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To better understand fin whale vocalization behaviour in the Norwegian and Barents Seas, a large-aperture densely sampled coherent hydro-
phone array was deployed in late winter 2014 to monitor their vocalizations instantaneously over wide areas via passive ocean acoustic wave-
guide remote sensing (POAWRS). Here, we (i) provide a time-frequency characterization for different call types observed (20 Hz pulses, 130 Hz
upsweeps, 30—100 Hz downsweep chirps, and 18-19 Hz backbeats); (ii) compare their relative abundances in three different coastal regions
off Alesund, Lofoten, and Northern Finnmark; (iii) estimate the temporal and spatial distributions; (iv) source level distributions; and (v) prob-
ability of detection (PoD) regions for the more abundant 20 Hz pulse and 130 Hz upsweep call types. The fin whale vocalizations received
over the diel cycle (24 h) were significantly more abundant by a factor of roughly seven off Northern Finnmark than the other two regions, as-
sociated with fish feeding activities. The source levels are estimated to be 190.5%7.4 dB for the fin whale 20 Hz pulses and 170.3 * 5.2 dB for
the 130 Hz upsweeps. We find that fin whales are capable of producing each vocalization type either independently or simultaneously with
other types, and the 20 Hz sound production in the fin whales involves a mechanism that generates a significantly less-intense second-order
harmonic of the fundamental.

Keywords: 20 Hz, 130 Hz, beamforming, detection range, directional sensing, fin whale, localization, passive ocean acoustic waveguide remote
sensing, passive sensing, probability of detection, source level, vocalization

Introduction

The vocalization behaviour of fin whales (Balaenoptera physalus)
in the Norwegian and Barents Seas is monitored and studied us-
ing a large-aperture, densely-sampled coherent hydrophone array
system with 160 hydrophone elements. The passive ocean acous-
tic waveguide remote sensing (POAWRS) technique is employed
to provide detection, bearing-time estimation, time-frequency

characterization, and classification, as well as localization and
geographic positioning of the fin whale vocalizations received in-
stantaneously over wide areas greater than 10 000 km?. The obser-
vations were made from 18 February to 8 March 2014 in several
regions of the Norwegian and Barents Seas (Figure 1) coinciding
with the spawning season and grounds for three commercially
and ecologically important fish species; the Atlantic herring
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(Clupea harengus) off the coast of Alesund, the Atlantic cod
(Gadus morhua) off the Lofoten archipelago, and the capelin
(Mallotus villosus) off the Northern Finnmark coast.

Atlantic herring, cod, and capelin all spawn along the northern
Norwegian coast during spring time, which presents an enormous
transport of biomass from oceanic to coastal locations (Nakken,
2008). The release of biomass as spawning product is of impor-
tance to coastal ecology. Capelin spawn at the northern
Norwegian coast during February—March and concentrate in
coastal areas well suited for predation. Cod feed partly on capelin
during their migration to their more southern spawning areas
concentrated around the Lofoten Islands, with main spawning ac-
tivity occurring in March—April. Herring migrate from various
overwintering locations in the north to spawning areas all along
the western Norwegian coast, in recent years concentrated in the
More area. For marine mammals that are top predators, such as
the fin whale, the concentrated fish migrations and spawnings are
a tremendous source of prey. It is unclear how the recovery of
large baleen whales will impact large oceanic fish stocks in terms
of future harvesting potential. It is therefore of crucial importance
to develop methodologies to observe marine mammals over wide
areas and gather the information required to understand their be-
haviour, including their interaction with fish species.

Due to the limitations of visual sightings above water, passive
acoustic monitoring of fin whale vocalizations has become an im-
portant method for investigation of fin whale sound production
and behaviour underwater. The vocalizations of the fin whale
have been studied for several offshore environments of the world,
including various coastal and ocean regions of the Atlantic
(Watkins et al., 1987; Edds, 1988; Clark and Gagnon, 2004;
Nieukirk ef al., 2004; Simon et al., 2010; Klinck et al., 2012; Wang
et al., 2016a) and the Pacific (Northrop et al, 1968; Thompson
et al, 1992; McDonald et al, 1995; Charif et al, 2002;
Weirathmueller e al., 2013), the Southern Ocean (Sirovi¢ et al.,
2007), and the Mediterranean Sea (Clark et al., 2002; Castellote
et al., 2012). The 20 Hz pulse vocalization has been found to be
ubiquitous for fin whales in all ocean regions studied previously.
Based on observations of a sample of fin whale individuals during
mating, repetitive bouts of the 20 Hz pulses were found to be vo-
calized by male fin whales (Watkins et al, 1987; Croll et al,
2002). More randomly occurring fin whale 20 Hz pulse vocaliza-
tions have been associated with other communication purposes,
such as serving as contact signals for coordinated activities during
feeding and migration (McDonald et al, 1995; Wang et al,
2016a). The other fin whale vocalization types are not as common
(Castellote et al., 2012) since their observations are highly specific
to certain ocean regions, with measurement rates dependent on
the receiver type.

The time—frequency characteristics of fin whale 20 Hz pulse
vocalizations have been quantified in previous studies, providing
information on parameters such as peak frequency, duration, and
inter-pulse intervals (IPIs) for repetitive bouts of this vocalization
type (Castellote et al., 2012). These characteristics of the 20 Hz
pulse vocalizations, and the presence or absence of other fin
whale call types have been found to be useful for inferring popu-
lation structure (Castellote et al., 2012). The 20 Hz pulse vocaliza-
tion source level (Watkins et al., 1987; Charif et al., 2002; Sirovi¢
et al., 2007; Weirathmueller et al., 2013; Wang et al., 2016b) has
been estimated for fin whales in several different offshore regions.
In general, the fin whale 20 Hz pulse vocalizations have been
found to be highly intense, accounting for their consistent
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Figure 1. Observation regions of the coherent hydrophone array
during the Norwegian Sea Experiment 2014 from 18 February to
8 March. The offshore regions off Alesund (1), Lofoten (Il and 1V),
and the Northern Finnmark (Ill) are shown by the dotted boxes.

observation throughout the oceans of the world. There is limited
information available on the time—frequency characteristics and
source level of the other, less common, fin whale vocalization
types.

Many previous studies of marine mammal vocalizations have
been based on observations with a single hydrophone, a small
number of widely separated hydrophones or sparse sensor array
(Watkins, 1981; Charif et al., 2002), and ocean bottom seismome-
ters (Gaspa Rebull et al, 2006; Harris et al., 2013; Matias and
Harris, 2015) to provide detection and classification of the vocal-
izations, with some localization and tracking of the received vocal-
izations (Charif et al, 2002). The ability to monitor and
differentiate vocalizations from a given marine mammal species
can often be challenging when there are multiple marine mammal
species vocalizing in close proximity and when the vocalizations
are received in overlapping time periods and frequency bands, es-
pecially with single hydrophone measurements. Furthermore, it is
also challenging to estimate whale ranges from vocalizations re-
ceived on a single hydrophone or a sparse array. Therefore, hydro-
phone arrays have been used in the past to locate and track fin
whales from their vocalizations (Clark and Fristrup, 1997; Croll
et al., 2002; Wang et al., 2016a). The advantage of a coherent hy-
drophone array, such as the one used here, is that the bearings and
times of the received whale vocalizations can be directly estimated
and the signal-to-noise ratios (SNRs) enhanced via beamforming.
The beamforming enables calls coming from both nearby and dis-
tant whales, in different azimuthal bearings relative to the coherent
hydrophone array, to be distinguished and separated. Furthermore,
long-term monitoring of whale vocalization bearing-time trajecto-
ries enables uncommon or previously unobserved calls to be associ-
ated or differentiated from the known or commonly observed calls
of a given whale species. Locations of whale vocalizations can be
readily estimated from their measured bearing-time trajectories
(Gong et al, 2013, 2014, 2015) and utilized to generate temporal—
spatial distributions of whale vocalizations. POAWRS was
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previously applied to detect, localize, and classify the vocalization
signals from multiple baleen whale species that include the fin
whale (Wang et al., 2016a, b), and toothed whale species simulta-
neously in the Gulf of Maine (Gong et al., 2014; Huang et al., 2016;
Wang et al., 2016a, b), as well as from sperm whales along the US
east coast (Tran et al., 2014) over continental shelf-scale regions ap-
proximately 100 000 km? in size. Temporal-spatial distributions of
marine mammal vocalizations from diverse species, based on
POAWRS sensing over wide areas, have been overlain with Atlantic
herring fish population spatial density distributions in the Gulf of
Maine to provide insights into the predator—prey dynamics in that
ecosystem (Wang et al., 2016a).

