
Journal of

Marine Science 
and Engineering

Article

Source Levels of 20 Hz Fin Whale Notes Measured as Sound
Pressure and Particle Velocity from Ocean-Bottom
Seismometers in the North Atlantic

Andreia Pereira 1,* , Miriam Romagosa 2 , Carlos Corela 1, Mónica A. Silva 2 and Luis Matias 1

����������
�������

Citation: Pereira, A.; Romagosa, M.;

Corela, C.; Silva, M.A.; Matias, L.

Source Levels of 20 Hz Fin Whale

Notes Measured as Sound Pressure

and Particle Velocity from

Ocean-Bottom Seismometers in the

North Atlantic. J. Mar. Sci. Eng. 2021,

9, 646. https://doi.org/10.3390/

jmse9060646

Academic Editors: Michel André and

Christine Erbe

Received: 7 May 2021

Accepted: 8 June 2021

Published: 10 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 FCUL—Campo Grande Edifício C1, Instituto Dom Luiz (IDL), University of Lisbon, Piso 1,
1749-016 Lisboa, Portugal; ccorela@fc.ul.pt (C.C.); lmmatias@fc.ul.pt (L.M.)

2 OKEANOS—R&D Centre, Institute of Marine Research (IMAR), University of the Azores,
9900-138 Horta, Portugal; m.romagosa4@gmail.com (M.R.); monica.silva.imar@gmail.com (M.A.S.)

* Correspondence: afpereira@fc.ul.pt

Abstract: Source level is one factor that determines the effectiveness of animal signal transmissions
and their acoustic communication active space. Ocean-bottom seismometers (OBS) are platforms
of opportunity to monitor marine species because they record data as pressure fluctuations in the
water using a hydrophone and/or as particle velocity of the seabed using a seismometer. This
study estimates source levels of 20 Hz fin whale notes recorded simultaneously in these two OBS
channels and in two areas of the North Atlantic (Azores and southwest Portugal). It also discusses
factors contributing to the variability of the estimates, namely geographical (deployment areas),
instrumental (recording channels and sample size), and temporal factors (month of detected notes,
inter-note interval, and diving duration). The average source level was 196.9 dB re 1 µPa m for
the seismometer (derived from particle velocity measurements) and 186.7 dB re 1 µPa m for the
hydrophone. Variability was associated with sample size, instrumental characteristics, acoustic
propagation, and month of recordings. Source level estimates were very consistent throughout
sequences, and there was no indication of geographical differences. Understanding what causes
variation in animal sound source levels provides insights into the function of sounds and helps to
assess the potential effects of increasing anthropogenic noise.

Keywords: geophysical instruments; bioacoustics of marine mammals; underwater acoustic propa-
gation; animal communication

1. Introduction

Baleen whales produce low-frequency and high-intensity sounds that can be classified
as calls or songs [1–3]. Calls are normally produced irregularly and have been associated
with foraging activities [4], group cohesion [5], and mother–calf bonding [6]. Songs, on the
other side, are regularly repeated sequences, with a widely accepted reproductive function,
either to attract females, compete with other males, or both [7,8], and are especially suited
for long-range communication [9]. However, the precise significance of most baleen whale
sounds is still unknown because it is difficult to correlate a sound with a behavioral
response and to determine its information content [2]. The distance over which an animal
sound can be detected by individuals and by recording instruments is influenced by its
source level [10,11], among other factors like source depth and sound propagation speed.
Source level is one major factor to determine the transmission effectiveness of a sound
and the acoustic communication active space among animals, which is defined as the area
over which animals can exchange information [12]. Over the past few decades, ambient
noise levels in the ocean, especially below 500 Hz, have increased in some regions, which
seems to be linked with global economic growth [13,14]. These sounds can potentially
have a more extensive impact on animals because they can travel farther distances due to
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their lower attenuation [15]. Their impact can be even more extensive in low-frequency
biological sounds that can also travel great distances, and therefore, they can affect the
propagation of these signals. Even though long-term measurements of ambient noise levels
are not available for the Atlantic Ocean, several studies suggest sound levels below 100 Hz
are increasing [16,17]. Since baleen whales seem to rely so strongly on sounds for their
daily activities, changes in their acoustic environment may cause masking of their sounds
and affect their behavior and ultimately their survival [18,19]. A noisy environment may
cause animals to produce more complex sounds and increase source levels to compensate
for the potential decrease in communication active space [18]. Under high noise conditions,
baleen whales have been shown to produce calls with a higher average fundamental
frequency [20,21], amplitude [22], and duration [21], and with higher source levels [23,24].
Disruptions in baleen whale call production have also been reported, but the relationship
with noise is not clear due to opposing observed tendencies [20,21,24–26].

