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Executive Summary

Passiveacoustic monitoring was conducted in thedérn Atlantic (WAT) from June 2017 to June
2018 High-frequency Acoustic Recording Packages (HARPs) were deployed at eight offshore
locations:Heezen CanyorHZ) at 1,100m depth Oceanographer CanyorQC) at &0 m depth
Nantucket CanyornNC) at 9D m depthBabylon CanyonEC) at 1000 m depthWilmington
Canyon WC) at 1000 m depthGulf Stream GS) at 930n depth Blake PlateauBP) at 940m
depth, andlake Spur BS) at 1,000m depth.

The HARPs recordednderwater sounds between 10 Hz and 100 kHz. Data analysis consisted of
analyst scans of lorgerm spectral averages (LTSAs) and spectrograms, and automated computer
algorithm detectionvhen possibleOne frequency band was analyzed forldve-frequency

ambient soundscape between 10 ajid@ Hz. Twaofrequency bands were analyzeed marine
mammalvocalizations and anthropogenic sounds: (1)-Madjuency, between 10 aBgD00 Hz,

and (2) Highfrequencybetween 1 and00 kHz.For this report there was noalysisfor low

frequency marine mammaobcalizations, such as those expected from mysticete withies

analysis was performed separatelyNS9AA NMFS Northeast Fisheries Science Center

The ambient soundscape was dominated by anthropogenic sptimasjly ship traffic andseismic
exploration between 10 adf0 Hz at all sites. Between 100 ah@00 Hz the ambient soundscape
was primarily a functin of wind and sea stat&.seasonal fin whale pattern svaeen at all sites
during winter monthsalthough it wa less pronounced at the three southernmost sites

Echolocation clicks from eight known odontocete species were det€cted.i er 6 s beaked
Gervaisb6 beaked whale, Sowerbyds beaked whal e,

whalénorthen bottlenose whalesperm whaleogias pp ., and Ri ssob6s dol phi
Cuvierbds beaked whales occurr edZaadWCaGervaisei ght s
beaked whale detectisnwere highest at s&&S, BP, and BSSowerby's beaked whale detections

were highest at site WC. True's beaked whale detections were highest at siterilithed

Blainville's beaked whaland northern bottlenose whaletections were highest at site O8perm

whale clicks were detected al @ight sites throughout the recording peribdt were highesat

sites HZ and €. Kogia spp. echolocation clicks were detected in the highest numberssatSite

andB S . Ri sso06s dol weleihighest dt sites NC, B€, anel YHight alistisd click

types that are not yet assigned to a species were also detected.

Four types of anthropogenic sounds were detected: broadhbiarebsahd explosions, airguns, and
echosounders. Broadband ship sounds were detected the most at sites WC, BC,ExploSiGns

were detected at all sites but were highest at site NC. Airgun detections peaked during June at site
BS and during July at site GS. Echosoundes® detected at all eight sites but were highest at site
HZ.



Project Background

In April 2015, apassive acoustic monitoring effort was initiated offshore of the northeast United
Statedn the Western Atlantic (WAT)with support from the National Oceanic and Atmospheric
Administration (NOAA), Northeast Fisheries Science Center (NEFSC). The goa effirt was

to characterize vocalizations of marine mammal species recorded in the area and to determine their
seasonal presence. This report documents the analysis of sounds recordedHfrgdiighcy
Acoustic Recording Packages (HARR®mM eight sitesHeezen CanyorHZ), Oceanographe
Canyon OC), Nantucket CanyornNC), Babylon CanyonEC), Wilmington CanyonWC), Gulf
Stream GS),Blake PlateauBP), andBlake Spur(BS; Figurel). Thesesites are all located along
the continenal slope at water depths of 8@0100m. Recording periods for this report were as
follows: site HZ recorded from July 2017 to January 20it8,3C recorded form July 2017 to

April 2018(with a gap fronll2/10/2017 to 1/4/2018jite NC recorded from July 2017 to June
2018, and sites BC, WC, GS, BP, and BS reedrfdom June 2017 to June 2018.
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Figure 1. Location of High-frequency Acoustic Recording Packages (HARPSs yellow circlesat sites
HZ (depth 1,100 m),OC (depth 800m), NC (depth 920m), BC (depth 1,000 m) WC (depth 1,000 m),
GS (depth 930m), BP (depth 940m), and BS (depth 1,000m).



