FIG. 12. (Color online) Daily SEL at Station BB3 for the entire recording

period at each hydrophone depth. Differences in SEL between depths were

only measured before the seismic program started and when the source

passed directly over the receivers. Stations BB1 and BB2 produced similar

results.

FIG. 13. Comparison of the per pulse

fixed window SPL Stations BB1 to

BB3 on 4 September 2012 as the

Amani passed over the hydrophones at

BB1 with the modeled outputs (left)

using the pre-survey sound-speed pro-

file, bathymetry, and SEL-SPL conver-

sion radials, and (right) using the

measured sound-speed profile, bathym-

etry, and SEL-SPL conversion radial

from BB1 to BB3.
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We compared how the peak sound pressure level and

the SPL changed as the seismic source approached the

recorders. The SPL was computed three ways: with a 125 ms

fixed window, a 1-min fixed window, and a variable window

that included 90% of the pulse energy. The 125 ms window

has been shown to be near the time span over which mam-

malian ears integrate sound, and it applies to both terrestrial

and marine mammals (Plomp and Bouman, 1959; Johnson,

1968; Kastelein et al., 2010). In particular, Tougaard et al.
(2015) transpose measurements from 11 other studies to the

signal level in a 125 ms “leaky integrator” and demonstrate

that the onset of disturbance using this integration time was

40–50 dB above the porpoise audiogram and closely fol-

lowed the shape of the audiogram. We chose to use a fixed

duration 125 ms fixed window since it is much easier to

implement than the leaky integrator and has a maximum dif-

ference in calculated sound levels of 2 dB compared to the

leaky integrator—a difference far smaller than the spread of

SPL values associated with marine mammal disturbance

(Tougaard et al., 2015). The fixed window also has the

advantage of estimating conservative sound levels for pulses

with high initial amplitudes and long reverberant tails, such

as those from seismic surveys and pile driving.

For this analysis, we choose 3.7 days of data from the

100 m deep hydrophones at Stations BB1 and BB3 during

periods when only a single seismic vessel was active.

Ranges to the vessels were 0.5–150 km. As expected, the

results of all four methods of computing the SPL exhibited a

common trend of increasing sound levels as a vessel

approached a station (Fig. 14). However, each of the metrics

had different slopes as a function of range, and different

degrees of variability in the instantaneous variance and the

deflections of the smoothing curve. The variance of the indi-

vidual measurements increased with decreasing integration

time, but the smoothing curves had fewer deflections. With

longer integration times, there was less variance in the indi-

vidual measurements, but the smoothing curve showed

larger deflections, providing better insight into the average

change in propagation loss as function of range. The T90

SPL was closer to the 125 ms SPL at short ranges, and closer

to the 1-min SPL at long ranges. We expect that the variabil-

ity depends on range, water depth, bottom shape, and bottom

type. Therefore, the relationship between the T90 SPL will be

more dependent on the environment than the peak sound

pressure levels, 125 ms SPL and 1-min SPL, which is unde-

sirable for a regulatory metric.

Given the variable nature of the attenuations, the data

were fit with an additive model (mgcv::gam; Wood, 2004),

which smoothly followed the changing sound level attenua-

tion as a function of range (e.g., Figs. 14 and 11). The addi-

tive models were fit with 6–20 knots {e.g., gam[SPL

� s(range, k¼ 20)]}. These models had much, much lower

Akaike information criterion scores than linear models of the

form [SPL � log10(range)þ range] and provided a much

better representation of the data. We recommend the use of

additive models for predicting sound exceedance isopleths

for measurement programs where the attenuation changes

with range [i.e., from spherical-like spreading to cylindrical-

like spreading (Fig. 11)].

Additive models were generated for each averaging

duration and used to compute the range where the peak SPL

and SPL dropped below 120, 130, 140, 150, 160, 170, and

180 dB re 1 lPa (Table II). The ranges to the isopleths were

highly dependent on the integration times. For example,

the 160-dB isopleth was 48 km for the 125 ms integration

time, but 26.5 km using the 90-percent energy windows and

11.6 km for 1-min integration. This result underscores the

argument made in Tougaard et al. (2015) that measurements

performed to assess compliance with a regulatory threshold

must use the same metric that was used to establish that

threshold. Regulatory directions and/or international stand-

ards should specify the signal analysis methods, as well as

the thresholds to maximize consistency between localities

and projects. Whenever possible the methods must be simple

for regulators and project teams to implement. The 125 ms

SPL is attractive for assessing seismic sources because (1)

the duration is well matched to the length of the peak energy

of the pulse in many environments; (2) it is near the length

of time that the ears of many species groups integrates

sound; (3) it is the fast-time weight duration in many sound

FIG. 14. Analysis of the peak SPL and SPL computed using three different

averaging durations as a function of range to the source vessel. 3.7 days of

data from periods when only one ship was emitting are shown; the 100 m

hydrophones were used in all cases.

TABLE II. Radii (km) to SPL isopleths predicted by mgcv::gam additive

models for the sound levels (e.g., Fig. 15) generated using 3.7 days of data

from time periods when only one seismic array was active. <0.1 and >150

indicate that the result is outside the range where extrapolation is considered

unreliable.