Fin whales produce long sequences of sounds with patterned intervals, classified as
songs, lasting for numerous hours [3,27]. The most common sound included in these songs
is the 20 Hz note, a 1 s pulse that downsweeps in frequency from 30 to 15 Hz [28,29]. Since
signaling in long sequences, which is characteristic of this species, is considered a singing
behavior, the sounds included in songs are termed “notes”. Source level estimates of the
20 Hz fin whale note have been reported throughout the world’s oceans and range from
159 to 220 dB re:1 l µPa at 1 m [10,30–33]. The combined high source levels and small
propagation loss of the 20 Hz note result in communication active spaces of hundreds
of km for fin whales under favorable conditions [9,32,34]. Although there is evidence of
regional differences in fin whale songs that may be linked to population structure [34–36],
there is no indication of differences in source levels of the 20 Hz note between populations,
nor have there been any significant changes in the estimates over the past 50 years [31].
However, the variability in source level estimates in published studies can be high, up to
approximately 40 dB [31]. In addition, within a fin whale song, 20 Hz notes can also show
highly variable source levels [28,31,37].

To make any inferences about the variability caused by biotic factors, it is necessary to
undertake an assessment of the instrumental and methodological factors that can cause
source levels to vary. Miksis-Odls et al. (2019) [31] described several factors that can
contribute to the variability in estimates of source levels of fin whale notes: hardware
configuration, signal detection methods, sample size, location, recorded time, and acous-
tic propagation modeling. Four Component Ocean-Bottom Seismometers (4C-OBS) can
provide two types of received sound levels, pressure fluctuations in the water recorded by
their hydrophones and seabed particle velocity recorded by the directional components
of the seismometer. Although recent OBS usually record acoustic data as sound pressure
levels and seabed particle velocity, older seismic instruments only included a seismometer
component to record seismic data. Many seismic recordings were obtained throughout the
years from several areas of the world’s oceans that have not yet been analysed in terms
of their baleen whale acoustic data, and they could provide legacy data that could have
crucial information to assess long-term temporal changes in source levels of fin whale notes.
Estimated source levels of fin whale notes recorded on OBS have been calculated only with
the seismometer component in the Pacific Ocean [33] and only with the hydrophone in the
North Atlantic Ocean [31].

This study presents estimates of source levels of 20 Hz fin whale notes recorded
concurrently in the two types of recording channels of the OBS, and discusses several types
of factors contributing to the variability of the estimates, namely, geographical (deployment
areas), instrumental (recording channels and sample size), and temporal factors (time of
the detected notes, inter-note interval and dive duration). In addition, this study shows
that the directional components of the seismometer of OBS can also provide reliable source
level estimates of fin whale notes.
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2. Materials and Methods
2.1. Study Area and Data Collection

The recordings used in this study were derived from a set of four 4C-OBS deployed
off the channel Pico–Faial Islands and from one 4C-OBS of an array deployed in the seas to
the southwest of Portugal (Figure 1).

Figure 1. Locations of the OBS (red stars) that recorded fin whale notes used in this study.