Methods

High-Frequency Recording Package

HARPs are autonomous underwater acoustic recording devices that, dependent on configuration,
can record sounds from 10 Hz up to 160 k&tm are capable of approximatelyeyear of

continuous recording. At all eight sitehe HARPs wereleployedin mooringconfigurations with

the hydrophones suspended approximé28lyn above the seaflodtachHARP hydrophonewas
calibrated in the laboratory to provide quantitative analysis of the received sound field.
Representative data loggers and hydrophbassalsobeenc a |l i br at ed at t he Nav
facility in the pasto verify the laboratory calibratior{8Viggins and Hildebrand, 2007)

Data Collected

Eight HARPs were deploykefrom June2017 to June 201&t sitesHZ, OC, NC, BC, WC, GS, BP,
and BS The instruments recordedntinuously at 200 kHto provide 100 kHz of effective
bandwidthfrom 189 to 364days(Tablel).

Table 1. Passive acoustic monitoring irthe Western Atlantic from June 2017 to June 2018

Deployment | Latitude | Longitude | Depth Start End Recording Duration
Name W) (E) (m) Date Date (Days) | (Hours)
HZ 03 41° 03.70| 66° 21.09 | 1090 | 7/9/2017 | 1/13/2018| 189 4,526
OC 03 40° 15.80| 67°59.18 | 790 | 7/6/2017 | 4/16/2018 258 6,180
NC 03 39°49.96| 69°58.92| 919 | 7/16/2017| 6/9/2018 328 7,867
BC 02 39°11.43| 72°13.63 | 1000 | 6/30/2017| 6/3/2018 338 8,110
WC 02 38°22.43| 73°22.21 | 1000 | 6/30/2017| 6/2/2018 338 8,110
GS 02 33°40.02| 75°59.97 | 930 | 6/28/2017| 6/26/2018 364 8,724
BP 02 32°06.42| 77°05.41| 941 | 6/27/2017| 6/102018 348 8,784
BS 02 30°34.98| 77° 23.43 | 1005 | 6/2762017| 6/23/2018 | 362 8,678

*There was a gajm OC 03from about12/10/2017 to 1/4/2018 due aodisk not being fully imaged.




Data Analysis

The data analysis process is described below in terms twiihieequencyambient soundscape,
major classes of marimaammal callsand anthropogenic sounds in the WAT region, and the
procedures used to detect them. Eficiency, the analysi®r marine mammal calls and
anthropogenic soundgeredivided into two frequety bands: (1) Midrequency, 105,000 Hz, and
(2) High-frequency, 1100 kHz wherethefull (high-frequency) bandecordings werelecimated
by a factor of 2Qo provide the migfrequency band dat@nalysis of the lowfrequency band for
marine mammal calls wast within the scope of this report.

To visualize the sound recordings, sound pressure level spectra were calculategdorditgs

using atime average of 5 seconds and two freaey bin sizes (10 Hz ardid0 Hz for mid- and
high-frequency band analyserespectively Thesespectra werarranged intdong-term pectral
averages (LTSAs)vhichwere visually examined by analysts as a means to detect marine mammal
andanthropogenic sounds. LTSAs were analnned in souregpecific frequency bands and
usingautomatic detection algorithnidescribed below). During visual analysis, when a sound of
interestwas identified but its origin was unclear, the corresponding waveform or spectrogram was
examined further to classify the sounds to source, (§gcies oanthropogenisource. Signal
classification was carried out by comparison to known sespeeific spectral and temporal
characteristics.

Each band was analyzed for the sounds of an appropriate subset of species or anthropogenic
sources. Nearby shipping, explosions, and airguns weegarized as midrequencyBeaked

whale pulsessperm whale clickKogia spp.clicks, dolphin clicks andechosoundersvere
categorized as higfiequency.

We summarize and charactertbe sounds detected at sitdZ, OC, NC, BC, WC, GS, BP, and
BS. We discusshe seasonalccurrence and relative abundance for calls of different species and for
anthropogenic soundbatwereidentified in the acoustic recordings.