Here the POAWRS technology is applied to observe fin whale
vocalizations instantaneously over wide areas spanning 360
degrees in horizontal azimuth and roughly 50-100 km in range,
depending on the bathymetry, using a coherent hydrophone array
in the Norwegian and Barents Seas. The objectives of this article
are to (i) provide a time—frequency characterization for different
call types observed (20 Hz pulses, 130 Hz upsweeps, 30-100 Hz
downsweep chirps, and 18-19 Hz backbeats); (ii) compare their
relative abundances in three different coastal regions off Alesund,
Lofoten, and Northern Finnmark; (iii) estimate the temporal and
spatial distributions, (iv) source level distributions, and (v) prob-
ability of detection (PoD) regions for the more abundant 20 Hz
pulse and 130 Hz upsweep call types. This observation and analy-
sis provide insights into the mechanism for sound production in
fin whales. The large volume of fin whale 130 Hz upsweep vocal-
izations observed here are used to investigate whether fin whales
are capable of producing this vocalization type independently of
their other vocalization types, since they were previously observed
in very small quantities and at time instances coinciding with
20 Hz pulses. The findings presented here on fin whale vocaliza-
tion distribution and behaviour can be applied in future studies
of predator—prey interactions in the Norwegian Sea.

Material and methods

Measurement of fin whale vocalizations using a coherent
hydrophone array

The underwater recordings of fin whale vocalizations analysed
here are drawn from the Norwegian Sea 2014 Experiment
(NorEx14), conducted by a collaborative team from the
Massachusetts Institute of Technology, Northeastern University,
NOAA-Northeast Fisheries Science Center, Naval Research
Laboratory, Penn State University, and the Woods Hole
Oceanographic Institution in the United States, as well as the
Institute of Marine Research-Bergen (IMR) in Norway. The
NorEx14 was conducted from 18 February to 8 March 2014, in
conjunction with the IMR survey of spawning populations of
Atlantic herring off the Alesund coast, the Atlantic cod off the
Lofoten peninsula, and the capelin off the Northern Finnmark re-
gion. The twofold objectives of the NorEx14 were to (i) image
and monitor the population distributions of these large fish
shoals from diverse species instantaneously over wide areas of
their spawning grounds using the ocean acoustic waveguide re-
mote sensing (OAWRS) and imaging system (Makris et al., 2006,
2009; Jagannathan et al., 2009) from which fish group behaviou-
ral patterns could be quantified; and (ii) observe marine mammal
vocalizations and infer their temporal-spatial distributions over
wide areas using the POAWRS technique (Gong et al, 2014;
Huang et al., 2016; Wang et al, 2016a), combined with visual

Table 1. POAWRS receiving array 1-dB angular width B, 45 (@, fc) at
broadside (¢ = 0) and endfire (¢ = 1/2), given ULF aperture
length L, as a function of centre frequency f. for a given fin whale
call type.

Fin whale fe L Pras (¢ =0) Bras (¢ = 1/2)
Call type (Hz) (m) (deg) (deg)

20 Hz pulse 215 189 10 19.5

130 Hz upsweep 128.7 189 1.7 8

The amplitude weighted average frequency values in Table 2 were used as
the centre frequency values. A Hanning spatial window is applied in the
beamforming.

observations for species confirmation. These results would then
be employed in future studies of predator—prey interaction and
dynamics. The marine mammal vocalization data, that include
fin whale vocalizations obtained from POAWRS sensing, were
partially processed at sea and further analysed in post-processing.

In NorEx14, recordings of underwater sound were acquired
using a horizontal coherent hydrophone array (Becker and
Preston, 2003) towed at an average speed of 4 knots (roughly
2m/s) along designated tracks for 8-24 hours per day. To mini-
mize the effect of tow ship noise on the recorded acoustic data,
the coherent hydrophone array was towed approximately 280—
330 m behind the research vessel so as to confine this noise to the
forward endfire direction of the array, which is the forward direc-
tion parallel to the array axis. The tow ship noise in directions
away from the forward endfire was negligible after coherent
beamforming. The water depth ranged from 100 to 300 m at the
array locations, and the array tow depth varied from 45 to 70 m
in NorEx14.

The multiple nested sub-apertures of the array contain a total of
160 hydrophones spanning a frequency range from below 15 to
4000Hz for spatially unaliased sensing. The mean sensitivity of
each hydrophone is a constant in this frequency range. A fixed
sampling frequency of 8000 Hz was used so that acoustic signals
with frequency contents up to 4000 Hz were recorded without tem-
poral aliasing. The ultra low-frequency (ULF) sub-aperture of the
array, consisting of 64 equally spaced hydrophones with inter-
element spacing of 3 m, was used here to collect fin whale vocaliza-
tions with frequency content below 250 Hz. The horizontal beam-
width of the array is a function of the array aperture length L,
steering angle ¢, as well as centre frequency f. and bandwidth B of
the signal (Johnson and Dudgeon, 1992; Makris et al., 1995; Ratilal
et al., 2005). The 1 dB angular width B,45(®, fc) (Tran et al., 2014)
of the receiver array for the fin whale 20 Hz pulse and 130 Hz up-
sweep vocalizations are provided in Table 1. The steering angle ¢ is
measured as the horizontal azimuthal angle from array broadside.
The bearing estimation errors are significantly smaller by a factor
of roughly 1/5 for the fin whale 130 Hz upsweep signals in compar-
ison to the 20 Hz pulse signals, as can also be noted in Figure 5, af-
ter beamforming with the ULF sub-aperture.

Physical oceanography was monitored by sampling water-
column temperature and salinity with expendable bathy thermo-
graphs (XBTs) and conductivity—temperature—depth (CTD) sen-
sors at regular intervals of a couple of hours each day. The water-
column sound speed profile measured in the three distinct
regions of the Norwegian Sea are provided in Jain (2015).

The detection of long-range propagated sounds is significantly en-
hanced by spatial beamforming and spectrogram analysis which
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Figure 2. Coherent array processing enhances the SNR to aid in the detection of fin whale vocalizations. Compare single hydrophone
measured spectrogram in (a) with spectrogram after coherent beamforming in (b) and (c) with 64-element ULF sub-aperture of POAWRS
160-element hydrophone array. The fin whale vocalizations from the POAWRS receiver array, recorded on 20 February 2014 at 22: 59: 19
GMT, is enhanced by up to 5.3 dB for the 20 Hz pulse and 13.7 dB for the 130 Hz upsweep. In plot (b), two 20 Hz pulses are visually detected
above the background noise after beamforming where the fin whale bearing is ~ — 76° from array broadside. In plot (c), two 20 Hz pulses,
two 130 Hz upsweeps, and three higher frequency downsweep chirps are visually detected above the background noise after beamforming

where the fin whale bearing is ~14.4° from array broadside.

filters the background noise that is outside of the beam and fre-
quency band of the fin whale vocalizations. The high gain (Johnson
and Dudgeon, 1992; Kay, 1998) of the coherent 64-hydrophone ULF
sub-aperture, of up to 10log ;064 = 18 dB, enabled detection of fin
whale vocalizations up to two orders of magnitude more distant in
range in the shallow water environment than a single omnidirec-
tional hydrophone, which has no array gain (Figure 2). The actual
array gain, which may be smaller than the full 18-dB theoretical array
gain, is dependent on noise coherence and vocalization wavelength
relative to array aperture length. For example, the array gain for the
20 Hz pulse is 5.3 dB, while the array gain for the 130 Hz upsweep is
13.7 dB due to the difference in wavelengths of the signals. The array
gain is tabulated in Table 5.

The POAWRS coherent hydrophone array employed in
NorEx14 detected significant sounds from a wide range of under-
water acoustic sources including marine mammal vocalizations
from diverse baleen and toothed whale species in the frequency
range from 10 Hz up to 4kHz, and sounds from a large number
of diesel-electric surface ships and other powered ocean vehicles
(Huang et al., 2017). Here the analysis is focused on the detection
and characterization of fin whale vocalizations between the 10 Hz
and 200 Hz frequency range. Concurrent ship-based visual obser-
vations conducted during our experiment provides confirmation
of the presence of fin whales.