The waters around the Azores archipelago are part of a fin whale migratory corridor
towards northern latitudes [38]. This species is present year-round in the Azores, but
sightings are rare between autumn and winter [39]. Between spring and early summer,
fin whales suspend their journeys northwards and stay around the Azores to feed [38],
which is correlated with the spring bloom primary productivity [40] and the consequent
increase in prey availability [41]. The deployment area in the Azores waters was chosen
according to the sighting records of fin whales and the proximity to the coast to facilitate
simultaneous visual observations. In the seas to the southwest of Portugal, whaling records
of the 20th century suggest the presence of a local nonmigratory subpopulation of fin
whales that was heavily exploited [42]. There is no current evidence of the suggested
resident subpopulation, and relative abundance of fin whales has not yet recovered to past
numbers [42]. Recent visual and acoustics data show two fin whale groups in the seas
to the southwest of Portugal, at least between autumn and spring: fin whales from the
northeast North Atlantic Ocean and fin whales from the Mediterranean waters [34,35,43].

The array deployed in the seas to the southwest of Portugal was part of the seis-
mic monitoring project NEAREST (Integrated Observation from Near Shore Sources of
Tsunamis: Towards an Early Warning System) [44,45]. A full description of the project and
the OBS can be found in [46] and in [47]. For this study, only OBS04 was used because it was
the most superficial instrument, and its deployment depth was closest to the Azores OBS.

Each 4C-OBS was composed of three directional channels in the seismometer, allowing
the recording of the 3-component seabed particle velocity (two channels for the horizontal
components, X and Y, and one channel for the vertical component, Z) and the sound
pressure in the water (H-channel). The OBS had a 200 Hz sampling rate in the Azores area
and 100 Hz in the southwest Portugal area (Table 1). The Azores OBS included a short
period three-component seismometer SM6-4.5Hz and a hydrophone HTI-01-PCA/ULF.
All OBS were laid on the seabed, and the seismometers were in direct contact with the
seabed. The hydrophones were placed in the water above the seabed, tied to the OBS frame.
Additional technical specifications used for this study can be found in Table 1.
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Table 1. Technical specifications of each OBS used in this study.

OBS Depth (m) Sensitivity-H
(dB re 1 V/µPa)

Sensitivity-Z
(V/m/s) Gain-H (dB) Gain-Z (dB) Conversion

Factor-H (count/Pa)
Conversion Factor-Z

(count/m/s)

PO2 830 −168.5 27.6 21.32 11.9 1140.43 19,898,719.47

PO3 760 −168.3 27.6 21.32 11.9 1166.99 19,898,719.47

PO4 776 −168.1 27.6 26 11.9 2046.72 19,898,719.47

PO5 790 −167.9 27.6 21.32 11.9 1221.99 19,898,719.47

OBS04 1993 −194.7 1918 4 1 1797.21 1,434,804,623

The OBS were deployed at different depths, ranging from 760 m (PO3) to 1993 m
(OBS04) (Table 1), and recorded during different periods. The instruments in the Azores
waters recorded between March and September 2019, while the OBS deployed off southwest
Portugal recorded between September 2007 and June 2008. The hydrophone (H-channel) of
two OBS of the Azores area, PO2 and PO4, was not working correctly and received levels of
these two instruments were only recorded for the vertical Z-channel of their seismometer.

2.2. Signal Detection and Localization

Acoustic data were processed to identify 20 Hz fin whale notes with high signal-
to-noise ratio (SNR) and high amplitude to estimate source levels. Recordings of the
southwest Portugal OBS04 Z-channel were manually inspected by an analyst that listed
the start time of all 20 Hz fin whale notes. The Azores OBS recordings in the H-channel
were also inspected manually, prior to the use of an automatic detection algorithm, to
identify the days with the highest number of SNR 20 Hz notes. Those days were then
fed to an automatic detector based on a matched filter which is included in the software
program Ishmael version 3.0. A sample of automatic detections (10%) for each day and
each Azores OBS was manually checked to obtain daily false positive rates. During the
manual checking of the recordings and the false positives of the Azores dataset, it was
possible to identify the highest-quality 20 Hz notes that could potentially be used in the
estimates of source level.