Low-frequency Ambient Soundscape

Ocean ambient sound pressure levels tend to deasdssquency increas@d/enz, 1962) While
baleenwhales and anthropogenic sources, such as large ships and airguns, often dominate the
ambient soundscape below 100 HL i reba¥, R004; McDonaldt al, 2006; Wigginset al,

2016) wind dominates theound pressure levels from 200 Hz bkHz (Knudsenret al, 1948) To
analyze the ambient soundscape, data were decimated by a factor of 100 to provide an effective
bandwidth of 10 Hz to 1 kHz. LTSAs were then constructed with 1 Hz frequency and 5 s temporal
resolution. To determine lofWequency ambient sound levels, dafyectra were computed by
averaging five, 5 s sound pressure spectrum levels calculated from each 75 s acoustic record.
System sefhoise was excluded from these averages. Additionally, daily averaged sound pressure
spectrum levels in-Hz bins were concahated to produce lorigrm spectrograms for each site.

Odontocetes

Odontocetes (toothed whales) with sounds in the-figdluency rangéhat aregfound in the

Western Atlantic region include Atlantic whitgded dolphinsl{agenorhynchus acutysshort

beakedcommon dolphins@elphinus delphis Atlantic spotted dolphinsSgenella frontalig

Clymene dolphins§. clymeng striped dolphinsg. coeruleoalbpa , Ri ssoGampdo| phins
griseus, bottlenose dolphinsT(rsiops truncatus roughtoothed dolps (Steno bredanengis

false killer whalesRPseudorca crassidejsshortfinned pilot whalegGlobicephala

macrorhynchuk longfinned pilot whales@. mela$, killer whales Qrcinus orcg, sperm whales

(Physeter macrocephalygdwarf sperm whaledpgia simg, pygmy sperm whale¥( brevicep}

northern bottlenose whal€slyperoodon ampullat)s, Cuvi er 6 s Zifhmsktdvieostrigwh al e s
Ger vai s0 b &askpbodon europakls,s Bl ai nvi | | éModensimsrg k ed wh a
Sower byds b@l.dkeny andihrauleed s be Bkmd). whal e (

Odontocete sounds can be categorized as echolocation clicks, burst pulses, or whistles.
Echolocation clicks are broadband impulses with peak energy between 5 and 150 kHz, dependent
upon the species. Buzz or burst pulses are rapidly repeated clicks that have a creakila buzz

sound quality; they are generally lower in frequency than ecatidocclicks. Dolphin whistles are

tonal calls predominantly between 1 and 20 kHz that vary in frequency content, their degree of
frequency modulation, as well as duration. These signals are easily detectable in an LTSA as well as
in aspectrogramKigure?2). Echolocatiorclicks were analyzed as a proxy for odontocete presence
because they are currently the most promising call type for species claissifinahe region.

Further analysemight identify distinguishing whistle or burst pulse characteristics.
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Figure 2. Generic example demorisating odontocete signal typesn a LTSA (top) and spectrogram
(bottom).

Click Classification

Odontoceteecholocation clicks were detected automatically using an energy detector with a
mi ni mum received | evel {(Roadhetal ROLL;EFraised 20052 0 dBpp r

Dominant click typesnd false positive categoriasthese sites were identified automatically by
dividing detections into successive fimanute windows and determining thrpulse signal
categoriesn each window. An automated clustering algorithm tes used to identify recurrent
types based on spectral features and-cliek interval (ICl) distributionsat each sitéFraiseret al,
2017) Common click types were manually aggregated across all eight sites to form classification
training and testing sefer 20 signal types including 17 odontocete signals and three sources of
false positivesClick typeswere attributed to a specific species if known (dgaked whales and
Ri ssobs dol phin) or assi gnAdiepaeunalmewdevas trained s peci
to classify these signal types with 98% classification accuracy on a balanced. {Esisseained
netwok was used to classify all fiveninute windows across all sites. Classifications were retained
if classification certainty exceeded 99#d the classified bin contained at least 50 cliBlss
containing fewer thn 50 detections were ignored amadsbwith less than 99% classification
certainty were cl assi fi e donaesvatifeldlassiftcatiosttaiedy wesd Od o
usal to minimize misclassifications. Classifier confusion is expected to be highest bepeesn
whal es and ship noise, and possibly between Tr
manual verification could be used to improve classification acgunahe futurePatterns at sites
with very low reported encounter rates for a particular species shoultelgreted with caution
9



prior to manual verificationFuture work may improve automated classification accuracy by
increasing training set sizes and considering temporal structure of detected events.