Fin whale vocalization detection, bearing estimation, and
characterization

Acoustic pressure time series measured by sensors across the re-
ceiver array were converted to two-dimensional beam-time series
by beamforming (Johnson and Dudgeon, 1992). A total of 64
beams were formed spanning 360 degree horizontal azimuth
about the receiver array for data from the ULF sub-aperture.
Each beam-time series was converted to a beamformed spectro-
gram by short-time Fourier transform (sampling frequency =
8000 Hz, frame = 2048 samples, overlap = 3/4, Hann window).
Significant sounds present in the beamformed spectrograms were
automatically detected by first applying a pixel intensity threshold
detector (Sezan, 1990) followed by pixel clustering, and verified
by visual inspection (Huang et al., 2016; Wang et al, 2016a, b;
Huang et al., 2017). Beamformed spectrogram pixels with local
intensity values that are 5.6 dB above the background are grouped
using a clustering algorithm according to a nearest-neighbour cri-
teria that determines if the pixels can be grouped into one or
more significant sound signals. Each individual detected signal is
next characterized by its pitch track (Wang and Seneff, 2000;
Shapiro and Wang, 2009; Baumgartner and Mussoline, 2011) rep-
resenting the time variation of the fundamental frequencies. The
pitch-track is estimated using a time-frequency peak detector
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from a signal’s detected and clustered pixel intensity values in the
beamformed spectrogram.

The horizontal azimuthal direction or bearing ¢ of each
detected signal, measured from array broadside, is estimated us-
ing a beamforming technique (Johnson and Dudgeon, 1992) that
selects the bearing in which the beamformed, band-pass filtered
pressure—time series contained maximum energy during the time
duration of the signal and in the same frequency band. The esti-
mated relative bearings @, measured with respect to array broad-
side, are then converted to absolute bearings, measured from the
array centre with respect to true North.

The time—-frequency characteristics of each individual detected
signal is determined from its pitch-track. The pitch-track for a
signal contains a time series t = (#;, f, . . ., f;), a frequency series
f=,f..-fi), and an amplitude series A = (A}, A,,..., A;)
describing the time variation of the fundamental frequency in the
signal (Wang and Seneff, 2000; Shapiro and Wang, 2009;
Baumgartner and Mussoline, 2011). Eight features are extracted
from each signal. They are (1) minimum frequency (Hz), fi; (2)
maximum frequency (Hz), fi; (3) amplitude weighted average
frequency (Hz), f; (4) mean instantaneous bandwidth (Hz), B;
(5) relative instantaneous bandwidth, B/ f ; (6) duration (s),

df.
> o

and (8) curvature from second-order polynomial fit (Hz/s?), %.

T=1t —t1; (7) slope from first-order polynomial fit (Hz/s)

The slope and curvature are obtained from second-order non-
linear curve-fit to the vocalization traces obtained via pitch-
tracking (Huang et al., 2016; Wang ef al., 2016a).

The time—frequency characteristics extracted via pitch tracking
are applied for fin whale vocalization classification. A combina-
tion of extracted features from pitch-tracking, orthogonalized via
principle component analysis (PCA) (Jolliffe, 2002), were used to
optimize the vocalization classification employing k-means
(Kanungo et al., 2002) and Bayesian-based Gaussian mixture
model clustering approaches (Richard et al., 2001). The number
of clusters can be determined via Bayesian information criterion
(Hirose et al., 2011). The bearing-time trajectories of each closely
associated series of vocalizations were also taken into account to
ensure consistent classification (Huang et al, 2016).

Determination of detected fin whale vocalization rate
and time series over the diel cycle

The diel vocalization rate in units of calls/day and vocalization rate
time series in units of calls/min for the detected fin whale 20 Hz
pulses and 130 Hz upsweeps were obtained by averaging the vocali-
zation rate time series for that type of vocalization over multiple diel
cycles in a specific region (Figure 6). The detected fin whale vocaliza-
tion rate time series are averaged over 15 min bins.

Localization of fin whale vocalizations

The horizontal location of each detected fin whale vocalization
consists of a range and a bearing estimate. The estimated azi-
muthal bearings of sequences of fin whale vocalizations form
multiple bearing-time trajectories (Figure 5). These bearing-time
trajectories are utilized to determine the ranges of the fin whale
vocalizations from the horizontal receiver array centre employing
the moving array triangulation (MAT) (Gong et al., 2013, 2014,
2015) and the bearings-migration minimum mean-square-error
(MMSE) methods (Gong et al., 2013). Position estimation error,

or the root-mean-square (RMS) distance between the actual and
estimated location, is a combination of range and bearing errors.

The bearing estimation error of the time-domain beamformer
for the 130Hz upsweep and the 20 Hz pulse vocalizations were
provided in Table 1. These bearing accuracies for our beamformer
have been verified by both theoretical modelling (see formulation
and numerical implementation in Figures 3 and 4 of Wang and
Ratilal, 2017) and application to experimental data (see Figure 6
of Tran et al., 2014 showing beamformer output and resolution
for broadside and endfire arrivals of a broadband signal).

The range estimation errors have been quantified for this array
(Gong et al., 2013, 2014, 2015) for broadband signals with roughly
5% bandwidth to centre frequency ratios, and with approximately
50% centre frequency to array aperture design frequency ratios.
The fin whale 130 Hz upsweep vocalizations fall within this cate-
gory of broadband signals. For such signals, the range estimation
error, expressed as the percentage of the range from the source lo-
cation to the horizontal receiver array centre, for the MAT and
MMSE is roughly 2% at array broadside and gradually increases
to 10% at 65° from broadside and 25% near or at endfire. These
errors are determined previously from thousands of controlled
source signals transmitted by a source array, and are based on ab-
solute global positioning system (GPS) ground truth measure-
ments of the source array’s position (Gong et al, 2013, 2015).
Note that the range estimation error for the fin whale 20 Hz pulses
are expected to be larger than that for the 130 Hz upsweeps, be-
cause of the larger bearing estimation error at 20 Hz.

More than 85% of fin whale vocalizations are found to be lo-
cated from 0" to 65 from the broadside direction of the horizon-
tal hydrophone array. Position estimation error is less than 2 km
and 5km, respectively, for majority of the fin 130 Hz and 20 Hz
vocalizations localized since they are found mostly within 50 km
of the horizontal receiver array centre. This error is roughly an
order of magnitude smaller than or equivalent to the spatial scales
of the fin whale concentrations shown in Figures 12 and 13, and
consequently has negligible influence on the analyses and results.

Detected fin whale vocalization rate spatial density
distributions

The estimated locations for detected fin whale vocalizations over
the duration of our data collection are used to generate the fin
whale vocalization rate spatial density distribution maps shown
in Figures 12 and 13. The location of each fin whale vocalization
is characterized by a 2D Gaussian probability density function
with mean equal to the measured mean position from MAT and
standard deviation ellipse with major and minor axes determined
by the measured range and bearing standard deviations. The
detected fin whale call rate spatial density distribution map for a
specific fin whale call type is determined by superposition of the
2D spatial probability densities for the location of each call, nor-
malized by the total measurement time. This approach for esti-
mating the detected vocalization rate spatial density distribution
was previously applied to fin whales and other baleen whale spe-
cies in Gong et al. (2014), Huang et al. (2016), and Wang et al.
(2016a).

Note that the detected vocalization rate spatial density distri-
butions calculated here quantify the mean fin whale call volume
within time units of 1 min and within areal units of 25 nmi” aver-
aged over multiple diel cycles. The translation of a fin whale indi-
vidual at swim speeds ranging from 0 to 9 m/s over a minute time
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Figure 3. Spectrograms and pitch-tracks for the fin whale (a) 20 Hz pulse (single), (b) 20 Hz pulse (doublet), (c) backbeat, (d) 130 Hz
upsweep, and (e) 30—100 Hz downsweep chirp. The pitch-track figures are displayed utilizing (a) 963, (b) 218, (c) 289, (d) 828, and (d) 48 fin
whale vocalizations. The mean pitch-track is indicated by the solid black curve, while the mean instantaneous bandwidth of the pitch-tracks

are indicated by the dashed black curves.

interval is bounded by 0.54 km which is significantly smaller than
the spatial extent of each 25 nmi” areal unit that the data are aver-
aged over, and therefore has negligible effect on the detected fin
whale vocalization rate spatial density distribution maps shown
in Figures 12 and 13. Furthermore, a vocalizing fin whale travel-
ling at 0-9 m/s speed would require more than 18 min to traverse
across the 25 nmi” areal unit. During this time frame, the MAT
technique provides numerous independent estimates of the vocal-
izing fin whale horizontal position, so that the errors in mean po-
sition estimate and tracking estimates can be reduced by
statistical averaging (Makris, 1996; Frieden, 2012; Tran et al,
2012).