Fin whale notes used in the following analysis were recorded in April 2019 (n = 1459)
in the Azores, and between November 2007 and April 2008 (n = 14,733) in the southwest
Portugal. Regarding the Azores dataset, within the same sequence of 20 Hz notes, some-
times notes could not be detected in the spectrograms because of the presence of varying
levels of noise. Therefore, the number of recorded notes was not equal across recording
channels and instruments in the Azores OBS. The two channels in the OBS of southwest
Portugal recorded the same number of fin whale notes.

The range (i.e., the horizontal distance) between the source of each 20 Hz note and
the OBS was estimated according to two methods. For the southwest Portugal dataset,
range was estimated using the direct signal to a single OBS [47,48]. This method has been
used to locate fin whale notes, but it only works well in an area that is defined by a critical
range, which is a distance at which parameters used to estimate ranges are reliable [47,48].
A coherency threshold between the horizontal and vertical seismometer channels was set
to 0.1 to identify the 20 Hz notes inside this critical range. A more detailed description of
the coherency factor can be found in [48]. After the coherency filtering, there were 46 days
with 20 Hz notes detected inside the critical range of OBS04 (n = 4866). The ranges of
the 20 Hz fin whale notes of the Azores dataset were obtained by triangulation, which
meant that notes had to be detected in at least three instruments. After the signal detection
process, there were only 3 days with 20 Hz fin whale notes detected in at least three OBS.
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2.3. Sound Source Levels Measurements

Underwater sound source level (SL) is defined as the sound pressure level at a refer-
ence distance of 1 m from a given source (expressed in dB re: 1 µPa at 1 m). Source levels
of 20 Hz fin whale notes were estimated using the passive form of the Sonar Equation (1):

RL = SL − TL, (1)

where RL is the received level of the sound and TL is the transmission loss. Received levels
of the 20 Hz note were measured as pressure fluctuations in the water in the hydrophone
and as particle velocity of the seabed in the seismometer.

Received levels of the 20 Hz notes recorded by the OBS H-channel and Z-channel were
automatically measured as the amplitude root-mean-square (RMS) of each note waveform
based on a matched filter code that used the library routines of the seismological software
package SEISAN [49]. The preferred measurement of received levels was RMS because it is
the most used in the literature. Usually, the matched filter is used in the automatic detection
process of acoustic signals, but in this study, it was used to obtain several parameters that
characterize the 20 Hz notes, including RMS. During the matched filter run, the OBS
recordings were cross-correlated with a signal template. Measurements of each 20 Hz note
were calculated whenever the matched filter function was maximized 0.5 s around the
provided manual start time of each note. This buffer was used to accommodate potential
errors made by the researcher in the start time of each note. The end of the measurement
window was defined by the duration of a template of high-amplitude and high-SNR
20 Hz note. For each 20 Hz note processed automatically, the in-house code calculated the
amplitudes of the H-channel and the Z-channel, as well as the correlation value between
the recordings and the template, SNR, relative azimuth, and incidence angles, following
the methods described in [47] and [48]. Relative azimuth and incidence angles calculated
in SEISAN were only reliable for the southwest Portugal dataset because fin whale notes
were inside the critical range. In the case of the Azores dataset, most estimated ranges of
fin whale notes were outside the critical range of each OBS, and several angles had to be
calculated according to the methodology described below.

Measured RMS amplitudes of each 20 Hz note recorded in the OBS Z-channel were
transformed in substrate particle velocity (m/s) and then in dB received levels using the
procedure described in [33]. In addition to the angles of the incoming and transmitted
signals, the procedure needs information about the water column and seabed properties,
namely the density and the velocities of the signals in the two mediums (Table 2).

Table 2. Properties of the water column and the seabed of the Azores and southwest Portugal
deployment areas.