Beaked Whales

Beaked whales can be identified acoustically by their echolocation s{@aaimanrPickeringet

al., 2014; Clarkeet al, 2019) These signals afeequencymodulated (FM) upswepdulses, which

appear to be specispecific and distinguishable by their spectral and temporal features. Identifiable
signals are described far| | beaked whales known to occur in
Cuvier 6s, Gerrauleeaksd wilgsand nolihera ottlenose beaked whales.

Beaked whale FM pulses were deteaisthg theautomatednergy detector described previously

10



Bl ai nvi | | e 6 s/ NértherrkBotdenddéhvehhles

Bl ainvill eds beaked(Fgured)ae paycytliq With & characteristc si gnal s
frequency modulated upsweep, peak frequency ar@8nd 39kHz (Figure4), with lower peak

frequencies occurring at higher latitudes (unpublished resatid)nter-pulse interval (IPI) of

about 280 m¢Johrsonet al, 2006; Baumamkickeringet al,, 2013) Northern bottlenose whales

produce echolocation signals with a peak frequency around 26 kHz and an IPI of d0iankeset
al.,20195The Bl ainvill eds blenask ehdle clidk typeshHowmsbimotahl€lIr n b ot
pattern with peaks at 225 and 335 niis bimodalityis likely due to these two species being

currently grouped into one click type.
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Figure3.Bl ai nvi |l l ebs beaked whale echolocation clicks

recorded atSite BS, May 2016.

1 1 1
g

= {0 o I
Zos £os 2 0.8
e 3 3

2 0.6 © 06 © 06
ol g 8
g 04 E 0.4 E 0.4}
3 — [
S 0.2 2 0.2 S 0.2
€
<

' ‘ : ' 0 : ' : 0

20 40 60 80 100 20 40 60 80 100 0 0.2 0.4 0.6
Frequency (kHz) Peak Frequency (kHz) Interclick Interval (sec)
Figured. Lef t : Mean frequency spectrum of Blainvillebs

and 25th ard 75th percentiles (dashed lines)Center: Distribution of click peak frequencies with peak
near the Nyquist frequency (100 kHz); Right: Distribution of inter-click-intervals.

11



Cuvierbds Beaked Whal e

Cuvi er 6 s beehalicatidn signal@giguee5) are polycyclic, with a characteristic FM

pulse upsweep, peak frequency aroundH (Figure6), anduniform interpulse interval of about

0.5 s(Johnsoret al, 2004; Zimmetret al, 2005) An additional feature that helps with the
identification of Cuviero6s FM pedwalpsagssaroungd1l7t hat t
and 23 kHZFigure6).
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Figure5.Cuvi er 6s beaked whale echolocation clicks in L
at site WC, May 2016.
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Gervai s6 Beaked Whal es

Ger vai s0 be ak(EglredAviae eEnergycongentmatedsin thei 30 kHz band

(Gillespieet al, 2009) with a peak at 44 kH@BaumannrPickeringet al, 2013) While Gerva s 6

beaked whalsignalssweep up in frequencyamdr e si mi |l ar t o those of Cu
beaked whal es, t hd&Mpusesaraata dightlydighlerdrequencly thdn ¢hose

of the otherwo speciesThel PI f or Ger vesigml$is thpealkaeodnd 276 md
(BaumannPickeringet al, 2013 Figure8).
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Figue7.Ger vai s6 beaked whale echolocation clicks in L
at site BS,September 2016.
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Sowerbyds Beaked Whal es

S o w e rbkakeat svhale echolocation signals hamergy concentrated in thei®% kHz band,

with a peak at 67 kHAfgure9) . Sower by6s beaked whale signals
upsweep, and are distinguishafstem other ceoccurring beaked whale signal types by their higher
frequency content ara relatively short intepulse interval of around 150 ri€holewiaket al,