The effects of detector performance on the POAWRS deter-
mined vocalization rate spatial density distribution have been
previously investigated, where the PoD-normalized distribu-
tions were compared with the distributions without the PoD
normalization for fin whale and other marine mammal species
in the Gulf of Maine (refer to Section III of the Supplementary
Information of Wang et al, 2016a and compare
Supplementary Information Figures 2 and 5 where the PoD-
normalized distribution is compared with those without PoD
normalization). The detector performance has negligible effect
on the vocalization rate spatial density distribution in regions

where the PoD is high > 80%. In Figures 12 and 13, the distri-
bution shown is valid in the region bounded by the dashed
lines where the PoD is high for both the fin whale 20 and
130 Hz vocalizations.

Source level estimation for fin whale vocalizations

The fin whale vocalization source level Ls(rg) is estimated
(Figures 7 and 8) using the passive sonar equation (Urick, 1983;
Kinsler et al., 1999; Gong et al., 2014):

Ls(rg) = RL(r) + TL(|r — ro}), (1)

where RL(r) is the received whale vocalization pressure level for a
receiver located at r. The received whale vocalization pressure
level was estimated as the RMS value of the maximum instanta-
neous time-domain signal bandpass-filtered between upper f
and lower f;, frequencies and beamformed to the azimuthal bear-
ing of the vocalization, over a time window (Madsen and
Wahlberg, 2007) encompassing 90% of the total signal energy.
The upper fiy and lower f; frequencies are determined as the
—10dB end points relative to the signal peak in the power
spectrum.

8102 1800190 G0 U0 Jasn saueiqi] AlsieAlun ulaiseayuoN Aq ZovSL 1G/2Z L ASl/swisaol/£601 0 | /10pAoBISqe-8|oIe-80UBAPE/SWIS801/Wwoo dno-olwsepeoe//:sdiy wolj papeojumoq


https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsy127#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsy127#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsy127#supplementary-data

Temporal-spatial, spectral, and source level distributions of fin whale vocalizations 7

T

952

— @
N g
z %0
[v]

2 852
S S
g_ 80 g
q) >
T 752
20 <
o

120 0w

——Freq: 20.5 Hz
Freq: 41 Hz

5 10 15 20

Power Spectral Density (dB

Figure 4. Example of fin whale 20 Hz pulse vocalizations also
containing the second harmonic at twice the peak centre frequency,
and roughly 25-30 dB lower received pressure level, measured by the
coherent hydrophone array from a nearby fin whale during NorEx14.
Plot (a) displays two 20 Hz pulses containing the second-order
harmonic (highlighted in dashed white box), while plot (b) displays
the power spectral density versus time for the 20 Hz pulse peak
centre frequency (centred around 20.5 Hz) and the second-order
harmonic peak centre frequency (centred around 41 Hz).

The corresponding one-way broadband acoustic transmission
loss, TL(|r — 1o|), from the estimated location of each fin whale
vocalization to the centre of the POAWRS receiver array, was cal-
culated using a calibrated (Jain, 2015; Schory, 2015) parabolic
equation-based range-dependent acoustic propagation model
(RAM) (Collins, 1993):

fu 5
(e ) = 101ogio( [ QU (Glem AP). @)

where G(r|ry, f) is the waveguide Green function at frequency f
for a whale located at ry and receiver at r, Q(f) is the normalized
vocalization spectra, and fy and f; are the upper and lower fre-
quencies used for the bandpass filter. The model takes into ac-
count the environmental parameters such as the range-dependent
water depth and sound speed profiles measured in the Norwegian
and Barents Seas to stochastically compute the propagated acous-
tic intensities via Monte-Carlo simulations following the ap-
proach of Andrews et al. (2009), Gong et al. (2010), and Andrews
et al. (2011). The mean magnitude-squared waveguide Green
function is obtained by averaging over multiple Monte-Carlo
simulations, weighted by the whale call depth probability density
function distribution from the sea surface to the sea floor to ac-
count for waveguide fluctuations and the unknown whale depth,
respectively. Here the whale call depth probability density func-
tion is modelled as a Gaussian random variable with a mean of
13m and a standard deviation of 6 m [following approximately
the findings presented in Figure 4a of Stimpert et al.,, 2015]. The
broadband transmission loss standard deviations are calculated in
the log-transformed domain using the broadband transmission
loss at each potential whale depth from the sea surface to the
seafloor.

The approaches for estimating the vocalization source level
and modelling the broadband transmission loss were previously

applied in the Gulf of Maine for fin whales and several other ba-
leen whale species (Gong et al., 2014; Wang et al., 2016a, b).

Probability of detection regions for fin whale
vocalizations

The POAWRS PoD Pp(r) for a specific fin whale vocalization, as
a function of range r from the coherent hydrophone array, is
modelled using the approach provided in Appendix 1. We model
the PoD regions for the fin whale 20 Hz pulse and 130 Hz up-
sweep vocalizations received on a coherent hydrophone array af-
ter spatial beamforming. The fin whale vocalization source levels
L, used in the PoD calculations are estimated from a subset of the
POAWRS received vocalizations, in units of dB re 1 pPa at 1 m,
and is determined using the results in Figures 7 and 8. We model
the PoD regions off the coast of Alesund (region I), Lofoten (re-
gion II), and Northern Finnmark (region III) (Figure 1). This ap-
proach was previously applied to estimate the PoD regions for fin
20Hz vocalizations in the Gulf of Maine [see Supplementary
Information section I and Supplementary Information
Figure 1(b) of Wang et al., 2016a, showing the 10%, 30%, 50%,
70%, and 90% PoD regions specifically for fin whale vocalizations
received on a coherent hydrophone array].

Results

Here we first identify and describe the repertoire of fin whale
vocalizations, in the 10-200 Hz frequency range comprising of a
variety of call types, measured by the coherent hydrophone array
during the NorEx14. We next provide a statistical time—frequency
characterization of each fin whale vocalization type observed.
Typical examples of measured fin whale vocalization bearing-
time trajectories are provided for the Alesund, Lofoten, and
Northern Finnmark offshore regions. We determine the mean
diel call volumes, the diel vocalization rate time series, and the
source level distributions for the two most prominent fin whale
vocalization types measured in NorEx14. The estimated source
level distributions are then applied to calculate the PoD regions
for the corresponding fin whale vocalization types for both the
coherent hydrophone array and for a single hydrophone. Finally,
we provide examples of detected fin whale vocalization rate spa-
tial density distributions based on diel monitoring in the
Alesund, Lofoten, and Northern Finnmark coastal regions.

Fin whale vocalization types and time-frequency
characterization

During the NorEx14, the main types of fin whale vocalizations
observed were the 20 Hz pulse, the 18-19 Hz backbeat pulse, the
130 Hz upsweep pulse, and the 30-100Hz downsweep chirp
(Watkins et al., 1987; Clark and Gagnon, 2004; Simon et al.,
2010; Castellote et al., 2012). It should be noted that a subset of
the 30-100 Hz downsweeps detected during the NorEx14 are in
the same frequency range as the fin whale 40 Hz call identified by
Sirovi¢ et al., 2013. It seems highly likely that the 40 Hz call may
just be a subset of the 30-100Hz downsweeps identified by
Watkins et al. (1987) and Castellote et al. (2012). The 20 Hz
pulses were observed in two specific patterned sequences which
are a repeated sequence of one 20 Hz pulse and a repeated se-
quence of two consecutive 20 Hz pulses. In this article, we will re-
fer to these two specific patterned sequences as the 20 Hz pulse
(single) and the 20Hz pulse (doublet) (Watkins et al, 1987;
Thompson et al., 1992; Croll et al., 2002). These two fin whale
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Table 2. Estimated pitch-track features for various types of fin whale vocalizations observed during NorEx14.