Parameter Azores Southwest Portugal

Water column sound (P-wave) velocity (m/s) 1500 1500

Water column density (kg/m3) 1000 1000

Seabed S-wave velocity (m/s) 800 300

Seabed P-wave velocity (m/s) 1800 1700

Seabed density (kg/m3) 1300 1400

The amplitudes of the transmitted P- (TPP) and S- (TPS) waves at a fluid–solid in-
terface relative to an incident pressure wave of unit amplitude are determined by the
Zoeppriiz equations [50]:

TPP =

(
VP1

VP2

)
2Bρ1VP2 cos(θi)

A1ρ2VP2 cos(θi) + A2 cos(θi) cos(θt) + ρ1VP1 cos(θt)
(2)
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TPS =

(
VP1

VP2

)
2C cos(θi) cos(θt)

A1ρ2VP2 cos(θi) + A2 cos(θi) cos(θt) + ρ1VP1 cos(θt)
(3)

where,
A1 = B2 = cos2(2φt) (4)

A2 = 4ρ2VS2sin2(φt) cos(φt) (5)

C = 2ρ1VS2 sin(φt) (6)

and VP1 is the incident P-wave velocity, VP2 is the transmitted P-wave velocity, VS2 is the
transmitted S-wave velocity, θi is the incidence angle of the acoustic wave and the normal
to the interface, θt is the transmitted P wave angle, φt is the transmitted S wave angle, and
ρ1 and ρ2 are the densities in the fluid and solid layers, respectively [40]. In the southwest
Portugal dataset, the incidence angle θi was obtained with the range estimates of the 20 Hz
notes and the adjustments in [48]. In the Azores dataset, θi was calculated assuming a
homogenous medium:

θi = tan−1
(

range
OBS depth

)
(7)

The angles of the transmitted P- (θt) and S- (φt) waves were calculated using Snell’s law.
The amplitude RMS of each fin whale note was transformed in measured vertical

particle velocity uv based on the seismometer sensitivity, system gain, and information
about the digital conversion (Table 1). Following [33], uv was then scaled by the vertical
projection of the Zoeppritz equations to obtain particle velocity in the direction of the
incoming wave u:

u = uv

(
1

TPP cos θt + TPS sin φt

)
(8)

The received sound pressure level pm, expressed in decibels relative to 1 µPa, of each
fin whale note recorded in the Z-channel of the OBS was calculated as:

pm = 20 × log10

(
uρ1VP1

10−6

)
(9)

Properties of the seabed in the southwest Portugal area were selected according to
work shown in [48]. This set of values, combined with the application of some adjustments,
resulted in the most accurate ranging estimates for a dataset of airgun shots, for which
the location was known. Properties of the Azores area seabed were based on a top strata
composed of poorly consolidated water-saturated sediments [51]. Weirathmueller et al.
(2013) [33] recognized that the Zoeppritz correction to convert vertical ground velocity to
the velocity of the incoming acoustic wave was too sensitive at incidence angles close to and
larger than the critical angle (ic = sin−1(VP1/VP2) which could result in bias of the source
level estimates. They limited source level estimates to incidence angles that resulted in a
steady increase of the Zoeppritz correction and discarded the data with a rapid increase of
the Zoeppritz correction. In this study, the southwest Portugal dataset was already limited
by the critical angle (ic = 61.9◦), and therefore no additional filtering was needed. Most of
the fin whale notes in the Azores dataset showed incidence angles greater than the critical
angle (ic = 56.4◦). In this case, and for source level estimates recorded in the Z-channel, the
Azores dataset was filtered to retain only notes with incidence angles showing a steady
increase of the Zoeppritz correction (<47.0◦). For the H-channel of the Azores dataset,
all fin whale notes were used to estimate source levels. Measured RMS amplitudes of
the OBS hydrophone were converted into dB received levels using a conversion factor
obtained from the hydrophone sensitivity, system gain, and information about the digital
conversion (Table 1).