Isopleth SPL

(dB re 1 lPa)

Peak sound

pressure level

125 ms fixed

window T90 SPL 1-min SPL

180 1 <0.1 <0.1 <0.1

170 6 0.5 1.5 <0.1

160 13.8 6 3.4 <0.1

150 41.8 14.8 8.3 1.6

140 111.8 48.3 23.1 11

130 >150 >150 75.1 54.1

120 >150 >150 >150 >150
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level meters; and (4) it was shown by Tougaard et al. (2015)

to be a good predictor of the sound level at which porpoise

respond to sound. We also note that the use of broadband

SPL to predict behavioral reactions will likely be revisited.

Like the weighted sound exposure levels used to estimate

the onset of permanent threshold shift (PTS) and temporary

threshold shift (TTS), we expect that audiogram-weighted

SPL are better predictors of behavioral reactions.

G. Spectral content of the measured data

We need to understand the spectral content of seismic

pulses propagating over long distances to inform studies on

the potential for seismic surveys to disturb marine mammals

that communicate at frequencies above 1 kHz or to mask

their communications or foraging calls (Goold and Fish,

1998; Madsen et al., 2006; Hermannsen et al., 2015). The

hydrophones at 100 m depth were sampled at 64 ksps; their

data thus provide information on the spectral content of seis-

mic pulses up to 30 kHz over ranges of 0.1–150 km from the

seismic source. For this investigation, we used the same 3.7

days of data that were selected for the SPL investigation

(Sec. III F). The peak sound pressure level as well as the

broadband SPL and SPL resolved in 11 octave bands were

plotted against the range to the seismic array. We computed

the SPL using the 1-min (Fig. 15), 125 ms (Fig. S-11),1 and

90% energy duration (Fig. S-12)1 window to help illustrate

the differences between these metrics.

Additive models for the peak sound pressure level, SPL,

and SPL in the octave bands from 16 to 16 000 Hz were gen-

erated and used to determine where the SPL exceeded the

median noise in the same band measured in September 2013

by 20 dB (Table III). Twenty decibels was chosen as a gen-

eral critical ratio for detectability of signals in noise at lower

frequency bands across species groups (Au and Hastings,

2008; Erbe, 2008; Gaspard et al., 2012; Sills et al., 2014,

2015). Using the 1-min SPL as an indication of the continu-

ous noise from the seismic survey in Greenland waters, the

range was 80 km for the 125 Hz band and decreased to

5.7 km for the 16 kHz octave band (Table III). It should be

noted that the 16 kHz band integrated sound from 11 to

22 kHz; the large bandwidth increased the noise background

compared to other bands, so that the noise floor of the

recorder was reached at 6 km in this band (e.g., Fig. 15). For

the 16 kHz band, only up to 4 km was used to generate the

additive models and predicted results would have been

rejected if the range exceeds 8 km. For all other bands with

predicted ranges less than 150 km, the models were only

interpolated and not extrapolated.

We carefully reviewed the data collection, data analysis,

and sound propagation effects to verify that these high-

frequency measurements were real. We conducted a detailed

review of the signal analysis software and verified that the

high-frequency components were not an artefact of spectral

leakage in the Fourier transforms. Because the multipath

features of the signals measured at 100 m and 400 m depth

were very similar (Figs. 7 and 8), we are confident that the

frequency content is similar throughout the water column, at

least to 40 km from the source. Beyond 40 km, the high-

frequency content measured on the 100 m deep hydrophones

may be unrepresentative of the full water column. The hard

and flat bottom conditions that we believe are responsible

for the distinct multipath arrivals of the seismic pulses in

Baffin Bay are also responsible in part for the long ranges

where higher frequencies are still present. As noted in Sec.

II C, the 100 m hydrophones were on the lower edge of the

surface sound duct, so that the levels reported here are may

be lower than would have been measured at 60 m.

IV. SUMMARY AND CONCLUSIONS

The Baffin Bay recordings of seismic airgun and ambient

sound levels in 600–770 m water depth were analyzed to

FIG. 15. (Color online) Received 1-min peak sound pressure level, broadband

SPL, and octave-band SPLs (all in dB re 1 lPa) for ranges of 0.5–150 km dur-

ing the 2012 Greenland survey. The 5400 min of data shown are from periods

when only one seismic survey source was emitting; the 100 m hydrophones at

Stations BB1 and BB3 were used in all cases. To record the high seismic

sound levels without saturating the hydrophone, low sensitivity hydrophones

were employed. The system spectral noise floor was 58–63 dB re 1 lPa2/Hz, or

98–103 dB re 1 lPa broadband in the 16 kHz octave band (see Table S-3)

(footnote 1). The median ambient 16 kHz octave SPL in September 2013 was

77.9 dB re 1lPa (Fig. 5, Table S-5) (footnote 1).

TABLE III. Range from the source (km) where the seismic pulse sound lev-

els exceed the median one-minute SPL for Sept 2013 at station BB6 by

20 dB (Table S-5) (footnote 1). The range was limited to 150 km to avoid

extrapolating beyond the measured data.