Characteristics 20 Hz pulse 20 Hz pulse 130 Hz pulse Downsweep Backbeat
(single) (doublet) upsweep chirps

n (no. analysed) 963 368 1664 39 289

fi (Hz) 14.7%20.8 145*0.8 124.0%1.3 43.0+9.3 14.0*0.7
fu (Hz) 29.2+09 30.0%1.1 133.9*1.4 61.0£11.7 21.7%13
f(Hﬂ 21.5*05 21.5*04 128.7+0.7 51.4%10.1 179*+0.5
B (H2) 9.0+0.38 9.5%09 6.6*14 84%33 54*1.4
E/f 0.43%0.04 0.4470.04 0.051%£0.011 0.17£0.07 0.300.08
T (s) 0.88+0.18 25+03 0.42+0.15 0.69+0.28 0.69+0.21
%(Hﬂﬂ —6.7%23 —19*04 43%5.1 —12.2.£10.5 03*17
g%(Hﬂf) 11.0%5.4 —022%13 —7.5%36.0 09%37.7 —50%124

vocalization sequences have been previously documented in
Watkins (1981). Typical spectrograms, as well as mean and en-
semble pitch-tracks for a subset from each fin whale vocalization
type observed, are shown in Figure 3. The time—frequency charac-
teristics estimated from pitch-tracking and the IPIs of the repeti-
tive fin whale vocalization types are tabulated in Tables 2 and 3,
respectively. The subset of vocalizations analysed in the tables
were received with significantly high SNR (SNR > 10 dB).

The time—frequency characteristics of each fin whale vocaliza-
tion extracted from pitch-tracking are applied to classify the vo-
calization according to fin whale call type (Table 2). The fin
whale 20 Hz pulse (single) and the 20 Hz pulse (doublet) vocaliza-
tions share several similar frequency characteristics since both vo-
calization sequences are based on the 20Hz pulse. The time
duration, however, is a good discriminant between the two vocal-
ization types. The time duration of the 20 Hz pulse (single) has a
mean and standard deviation of 0.88 = 0.18 s, while that for the
20Hz pulse (doublet) is 2.5 % 0.3 s, which is roughly 2.5 times
larger. Two potentially strong discriminants between the 20 Hz
pulse (single) and the backbeat vocalizations are the maximum
frequency (fy) and slope (df/dt), which are 29.2 + 0.9Hz and
—6.7%2.3 Hz/s, respectively for the 20 Hz pulse (single), while
they are 21.7 = 1.3Hz and 0.3 = 1.7 Hz/s for the backbeat vocal-
izations. The pitch-tracks of the backbeat vocalizations have on
average a positive slope versus time, while the pitch-tracks of the
20Hz pulse (single) have on average negative slopes (Figure 3).
The amplitude-weighted average frequency (f) of the 130Hz
upsweeps and the 30-100 Hz downsweeps provide a good dis-
criminant between the other fin whale vocalization types. The dis-
tributions for f are characterized by a mean and standard
deviation of 128.7 = 0.7Hz for the 130Hz upsweeps, and
51.4 + 10.1 Hz for the 30-100 Hz downsweeps.

An IPT is quantified for patterned sequences of the fin whale
20 Hz pulse (single), 20 Hz pulse (doublet), 130 Hz upsweep, and
backbeat pulse (Table 3). No IPI could be quantified for the 30—
100 Hz downsweeps since they occurred randomly in time during
the NorEx14. The 130 Hz upsweep was observed to occur in com-
bination with the 20 Hz pulse (single) and 20 Hz pulse (doublet)
throughout most of the NorEx14. Therefore, the observed 130 Hz
upsweeps IPIs matched either a 20Hz pulse (single), a 20Hz
(doublet), or both. The IPI distributions for the 20 Hz pulse (sin-
gle), 20 Hz pulse (doublet), and 130 Hz upsweep are characterized
by approximately the same mean and standard deviation of
14.5 = 0.3 s. However, there were two specific fin whale bearing-
time trajectories observed with different IPI distributions, which

Table 3. IPIs observed for fin whale vocalizations during NorEx14.

20 Hz pulse 20 Hz pulse 130 Hz pulse Downsweep  Backbeat
(single) (doublet)  upsweep chirps
IPl 145*03 145+0.3 145203  None observed 24.7 =0.4
(s) 153%03  29.7%04 153+03
29.7*£0.4

are characterized by a mean and standard deviation of
153+0.3s on 23 February 2014 (Alesund region), and
29.7 £0.3s on 26 February 2014 (Northern Finnmark region).
Each of these two distributions are associated with only one spe-
cific fin whale bearing-time trajectory during the day of observa-
tion. The IPI distribution for the backbeat pulse is calculated
from observations on 20 February 2014 (Alesund region) and is
characterized by a mean and standard deviation of 24.7 = 0.4s.
This specific fin whale bearing-time trajectory was observed to ex-
clusively contain fin whale backbeat vocalizations with a duration
of approximately 25min for the pulse train. All other observa-
tions of the backbeat vocalizations during the NorEx14 occurred
with corresponding 20 Hz pulses in the sequences.

Second-order harmonic of the fin whale 20 Hz pulse

For fin whales in close proximity to the coherent hydrophone ar-
ray, the dominant and intense 20 Hz pulses were received along
with their second-order harmonic. It was observed that the re-
ceived pressure level for the 20 Hz pulse had its peak energy cen-
tred around 20.5Hz, while the second-order harmonic was
centred around 41 Hz and roughly 25-30 dB lower received pres-
sure level (Figure 4). This second-order harmonic was observed
off Northern Finnmark on 28 February 2014 and 3-4 March
2014. The received pressure level difference between the 20 Hz
pulse and corresponding second-order harmonic was estimated
using 33 detections on 3 February 2014 with mean of
26.18 £2.6dB, 51 detections on 3 March 2014 with mean of
30.05 * 2.46 dB, and 48 detections on 4 March 2014 with mean
of 26.23 = 8.71 dB. Harmonics higher than second order were not
detected in the beamformed spectrograms.

Detected fin whale vocalization rate and time series over
the diel cycle

Fin whale vocalizations were measured by the coherent hydro-
phone array at each passive acoustic monitoring location off the
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Figure 5. Bearing-time trajectories of fin whale vocalizations
detected by the POAWRS coherent hydrophone array on (a) 20
February 2014 (Alesund), (b) 27 February 2014 (Northern Finnmark),
and (c) 23 February 2014 (Lofoten).

Alesund (region I), Northern Finnmark (region III), and Lofoten
(regions II and IV) coastal regions during the NorEx14 (Figure 1).
Typical examples of measured bearing-time trajectories containing
fin whale vocalizations in the three regions are shown in Figure 5.
The bearing-time trajectories are plotted between 125 and 500
degrees from true north relative to the coherent hydrophone array
centre at each time instance in order to make the bearing-time tra-
jectories continuous within a 360 degree azimuth span. In Figure 5,
each of the fin whale vocalization types, identified in Figure 3, were
detected except for the backbeat pulse on 27 February 2014
(Northern Finnmark region). The most frequently observed fin
whale vocalization types in all regions were the 20 Hz pulse and
130 Hz upsweep. The detected fin whale vocalization rates in units
of calls/day for each of these call types are estimated by averaging
over multiple diel cycles in each observation region (Table 4). The
detected fin whale vocalization rates are found to be significantly
higher off the Northern Finnmark coast at roughly 37000 = 5000
calls/day for the 20 Hz pulse and 21000 = 5300 calls/day for the
130 Hz upsweep. These vocalization rates are a factor of roughly 5
times and 17 times larger for the 20 Hz pulse and the 130 Hz up-
sweep, respectively in the Northern Finnmark coastal region than
those off the Alesund and Lofoten coasts. The 130 Hz upsweeps
comprise roughly 35% of the measured fin whale vocalizations in
the Northern Finnmark coastal region. Only roughly 15% of the
fin whale vocalizations are comprised of the 130 Hz upsweeps in
the Alesund and Lofoten coastal regions.

The detected fin whale vocalization rate time series for the
20 Hz pulse and 130 Hz upsweep are shown in Figure 6. Similar
to the diel vocalization rates, the fin whale vocalization rate time
series are significantly larger off the Northern Finnmark coast at
roughly 20-30 calls/min for the 20 Hz pulse and roughly 10-20
call/min for the 130 Hz upsweep throughout the 24 h time period
(Figure 6). These vocalization rate time series are a factor of 2-3

times smaller for the 20 Hz pulses and 10-20 times smaller for the
130 Hz upsweeps off the Alesund and Lofoten coasts.