2013; Clarkeet al, 2019 Figure10).
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Truebds Beaked Whal e

Trueds beaked wh as(Fguredl droAMaupsweppulees, with pegkifraguency

around 46 kHz and an intpulse inerval of about 180 mg=(gure12). The spectral features of

Trueds beaked whale FM pulses closely resembl e
acoustic discrimination between these two species remains chall¢DgiAggeliset al., 2018)

Frequency [kHz]

0 1 -~ L ¥ e i s 3 % =
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
05/29/2016 18:30:05 Time [Hours]

N
-
=
>
Q
1=
(]
=
o
o
(T

0 T T ""_r—‘ T : e = —“ g ;':

0.5 1 1.5 2 25 3 3.5 4 4.5

05/29/2016 18:51:58 Time [Seconds]

Figure 11. T r u e 6 sd whateadhelocation clicks in LTSA (top) and spectrogram (bottom) recorded
at site NC, May 2016.
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Sperm Whales

Sperm wiale clicks contain energy from 2 0 kHz, with tle majority of energy between 10 and

15 kHz(Mghl et al, 2003 Figure13). Regular clicks, observed during foraging divdemonstrate

an ICl of 0.2%2s(Goold and Jones, 1995; Madsatral, 2002a Figure14). Short bursts of closely
spaced clickscalled creaksare observed during foraging dives and are believed to indicate a
predation attempfWatwoodet al, 2006) Slow clicks are used only by males and are more intense
than regular clickswith long interclick intervals(Madsenret al, 2002b) Codas are stereotyped
sequences of clicks which are less intense and contain lower peak frequencies than regular clicks
(Watkins and Scheuvill, 1977[ffort was not expended to denote whether sperm whale degection
were codas, regulaor slow clicks; however, the classifier is most likely to recognize regular
clicking.
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Kogia spp.

Dwarf and pygmy sperm whales emit echolocation signals which have peak energy at frequencies
near 130 kHZAu, 1993) While this is above the upp&equency band recorded B\ ARPs during

these deployments, energy fradngia clicks can be recorded within the 100 kHz HAB&hdwidth
(Figurel15). The observed signal may result both from the-foyguency tail of th&ogia

echolocation click spectra, and from aliasing of energy from above the Nyquist frequency of 100
kHz (Figurel16).
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15 2 25 3

Time [Seconds]

3.5 4 4.5

re 1 pPa)

1

0.8

p
©
o

P

Amplitude (dB

0.4

o

0.2\
b

. -2l
e 4
P g ety

20

40 60 80
Frequency (kHz)

Normalized Counts

1

b
5

o
o

e
'S

e
[

g

|

0

80 90
Peak Frequency (kHz)

Normalized Counts

1

e
o

o
)

e
>

o
[S)

0

0

0.2 0.4

Interclick Interval (sec)

Figure 16. Left: Mean frequency spectrum of Kogia spp. clicks (solid line) and 25th and 75th
percentiles (dashed lines)Center: Distribution of click peak frequencies with peak near the Nyquist
frequency (100 kHz); Right: Distribution of inter-click-intervals.



Delphinid Click Types

Ri s slapdisclicks and aleasteightotherdelphinid click types were identifieatross the eight
recording sites; thelick types were labele@i 10. Some reported click types may contain multiple
subtypesFurther analysis will be required to refine click types and reduce classification confusion
between similar types.

Ri ssobds Dol phin

Ri s s o 0 sclicksdFigyrdil7) nave frequency peaks at approximately 22, 26, and 33 kHz.