Averaging duration

0.125-s SPL 90% energy duration SPL 1-min SPL

Peak SPL 89.3 91.8 97.9

SPL >150 >150 >150

Octave bands:

16 Hz >150 >150 >150

31 Hz >150 >150 >150

63 Hz >150 >150 >150

125 Hz 145.5 117.3 77.9

250 Hz 102 56.6 44.7

500 Hz 86.8 41.4 32.5

1 kHz 21 27.5 17.4

2 kHz 17.5 21.5 13.5

4 kHz 16.4 16.9 10.6

8 kHz 12.4 11.6 9.4

16 kHz 6.1 6.8 5.7
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understand the effects of a 3-D seismic survey on the acoustic

environment. In 2012, data were recorded at three stations

using vertical arrays with three hydrophones each; the top

hydrophone at 100 m depth sampled at 64 ksps. A follow-on

measurement of a shallow-hazards seismic program in 2013

and a year-long recording program overwinter in 2013–2014

showed that the soundscape in Baffin Bay is typical of open-

ocean with little anthropogenic noise. The August to

September soundscape closer to shore in the Melville Bay

nature sanctuary is loud and dominated by the sounds of melt-

ing glacial ice.

The seismic airgun sounds measured within 40 km of

the source included up to 20 distinct multipath arrivals, far

more than has been reported for seismic surveys in other

deep water environments. The pre-survey estimates of

received sound levels were 3–7 dB higher than the levels

measured for ranges of 0.5–65 km. The error between the

measured and modelled sound levels decreased to 0–4 dB by

using the sound speed profile, bathymetry, and modeling

along the same radial as was measured.

When the vessel was closer to a station than 40 km,

there was virtually no difference in the daily SEL as a func-

tion of depth; however, there were short-term variations in

per-pulse SEL and SPL on the order of 6 dB. At ranges of

40 km from the seismic source, the difference in levels as a

function of depth became significant. At 40 km, the SPL was

generally below 140 dB re 1 lPa, which is well below the

levels associated with risk of injury to marine life. In the

project area, the sound speed profile below 400 m is either

iso-velocity or downward refracting. Thus, measuring at the

seabed would have provided similar information within

40 km of the source as we measured with the vertical arrays.

For future monitoring projects in similar environments, we

recommend collecting data at the seafloor only (assuming a

downward refracting sound speed profile), which will allow

for simpler moorings that are lower cost and easier to deploy

and retrieve. These types of moorings have the added advan-

tage of exhibiting lower levels of flow induced pseudo-noise

since most locations have little current at the seafloor.

The measured sound levels were compared to several

proposed regulatory thresholds for auditory injury. Using the

frequency weighting functions and thresholds recommended

in Southall et al. (2007), which were incorporated into the

Guidelines to Environmental Impact Assessment of Seismic
Activities in Greenland Waters, we estimated the threshold

of injury for low-frequency cetaceans at a range of <100 m

and for phocids (seals) at a range of 600 m. These ranges

agreed with the maximum expected ranges from the pre-

survey modeling.

We noted that the SPL is a difficult metric to employ for

regulatory thresholds, however, it remains in use for many

purposes and demonstrated how the SPL depends on the

integration time. We compared the SPL computed using two

fixed window durations (125 ms and 1 min) with the SPL

computed using 90% energy duration of the seismic pulses.

The sound levels did not smoothly decrease as a function of

range with any of the metrics and were best described using

an additive model rather than a linear regression. We found

that the integration time affects what information we extract

from the data. Unsurprisingly, shorter integration times

provide better information on the instantaneous variance in

the signal, while longer integration times smooth the vari-

ance and reveal longer-term effects. The peak sound pressure

level, 125 ms SPL, and 1-min SPL curves tracked each other

while the T90 SPL was closer to the 125 ms SPL at short

range and close to the 1-min SPL at long range. Thus, the

T90 SPL depends on the environment more strongly than

the fixed integration windows and is not recommended for

establishing regulatory thresholds. If the SPL must be used

for characterizing the effects of sound on marine life, we

suggest standardizing on the 125 ms window for seismic

sources.

The Baffin Bay recordings confirm previous reports that

seismic airgun sounds include energy up to at least 30 kHz.

The SPL in the band used by dolphin species for social whistle

communications (16 kHz octave band) were increased by

20 dB compared to the ambient levels measured in September

2013 at ranges of 6 km from the source vessels for all integra-

tion durations.

The collection and analysis of this dataset has produced

a wealth of new information on the Baffin Bay environment

and the variability of seismic array sound propagation. This

study shows the importance of collecting systematic data

during industrial operations when there are uncertainties in

the possible effects of the activity on the acoustic environ-

ment. Future projects can extend this work by verifying the

dependence of the multipath arrivals and high-frequency

content on the bottom composition and depth, investigating

the azimuthal characteristics of a seismic array, exploring

the variation in sound levels with depth in different environ-

ments, and attempting to measure the behavioral reactions of

marine life as a function of range to the seismic source.
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