Fin whale source level distribution estimates for the

20 Hz pulse and 130 Hz upsweep

The source level distributions of fin whale 20 Hz pulses and
130 Hz upsweeps are estimated from vocalizations received by the
coherent hydrophone array off the coasts of Alesund (region I),
Northern Finnmark (region III), and Lofoten (regions II and IV)
during NorEx14 (Figure 1). A subset of measured vocalizations
with significantly high SNR (SNR > 10 dB) are employed in the
analysis. The mean and standard deviation of the source level dis-
tribution, in units of dB re 1 pPa at 1 m, for the 20 Hz pulse is
192.3 = 6.5dB off Alesund region, 195.8+4.4 dB off Northern
Finnmark region, 186.3*7.1dB off Lofoten region, and
190.5 = 7.4 dB by intensity averaging of the results obtained off
all three regions (Figure 7). The mean and standard deviation of
the source level in units of dB re 1 pPa at 1 m for the 130 Hz up-
sweep pulse is 170.5 = 6.0 dB off Alesund region, 171.2 = 5.0dB
off Northern Finnmark region, 168.5 = 3.5dB off Lofoten region,
and 170.3%5.2 dB by intensity averaging of the results obtained
off all three regions (Figure 8). The mean source level of the fin
whale 130 Hz upsweep is approximately 20 dB lower than that of
their 20 Hz pulse.

Fin whale probability of detection (PoD) regions for the
20 Hz pulse and 130 Hz upsweep

The PoD regions of the fin whale 20 Hz pulse and 130 Hz up-
sweep vocalizations received by the coherent hydrophone array in
the Alesund (region I), Northern Finnmark (region III), and
Lofoten (region II) offshore regions are shown in Figures 9-11.
The source level distributions of the fin whale vocalizations used
in the PoD calculations for all regions are based on the location
averaged result of 190.5dB re 1 pPa at 1 m for the 20 Hz pulse
and 170.3dB re 1 pPa at 1 m for the 130 Hz upsweep. The array
gain (Urick, 1983) values from Table 5 for the two fin whale vo-
calization types were used in the PoD calculations to account for
SNR enhancement after beamforming with the 64-element ULF
sub-aperture of the coherent hydrophone array.

The 50% PoD regions for fin whale vocalizations, with the 64-
element ULF sub-aperture of the coherent hydrophone array as
the receiver, extends over a region more than 200 km in diameter
after beamforming (Figures 9-11). In contrast the 50% PoD
regions for fin whale vocalizations, with a single omnidirectional
hydrophone as the receiver, are comparatively smaller by a factor
of 1.5-3 times for the fin whale 20 Hz pulse and by a factor of 4-9
times for the fin whale 130 Hz upsweep.

Despite the 20 dB lower source level of the fin whale 130 Hz
upsweep in comparison to that of their 20 Hz pulse, the 50% PoD
regions for both these fin whale vocalization types are roughly
equivalent when the coherent hydrophone array is employed as
the receiver. This is because the array provides significantly higher
gain after beamforming for the fin whale 130Hz upsweeps
(13.7 dB array gain) than the 20 Hz pulses (5.3 dB array gain). In
contrast the single omnidirectional hydrophone provides no array
gain and so the 50% PoD region is significantly smaller for the fin
whale 130 Hz upsweep than the 20 Hz pulse because of the 20 dB
lower source level of the 130 Hz upsweep.
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Table 4. Detected fin whale diel vocalization rates (calls/day) based on measurements with the POAWRS coherent hydrophone array during

NorEx14.

Location Audio Recording 20 Hz pulse 130 Hz pulse Downsweep Backbeat
upsweep chirps

(coastal) (h) (calls/day) (calls/day) (calls/day) (calls/day)

Alesund 169 £5.0 7211 £3825 1199 +783 14 £16 341 =212

Finnmark 144 *55 37290 5014 20775 *=5300 *not accessible *not accessible

Lofoten 42 *25 6803 =5474 1199 =£1027 10 £26 291 =370

The results are averaged over multiple diel cycles for each region: 18-21 February 2014 off Alesund (region 1), 23 February (region Il) and 5-8 March 2014 (re-
gion V) off Lofoten, 26 February—1 March 2014 and 3-4 March 2014 (region Ill) off Northern Finnmark. (*The diel vocalization rates could not be confidently
estimated for the downsweep chirps and backbeats measured off the coast of the Northern Finnmark region due to multiple known and unknown marine

mammal species vocalizing in close proximity and in the same frequency band).

Table 5. Parameters used in modelling the PoD regions for fin whale
vocalizations in the Norwegian Sea.

Fin whale f B Ls Sn(f) AG
Call type (Hz) (Hz) (dBre1 (dBre 1

pPa at 1 m) WPa/Hz)
20 Hz pulse 215 9.0 190.5 93.2 53
130 Hz upsweep 1287 6.6 1703 84.8 13.7

They are the amplitude-weighted average frequency, f (Hz); mean instanta-
neous bandwidth, B (Hz); source level, Ls (dB re 1 wPa at 1 m); omnidirec-
tional ambient noise spectral density level, Sy (f) (dB re 1 pPa/Hz); and
coherent beamforming gain of the passive receiver array, AG.
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Figure 6. Mean detected fin whale vocalization rate time series
(calls/min) for the 20 Hz pulse and 130 Hz upsweep detected off the
coasts of (a) Alesund, (b) Northern Finnmark, and (c) Lofoten
during NorEx14. The error bars indicate standard deviations
obtained from averaging the time series over multiple diel cycles in
(a) Alesund from 18 to 21 February 2014, in (b) Northern Finnmark
from 26 February 2014 to 4 March 2014, and in (c) Lofoten near
Rast on February 23, 2014 and Lofoten near Andenes from 5 to

8 March 2014.

Location-dependent vocalization rate spatial density
distributions

The vocalization rate spatial density distributions for the fin
whale 20 Hz pulse and 130 Hz upsweep detected off the Alesund
region on 20 February 2014, the Lofoten region on 23 February
2014, and the Northern Finnmark region on 27 February 2014
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Figure 7. Normalized histograms of the estimated source levels for
the fin whale 20 Hz pulses measured in the coastal regions off (a)
Alesund, (b) Northern Finnmark, (c) Lofoten, and (d) the combined
results from (a), (b), and (c) during the NorEx14. The histograms in
(a), (b), (c), and (d) were generated using 724, 691, 323, and 1738
independent estimates of the instantaneous source level.

(Figures 12 and 13) are estimated from localization of the mea-
sured bearing-time trajectories of these vocalization in Figure 5.
In the Northern Finnmark offshore region, the volume of both
the fin whale 20 Hz pulse and 130 Hz upsweep were substantial
and span the entire northern hemisphere roughly *+60 degrees
from true north.

Discussion

Fin whale location-dependent vocalizations, detected call
rates and characteristics

Significantly higher fin whale diel vocalization rates were detected
by the coherent hydrophone array in the Northern Finnmark off-
shore region when compared with the Alesund and Lofoten off-
shore regions during NorEx14. In particular, the fin whale 130 Hz
upsweeps were found to be 17 times more abundant and the
20Hz pulses were 5 times more abundant off Northern
Finnmark. This is likely due to fin whale fish feeding activities off
Northern Finnmark since their fish prey, the capelin, is highly
abundant in this region as the observation time period of
NorEx14 coincided with the capelin spawning season.

Statistical time—frequency characterization of fin whale vocali-
zation types, presented in Table 2, are essential for automatic clas-
sification and identification of fin whales with passive acoustics.
The estimated mean and standard deviation of the time-
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Figure 8. Normalized histograms of the estimated source levels for
the fin whale 130 Hz upsweeps measured in the coastal regions off
(a) Alesund, (b) Northern Finnmark, (c) Lofoten, and (d) the
combined results from (a), (b), and (c) during the NorEx14. The
histograms in (a), (b), (c), and (d) were generated using 441, 537,
669, and 1647 independent estimates of the instantaneous source
level.
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Figure 9. The PoD regions off the Alesund coast for the fin whale
(a) 20 Hz pulse and (b) 130 Hz upsweep. The tow tracks of the
coherent hydrophone array during 18-21 February 2014 are
indicated in solid black. The solid coloured contours provide the %
PoD regions for vocalizations received on the 64-element sub-
aperture of the coherent hydrophone array after beamforming,
while the dashed cyan contour represent the 50% PoD region for
vocalizations received on a single omnidirectional hydrophone.

frequency parameters for different fin whale vocalization types
can be incorporated into a classifier, such as logistic regression,
support vector machine, or decision tree (Richard et al., 2001), to
provide automatic classification of the vocalizations according to
type, as well as to distinguish fin whale vocalizations from those
of other baleen whale species.