These clicks hava modal ICI of approximately5D ms(Figure18). Past studies have showrat
spectral properties of Rissobs dolphin clicks
(Soldevillaet al, 2017) although thenultiple sharp frequency peaks aneege ICI found at

these northwstern Atlantic sites are similar to what has been falselvhere.
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Figure 17.Ri s s o0 6 scliadksir L $Ai(top) and spectrogram (bottom) recorded asite NC, April
2017.
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Click Type 2

Click type 2(Figure19) hasa narrow spectral peak at 22 kHz and a broad peak from 32 to 43 kHz.
These clicks have a modal ICI of approximate3p ms(Figure20).
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Figure 19. Click type 2 in LTSA (top) and spectrogram (bottom) recordedat site NC, June 2016.
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Click Type 3

Click type 3(Figure21) hasa peak frequency of approximatel® I8Hz, and a modal ICI of
65 ms(Figure22).
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Figure 21. Click type 3in LTSA (top) and spectrogram (bottom)recorded at siteNC, October 2016
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Click Type 4/6

Click types 4& 6 are not consistentlgistinguishableacross all siteand have been combined due
to their similarities in inteclick interval and spectrd.he combined click typéd/6 (Figure23) hasa
peak frequency of approximatel@ kHz, and a modal ICI af45 ms (Figure24).
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Figure 23. Click type 4/6 in LTSA (top) and spectrogram (bottom) recordedat site WC, May 2016.
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Click Type 5

Click type 5(Figure25) hasa main peak frequendyetweer34 and51kHz, and two minor spectral
peaks atl9and27 kHz. This click type haa modal ICI of 65 ma (Figure26).
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Figure 25. Click type 5in LTSA (top) and spectrogram (bottom) recordedat site NC, August 2016.
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Click Type 7
Click type 7(Figure27) hasa peak frequency &8 kHz and a modaldl of 70 ms(Figure28).

100
90
80
70
60
50
40
30
20
10

Frequency [kHz]

0 1 L
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2
09/04/2016 00:30:45 Time [Hours]

i
I
=
=
[=]
=
Q
=
o
s
L

0 I I I I I I |

0.5 1 1.5 2 25 3 3.5 4 4.5 5

09/04/2016 01:24:22 Time [Seconds]

Figure 27. Click type 7 in LTSA (top) and spectrogram (bottom) recordedat site HZ, September2016.
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Click Type 8

Click type 8(Figure29) has goeak frequencytaapproximately 41 kHanda modal ICI of 55 ms
(Figure30).
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Figure 29. Click type 8 in LTSA (top) and spectrogram (bottom) recordedat site WC, May 2016.
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Click Type 9

Click type 9(Figure31) hasa main peak frequency at approximat2§kHz, anda minor spectral
peakat 16 kHz (Figure32). This click type has a modal ICI @75 ms (Figure32).
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Figure 31. Click type 9in LTSA (top) and spectrogram (bottom) recorded atsite WC, September
2016.
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Click Type 10

Click type 10(Figure33) hasa peak frequency of approximatelg RHz and a modal ICI c200 ms
(Figure34).
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Anthropogenic Sounds

Several anthropogenic sounds were monitdoedhis report: broadband shipsxplosions, airguns,

and echosounderslanual effort was expended foroadband ship sourahdechosounderglable

2), andthe start and end of each individual sound or overall session was logged and their durations
were addedo estimate cumulativeours per weekAn automatedletector was used for the

explosion andirgun analysesjescribed belowror explosiongnd airgunsindividualsignalswere
detected andre reported as weekly totals.

Table 2. Anthropogenic soundanalysis parameters.

Sound Type LTSA Search Parameters
Plot Length (hr) Frequency Range (Hz)
Broadband Ships 3 10i 5,000
Echosounders 1 5,000 100,000

Broadband Ships

Broadband ship sour@tcurs when a ship passes within a few kilometers of the hydrophone. Ship
sound can occur for many hours at a time, but broadband ship typically lasts from 10 min up

to 3 h Ship sound has a characteristic frequerange dependent interference pattin the LTSA
(McKennaet al, 2012) The @mbination of sound wave direct paths and surface reflected paths
produce constructive and destructive interference (bright and dark bands). irSAehat varies

by frequency and distance between the ship andettever Figure 35, top). Noisecan extend

above 10 kHzalthoughsound levelsypically decrease rapidlgbove a few kHzBroadband ship
analysis effort consisted of manual scans olL{h8A set at 3 hourwith a frequency range of 10
5,000 Hz.
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Figure 35. Broadband ship sound in the LTSA (top) and pectrogram (bottom) recorded at site BC
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Explosions