Transmission loss was calculated using the ray-trace package BELLHOP [52]. The
signal source depth was assumed to be 15 m, based on fin whale tag data from [53]. The
signal frequency was assumed to be 22 Hz, based on median frequency measurements
of a sample of 20 Hz notes from the OBS dataset (n = 2952) and according to the values
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used in [32]. The sound speed profile used to model the transmission loss for the Azores
dataset was calculated using the salinity and temperature profiles from the World Ocean
Atlas climatological data for a point at 38◦ N 29◦ W in April [54]. The sound speed profile
for the southwest Portugal dataset was calculated from conductivity, temperature, and
depth (CTD) data collected in situ on 24 August 2007. The models were developed with
the multiple OBS receiver depths (Table 1) and maximum estimated ranges for each OBS:
20 km for PO2, 9 km for PO3, 13 km for PO4, 8 km PO5, and 4 km for OBS04.

2.4. Statistical Analysis

The variability of source level estimates for the 20 Hz note was assessed based on
the deployment area, type of recording channel, sample size, month, dive duration, and
inter-note interval. Variability in source level estimates for each recording channel and
deployment area was assessed using the coefficient of variation (CV), which is a measure of
spread of the data and allows comparison between datasets with different distributions [55].
The effect of sample size on source estimates was assessed by filtering the southwest
Portugal dataset based on note quality (cross-correlation value ≥0.7 and SNR ≥ 3.1),
following [31]. Differences in source level estimates calculated for each month of the
southwest Portugal dataset were evaluated using the non-parametric Kruskal–Wallis test
followed by a Dunn’s multiple comparison test with a Bonferroni adjustment method.
The null hypothesis of this test assumes that the samples (groups) are from identical
populations. The significance level used to decide the acceptance of the null hypothesis was
p = 0.05. Preliminary data exploration showed that the relationship between source level
estimates of fin whale notes and elapsed time within a sequence was not linear. Therefore,
the relationship between source level estimates and elapsed time within a sequence was
evaluated using Generalized Additive Models (GAMs) with a Gaussian distribution and an
identity link function [56]. A sequence was defined as several 20 Hz notes with inter-note
intervals shorter than 45 s [28,36]. Intervals longer than 45 s were associated with potential
surfacing episodes, and associated sequences were evaluated separately. Statistical analysis
were undertaken with the nlme package in R software version 5.474 [57].

A summary of the data acquisition and processing stages can be found in Figure 2.

Figure 2. Flowchart of data acquisition and processing stages to estimate source levels of 20 Hz fin
whale notes.
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3. Results
3.1. Geographical and Instrumental Differences in Source Level Estimates

The most significant difference in average source level estimates of fin whale notes
between deployment areas (34 dB) was observed for the Z-channel, mainly associated with
one instrument of the Azores deployment, PO5 (Table 3). The remaining two OBS from
the Azores showed relatively similar source level estimates compared with the southwest
Portugal OBS. However, the two distributions of estimated source levels for the Z-channel
were considerably different (Figure 3), which was related to the small sample size of the
Azores dataset (n = 70, except PO4) and the higher coefficient of variation. The observed
difference of estimated source levels for the H-channel between deployment areas (~15 dB)
was not as clear as the one observed for the Z-channel.

Table 3. Estimated fin whale mean source levels (SL) and the corresponding coefficient of variation as a function of the
deployment location, detection period, and sample size. The sample size of the Z-channel of the Azores dataset corresponds
to notes that were accepted after the incidence angle filtering.

Location
Detection

Period OBS

Z-Channel H-Channel

Sample (n) SL (dB re: 1
µPa at 1 m) CV (%) Sample

(n)
SL (dB re: 1
µPa at 1 m) CV (%)

Southwest PT 11/07–04/08
OBS04 4866 196.9 1.8 4866 186.7 1.7
OBS04 1443 197.3 1.6 1443 187.2 1.5

Azores

04/19

PO2 38 194.6 5.0 0 - -
PO3 0 - - 260 172.2 3.2
PO4 2 201.8 0.2 0 - -
PO5 32 163.4 1.8 281 171.3 3.7

Figure 3. Distribution of estimated source levels from 20 Hz fin whale notes manually detected in
the H-channel (top) and the Z-channel (bottom) of three OBS in the Azores (left) and one OBS in
southwest Portugal (right). Estimated source levels for the Z-channel of PO4 were not included
because of the small sample size.
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Within each OBS, differences between recording channels were small: 8 dB in the
Azores and 10 dB in southwest Portugal. The reduction of the sample size of the southwest
Portugal dataset to retain only high-quality fin whale notes did not result in a significant
change of estimated source levels. The differences were 0.4 dB for the Z-channel and 0.5 dB
for the H-channel (Table 3). The source level estimates did not change, as observed in the
Azores dataset, because the sample was still large (n = 1443).