Source level estimates for fin whale 20 Hz pulse and

130 Hz upsweep

The fin whale 20Hz pulse vocalization source level estimates
obtained here for the Norwegian Sea compare well with previous
estimates for other ocean areas, including the western Antarctic
Peninsula (Sirovi¢ et al, 2007) and Northeast Pacific Ocean
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Figure 10. The PoD region off the Northern Finnmark coast for the
fin whale (a) 20 Hz pulse and (b) 130 Hz upsweep. The tow tracks of
the coherent hydrophone array during 26 February—4 March 2014
are indicated in solid black. The solid coloured contours provide the
% PoD regions for vocalizations received on the 64-element sub-
aperture of the coherent hydrophone array after beamforming,
while the dashed cyan contour represent the 50% PoD region for
vocalizations received on a single omnidirectional hydrophone.
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Figure 11. The PoD region off the Lofoten coast (near Rost) for the
fin whale (a) 20 Hz pulse and (b) 130 Hz upsweep. The tow tracks of
the coherent hydrophone array on 23 February 2014 are indicated in
solid black. The solid coloured contours provide the % PoD regions
for vocalizations received on the 64-element sub-aperture of the
coherent hydrophone array after beamforming, while the dashed
cyan contour represent the 50% PoD region for vocalizations
received on a single omnidirectional hydrophone.

(Weirathmueller et al., 2013). In general, the range of fin whale
vocalization source level estimates from previous studies either
overlap well with (Sirovié et al., 2007; Weirathmueller et al.,
2013) or lie fully (Watkins et al., 1987; Wang et al., 2016b) within
the range of fin whale vocalization source level estimates obtained
here and shown in Figure 7.
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Figure 12. Vocalization rate spatial density distribution maps for
the fin whale 20 Hz pulse and 130 Hz upsweep detected in the (a)
Alesund coastal region on 20 February 2014, and (b) Lofoten coastal
region (near Rost) on 23 February 2014. The fin whale call rate
spatial densities in units of number of calls per minute per 25 nmi’
[(min) (5 nmi)?] measured by POAWRS have peak values o
indicated. The dashed contours represent the 50% PoD regions for
the fin whale 20 Hz pulse (purple) and 130 Hz upsweep (green).
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Figure 13. Vocalization rate spatial density distributions map for
the fin whale 20 Hz pulse and 130 Hz upsweep detected in the
Northern Finnmark coastal region on 27 February 2014. The
detected fin whale call rate spatial densities in units of number of
calls per minute per 25 nmi” [(min) (5 nmi)’] measured by
POAWRS have peak values o indicated. The dashed contours
represent the 50% PoD regions for the fin whale 20 Hz pulse (purple)
and 130 Hz upsweep (green).

The fin whale 130 Hz upsweep vocalization source level esti-
mates are found to be 20 dB lower than the source level estimates
of their 20 Hz pulse vocalization (Figures 7 and 8). These results
obtained here for the Norwegian Sea are consistent with a previ-
ous study that measured a difference of 24.5 +2.6dB (Simon
et al., 2010) in received flux density levels between the fin whale
20 Hz pulse and 130 Hz upsweep in the Davis Strait after taking
into account potential differences in transmission loss at 20 Hz
and 130 Hz frequencies.

Due to the significantly lower source level of the fin whale
130 Hz upsweep vocalizations, we found that these signals were
often undetectable in spectrograms produced from single omni-
directional hydrophone measurements. Beamforming with the
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coherent hydrophone array was necessary to enhance the SNR of
the 130 Hz upsweep signal (by 13.7 dB in array gain) so that they
were detectable above the ambient noise floor in the beamformed
spectrograms (compare Figure 2a and c).

Advantages of using a large-aperture coherent hydro-
phone array to detect different types of fin whale
vocalizations

An advantage of monitoring marine mammal vocalizations with
a large-aperture coherent hydrophone array is that the vocaliza-
tions can be localized in bearing and range, and then mapped
onto geographic space. The 50% PoD region for fin whale vocal-
izations extend over an area that is more than 200 km in diame-
ter, enabling fin whales vocalizations distributed over wide areas
to be simultaneously monitored, characterized, and localized us-
ing the coherent hydrophone array. The detected fin whale call
rate spatial distribution maps shown here are useful for future
studies of marine mammal behaviour as a function of concur-
rently measured environmental variates such as fish distributions
or water-column temperature distributions. These future studies
will provide insights into predator—prey dynamics occurring in
the Norwegian Sea.

The fin whale 20 Hz pulse vocalizations have been the primary
signal for passive acoustic monitoring of this marine mammal
species due to the high source level and subsequently high SNR
reception in single hydrophone or array sensor measurements.
Furthermore, the 20 Hz pulse signal can travel long distances due
to the signal’s low water-column absorption losses, except for
very shallow waters where modal cut-off occurs and there is pene-
tration of signal energy into the sea bottom. The bearing-time
estimates of fin whale 20 Hz pulses are typically noisier due to the
poor angular resolution of most practical coherent hydrophone
arrays at that frequency. The noise associated with the bearing
estimates are problematic when many fin whales vocalize at mul-
tiple bearings that are in close proximity (see Figure 5b). Here, in
addition to the 20 Hz pulse, the POAWRS system detected large
volumes of fin whale 130 Hz upsweep. The high frequency 130 Hz
upsweeps can be detected by the coherent hydrophone array with
more accurate bearing-time estimates, because the array has bet-
ter angular resolution (smaller bearing estimation error) at this
frequency. The bearing-time trajectories of fin whale vocalizations
at 130 Hz are much better resolved providing more accurate lo-
calization and geographic mapping of these vocalizations (see
Figure 5b) compared with the 20 Hz pulse.

Coherent beamforming of the hydrophone array data is shown
to significantly enhance the fin whale vocalization SNR and detec-
tion range by roughly two orders of magnitude over that of a sin-
gle hydrophone (Figure 2). This implies that signals that are
undetectable or barely audible on a single hydrophone can be
pulled out of the limiting omnidirectional ambient noise floor
with the coherent hydrophone array.

Insights into fin whale sound production

The mechanism for sound production in fin whales is still not
well understood (Simon et al., 2010). Previous measurements de-
scribe the fin whale 130 Hz upsweep calls as occurring in combi-
nation with their 20 Hz pulses (Clark and Gagnon, 2004; Simon
et al., 2010) leading to the question of whether the fin whale has
control over production of the high frequency 130 Hz upsweep
“or if they are an anatomically induced by-product from making
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the 20 Hz pulse” (Simon et al., 2010). During NorEx14, we found
many fin whale vocalization bearing-time trajectories comprised
of combinations of the 20 Hz pulse with the 130 Hz upsweep. We
also found many fin whale vocalization bearing-time trajectories
comprising solely of their 20 Hz pulses and also several of these
comprised solely of their 130 Hz upsweeps. For instance, in the
Lofoten region on 5 March 2014, we found a fin whale bearing-
time trajectory where the fin whale 130 Hz upsweep was observed
to occur in combination with the 20 Hz pulse for approximately
2.5h, and then modified the vocalizations to just the 130 Hz up-
sweep for approximately 45 min. We localized the bearing-time
trajectory of the fin whale 130 Hz upsweeps that did not occur in
combination with the 20 Hz pulses, and found the fin whale lo-
cated in an area with water depth greater than 100 m. This water
depth is larger than the acoustic wavelength at 20 Hz and there-
fore favourable for acoustic propagation at this frequency.
Furthermore, we estimated the PoD for the 20 Hz pulse at this fin
whale location (which again takes into account the environmental
parameters such as the range-dependent water depth and sound
speed profiles) and estimated a 90% PoD value for the 20Hz
pulse. Given the water depth and the 90% PoD for the 20Hz
pulses, we concluded that we should have seen some 20 Hz pulses
in a 45-min time interval if they had existed. The NorEx14 data
set suggests that the fin whale does have control over production
of the 130 Hz upsweep and can produce this vocalization type ei-
ther solely or in combination with the 20 Hz pulse. We also find
that the fin whale has control over production of the 18-19Hz
backbeat, since they can occur with or independently of the 20 Hz
pulses.