Effort was directed toward detecting explosive sounds in the recordings including military
explosions, shots from stdeafloor exploration, and seal bombs used by the fishing industry. An
explosion appears as a vertical spike in the LTSA that, when expantiee spectrogram, has a
sharp onset with a reverberant de@@agure36). Explosionsvere detected automatically using a
matched filter detector oslata decimated ta10 kHz sampling rate. The timeseries was filtered
with a 10th order Butterworth bandpass filter between 200 and 2,000 Hz-dOroskgtion was
computed between %&of the envelope of the filtered timeseries and the envelope cdradilt
example explosion (0.7 s, Hann windowed) as the match filter signal. Thecomsktion was
squared to O0sharpené peaks of explosion detect
the median crossorrelation value over the current $%f data to account for detecting explosions
within noise, such as shipping. A cressirelation threshold of 3*16 above the median was set.
When the correlation coefficient reached above threshold, the timeseries was inspected more
closely.

Consecutiveexplosions were required to have a imuam time distance of 0.5te be detected. A
300-point (0.03 s) floating average energy across the detection was computed. The start and end
times above the threshold were determined when the energy rose by matelBrabove the

median energy across the detection. Regieak (pp) and roaetneansquare (rms) received sound
pressure levels (RL) were computed over the potential explosion period as well as a timeseries of
the length of the explosion template before aftdr the explosion. The potential explosion was
classified as a false detection and deleted if 1) the dB difference of pp and rmbddwelsn signal

and time AFTER the detection was less than 4 dB or 1.5 dB respectively; 2) the dB difference of pp
andrms levels between signal and time BEFORE the signal was less than 3 dB or 1 dB,
respectively; and 3) the detection was shorter €h@8 or longer than 0.55af duration. The

thresholds were evaluated based on the distribution of histograms of maseuidid true and

false detections. A trained analyst subsequently verified the remaining potential explosions for
accuracy. Explosions have energy as low as 10 Hz and often extend up to 2,000 Hz or higher,
lasting for a few seconds including tieverbersion.
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Figure 36. Explosion example in the LTSA (top)and spectrogram (pottom) recorded at site BP
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Airguns

Airguns are regularly used in seismic exploration to investigate the ocean floor and what lies

beneath it. A container of higbressure air is momentarily vented to the surrounding water,

producing an aifilled cavity whichexpands and contracteveratimes(Barger and Hamblen,

1980) Airgun blasts have energy as low as 10 Hz and can extend up to 250 Hz or higher, lasting for

a few seonds including the reverberatioNhile most of the energy produced by an airgun array

falls below 250 Hz, airguns can produce significant energy at frequencies up to at least 1 kHz
(Blackmanetal,2004) Source | evel s t en-n(Amandsereandblarelmo, 200
2010) and have been meas ucrmedildeorand, 2a0)Thés®bladt8 r ms r e
typically have an intepulse inerval of approximately 18 andboutscan last from seval hours to

days Figure37).

Airgunswere detected automatically using a matched filter detector on data decimatdiikbiz

sampling rate. The timeseries was filtered with a 10th order Butterworth bandpasefilteertr 25

and 200 Hz. Cross correlatiavas computed between $®f the envelope of the filtered timeseries

and the envelope of a filtered example explosion (0.7 s, Hann windowed) as the matched filter
signal. The cross cor elpataiken owasai sguar dd atsa @
threshold was calculated by taking the median cross correlatioa over the current &of data

to account for detecting airguns within noise, such as shipping. A cross correlation threshold of

2*10° abowe the median was set. When the correlation coefficient reached above this threshold, the
timeseries was inspected more closely.