The coherent hydrophone array measurement of the second-
harmonic component of the fin whale primary 20Hz pulse,
detected at twice the peak centre frequency (approximately 41 Hz
centred) and roughly 25-30dB lower received pressure levels,
provides insights into the mechanism for sound generation in the
fin whale.

Conclusions

The vocalizations of the fin whale have been detected, character-
ized, and localized over wide areas of the Norwegian and Barents
Seas based on observations from 18 February to 8 March 2014 us-
ing a large-aperture densely sampled coherent hydrophone array
via the POAWRS technique. The received fin whale vocalizations
in all regions observed are dominated by their characteristic
20 Hz pulses and high frequency 130 Hz upsweeps. An apprecia-
ble volume of fin whale large bandwidth 30-100 Hz downsweep
chirp vocalizations were also received, as well as smaller amounts
of their 18—19 Hz backbeat pulses. The time—frequency character-
istics of these vocalization types and their occurrence rate time-
series have been quantified for fin whales in three distinct regions
of the Norwegian Sea, off the coasts of Alesund, Lofoten, and the
Northern Finnmark. The detected fin whale diel vocalization rates
are found to be significantly higher off the Northern Finnmark
coast at roughly 37000 = 5000 calls/day for the 20 Hz pulses and
21000 * 5300 calls/day for the 130 Hz upsweeps. These detected
call rates are a factor of roughly 5 times smaller for the 20 Hz
pulses and roughly 17 times smaller for the 130 Hz upsweeps off
the Alesund and Lofoten coasts. The detected fin whale vocaliza-
tion rate spatial density distributions are mapped for their 20 Hz
pulses and the 130 Hz upsweeps in all three observation regions

of the Norwegian and Barents Seas. The vocalization source level
distributions and PoD regions are estimated for the fin whale
20 Hz pulses and the 130 Hz upsweeps separately in the three dis-
tinct regions. The source levels in units of dB re 1 pPa at 1 m are
found to be 190.5* 7.4 for the fin whale 20Hz pulses and
170.3 = 5.2 for the 130 Hz upsweeps. The fin whale 130 Hz up-
sweep vocalizations are received with significantly enhanced SNR
by roughly 14 dB via beamforming with the coherent hydrophone
array and are typically undetectable in single hydrophone meas-
urements. For fin whales in close proximity to the coherent hy-
drophone array, the dominant and intense 20 Hz pulses were
received along with their second-order harmonic, with a peak fre-
quency centred at 41 Hz, and roughly 25-30dB lower received
pressure levels. Furthermore, from the large volumes of fin whale
vocalizations observed, we find that fin whales are capable of pro-
ducing each vocalization type either independently or simulta-
neously with their other call types. This study provides novel
information on fin whale vocalization and sound production.
Furthermore, the findings on fin whale vocalization distribution
and behaviour can be applied to provide insights into predator—
prey dynamics in important spawning areas along the Norwegian
coast.
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Appendix 1.

Modelling probability of detection regions for fin
whale vocalizations

Here the approach for calculating the POAWRS PoD Pp(r) for a
fin whale vocalization as a function of range r from the coherent
hydrophone array is described. For a fin whale at range r from the
POAWRS receiver array, its vocalization signal can be detected
above the ambient noise if the sonar equation (Clay and Medwin,
1977; Urick, 1983; Burdic, 1991; Jensen et al, 2011; Gong et al.,
2014) is satisfied:

NL + DT — AG < Ls — TL(r), (A.1)

where Lg is the source level of the fin whale vocalization, NL is
the ambient noise level in the frequency band of the fin whale vo-
calization signal, AG is the coherent beamforming gain of the
passive receiver array, DT is the detection threshold, and TL is
the broadband transmission loss.

The fin whale vocalization signals are detected from the beam-
formed spectrograms and typically occupy roughly M number of
independent time—frequency pixels AfAt. We first calculate the
detection probability pp;(r) in a single frequency-time pixel us-
ing (DiFranco and Rubin, 1980; Urick, 1983)
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where fi, (Ly) is the probability density function of the log-
transformed ~ ambient noise  pressure-squared  Ly(f,f) =
10 log 10 (|Px(t, f)/Peet|*) = Sn(t, f) + 10 log 10(Af) — AG within
a single beamformed spectrogram time—frequency pixel in the fre-
quency range of the fin whale vocalization, where Py(t, f) is the am-
bient noise pressure at time ¢ within frequency bin Af centred at
frequency fand Sy(¢,f) is the omnidirectional ambient noise spec-
tral density level; f, (Lr (7)) is the probability density function of the
received fin whale vocalization signal log-transformed pressure-
squared Ly (r|t,f) = 10 log 1o(|Pr(r|t, f)/Prs]*) = Ls — TL(r) +
10 log 19 % within a single beamformed spectrogram time—fre-
quency pixel, where P (r|t, f) is the received fin whale vocalization
signal pressure, and B(f) is the instantaneous bandwidth of that sig-
nal at time t. The number of independent beamformed spectrogram
frequency—time pixels occupied by the fin whale vocalization signal
is related to the instantaneous bandwidth via MAfAr = tB(t),
where 7 is the signal duration. An exponential Gamma distribution
(Bergmann et al., 1968; Makris, 1996; Tran et al., 2012) describes the
log-transformed ambient noise pressure-squared and log-
transformed received fin whale vocalization pressure-squared within
a single beamformed spectrogram time-frequency pixel:
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where p is the time-bandwidth product or number of statistically
independent fluctuations of the respective pressure-squared
quantities. Since the beamformed spectrograms have time—fre-
quency pixels that satisfy AfAt = 1, both the ambient noise level
and the received fin whale vocalization signal level within each
beamformed spectrogram time—frequency pixel can be treated as
instantaneous with time-bandwidth product y=1 and 5.6dB
standard deviation. For the received fin whale vocalization signal
level, this standard deviation includes both the standard deviation
of the fin whale vocalization source level, as well as the standard
deviation of the broadband waveguide transmission loss. The
5.6 dB standard deviation used here for the received fin whale vo-
calization signal level is a good approximation to the standard
deviations shown in Figures 7 and 8.

We assume that the received fin whale vocalization signal is de-
tectable if it stands above the ambient noise in at least 30% of the M
time—frequency pixels of the beamformed spectrogram. The overall
PoD, Pp(r), for the fin whale vocalization signal as a function of
range r from the POAWRS receiver array is then calculated from the
Gaussian approximation to the binomial cumulative distribution
function (CDF) (DiFranco and Rubin, 1980) as:
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~/2dy. The Gaussian approximation to

where ®(z) = ﬁjﬁm e
the binomial CDF is an appropriate model for the overall perfor-
mance of the detector when considering the thousands of fin
whale vocalization signals analysed. The exponential Gamma dis-
tribution (Makris, 1996; Tran et al., 2012) for the log-transform
of Gaussian field measurements, used here to model the probabil-
ity density function of the received fin whale vocalization signal
level and the ambient noise level, has been calibrated with thou-
sands of log-transformed intensity measurements from controlled
source transmissions made during two past experiments con-
ducted in a similar continental shelf environment (Andrews et al.,
2009; Tran et al., 2012), as well as in the Norwegian Sea (Schory,
2015).

The fin whale vocalization source levels Ls used here are esti-
mated from a subset of the POAWRS received vocalizations (see
Figures 7 and 8), in units of dB re 1 pPa at Im, and are provided
in Table 5. The omnidirectional ambient noise spectral density
levels Sx(f) are estimated directly from the POAWRS receiver ar-
ray using data segments that are devoid of fin whale vocalizations
and other acoustic sound sources. The Sy(f) used are provide in
Table 5.

This approach was previously formulated and applied to
model the POAWRS PoD regions for vocalizations from diverse
marine mammal species in the Gulf of Maine, that include fin
whale vocalizations, received by a coherent hydrophone array
(see Section I of the Supplementary Information of Wang et al.,
2016a). The approach has also been extended and applied to
model POAWRS PoD regions for underwater sound radiated by
diesel-electric ships and received on a coherent hydrophone array
(Huang et al., 2017; Huang, 2017).
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