Consecutive airgun blasts were required to have a ministarttiime differenceof 2 s to be

detected. A 30@oint (0.03 s) floating average energy across the detection was computed. The start
and end times above the threshold were marked when the energy rose by more than 2 dB above the
median energy across the detectibne pp and rms Riwere computed over the potential blast

period as well as a timeseries of the length of the airgun blast template before and after the
explosion. The potential airgun blast was classified as a false detection and deletedsigh)aihe

dB difference opp and rmsluring andAFTER the detection was less than 4 dB or 0.5 dB
respectively; 2) the dB difference of pp and rms between signal and time BEFORE the signal was
less than 3 dB or 0.5 dB, respectively; and 3) the detection was shorter than 0.02mothand.0

s. The thresholds were evaluated based on the distribution of histograms of manually verified true
and false detections. Airgun blast interpulse intervals were used to discard potential airgun
detections that were not part of a sequence. Adadaamalyst subsequently verified the remaining
potentialairgun detections for accuracy.
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Figure 37. Airgun example in the LTSA (top) and spectrogram (bottom) and recorded at site GS
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Echosounders

Echosounding sonars transmit short pulses or frequency sweeps, typically in tfredpugmcy
(above 5 kHzpand Figure38), although echosoundease occasionally fouhin the mid
frequency range {5 kHz). Many large and small vessels are equipped with echosounding sonar for
water depth determinatipfish detection, or other ocean sensitypically these echosounders are
operated much of the tingeship is at sea, as an aid for navigatiod fishing operationg’resence
of high-frequency echosounders was manually detected by analysts reviewing LTSA plots.
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Figure 38. Echosounders in the LTSA (top) and gectrogram (bottom) recorded at site HZ
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Results

The results of acoustic data analysialaeightsites are summarized below. We describddhe
frequencyambient soundscapthe seasonal occurrence and relative abundance of several marine
mammal acoustic signalas well asletected anthropogenic sounds.

Ambient Soundscape

Daily-averaged ambient soundscape spectra were processed into rawetiages and plotted

using the same monthly color scheme for each ofi#oyments so that months frahfferent

sites andyears can be compardfimore than a year of data is present, dashed lines ardarsed
months in the second yedtartial months, those with less than 90% of total days recorded, include
an asterisk (*) in the color legeashd more detail iprovided inTable3.

T

For all sites, levels between 10 at@0 Hz were dominated by anthropogenic sounds, primarily
ship traffic and seismic exploratigHlildebrand, 2009)in this band, levels across most sies
within ~5 dB of one another.it8 GS shows levels ~10 dB higher in wintéigure44), site BP
shows levels ~10 dB higheFigure45), and site BS shows levels v1D dB higher Eigure

46).

Between 100 anti0O00 Hz sound pressure spectrum levels are largely a function of wind and
sea state. The Higst levels are found at siteC in March 201&Figure40), and the lowest

during sunmerat siteBS (Figure46). In general, spectrum levels are highest duringtevi
months, and lowest during summer months.

A seasonal 201z fin whak signal is present at all eigsites although it is not as pronounced at
sites GS, BP, and BS as during the presiceporting perio@Rafteret al, 2018) Highest levels
were measured aite NC in January 201@&igure4l).

High levels at low frequencies (120 H2) at sites GS Figure44), BP (Figure45), andBS
(Figure46) may be due to strong currents that result idrbphone cable strumming.

There is a yearound pesence of a fish call thdbwnsweepssignalfrom about 800 to 400 Hz

at site HZ thatan beclearly seen in theummer and fall monthly sound pressure spectrum level
averagegFigure39). In September 201 The signal has its highest sigit@inoise ratio (SNR)

due to otherwise particularly low ambient sound levels, with signal levels in that band reaching
~2.5 dB above ambient levels

These results are generally consistent with previous monitoring péviadsaet al, 2017,
Rafteret al, 2018)
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Table 3. Incomplete months included in the ambient soundscape analysis during this recording period.
Deployment Month / Year Days of Data / Days in Month

July 2017 23/31

HZz 03 January 2018 13/31
July 2017 26/31

Decembe2017 10/31

oc o3 January 2018 28/31
April 2018 16/30

July 2017 16/31

NC 03 June 2018 09/30
BC 02 June 2018 03/30
WC 02 June 2018 02/30
June2017 03/30

GS 02 April 2018 26/30
June 2017 04/30

BP 02 June 2018 10/30
June 2017 04/30

BS 02 June 2018 23/30
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Figure 39. Low-frequency ambient soundscape at sitelZ from July 2017 to January 2018(top).
Legend gives colorcoding by month. Months with an asterisk (*) have partial recording effort.Long-
term spectrograms using dailyaveraged spectra forsite HZ from July 2017 to January 2018bottom).
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