3.2. Temporal Differences in Source Levels

Estimated source levels from the southwest Portugal dataset showed significant statistical
differences between months in both OBS channels (Z-channel: Chi-square = 978.54, df = 5,
p < 2.2 × 10−16; H-channel: Chi-square = 255.32, df = 5, p < 2.2 × 10−16). In the Z-channel,
pairwise comparisons using a post hoc Dunn’s test indicated that January and February
had significantly higher estimated source levels than all other months, while March and
April were not different from each other and to November and December (Table S1). The
H-channel also showed significantly higher estimated source levels in January compared
to other months and in February compared only to April and December. April showed
lower source levels than all other months and March showed no differences to November
or December (Table S1; Figure 4).

Figure 4. Estimated source levels of fin whale notes by month recorded in the Z-channel (left) and
the H-channel (right) of the OBS off southwest Portugal. The upper and lower whiskers represent
the maximum and minimum value of the data within 1.5 times the interquartile range over the 75th
percentile and under the 25th percentile, respectively.

Results from GAMs showed how estimated source levels slightly decreased at greater
elapsed times within a sequence in both channels (GAM smoother for elapsed time in H
channel: edf = 7.67, F = 20.91, p < 0.001; and Z channel: edf = 2.7, F = 26.39, p < 0.001)
(Figure 5). However, the lower deviance explained by these models (H-channel: 3.62%;
Z-channel: 1.55%) indicated that other variables apart from elapsed time within a sequence
affected the variability of source levels. Estimated source levels only started decreasing
with elapsed times greater than 1400 s in both channels (Figure 5). A linear regression for
elapsed times above 1400s showed a clear decreasing trend in both channels (H-channel:
p < 0.001, Adj. R2 = 0.6; Z-channel: p < 0.01, Adj. R2 = 0.3) (Figure 6).
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Figure 5. Estimated source levels for 20 Hz fin whale notes detected in the H-channel (left) and
the Z-channel (right) of the OBS off southwest Portugal plotted against the elapsed time within
a sequence. A fitted smoothed line (blue) is fitted to the data with its associated 95% confidence
intervals in shaded grey. Black dots represent estimated source levels.

Figure 6. Estimated source levels from 20 Hz fin whale notes manually detected in the H-channel
(left) and the Z-channel (right) from the OBS off southwest Portugal against elapsed time within a
sequence longer than 1400 s. A linear regression line (blue) is fitted to the data with its associated
95% confidence intervals (shaded grey). Black dots represent estimated source levels.

Since there was a decrease of estimated source levels with longer sequences, four of the
longest sequences (longer than 1000 s, which is equivalent to ~16 min) were further explored
individually. The estimates were very consistent throughout the four sequences, and on
some occasions, they followed a wave pattern (Figure 7). The average differences between
consecutive source levels were 2.2 dB in the H-channel and 2.3 dB in the Z-channel. Estimated
source levels did not vary significantly with increasing inter-note intervals in neither of the
channels (H-channel: p = 0.03, Adj. R2 = 0.0007; p = 0.4, R2 = −0.0001) (Figure 8).
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Figure 7. Examples of estimated source levels over elapsed time within sequences recorded on
11 January 2008 (two top), 26 December 2007 (bottom-left), and 1 February 2008 (bottom-right) in
the southwest Portugal.

Figure 8. Estimated source levels from 20 Hz fin whale notes manually detected in the H-channel
(left) and the Z-channel (right) from the OBS off southwest Portugal against inter-note interval. The
blue line represents a linear regression fitted to the data (black dots).

4. Discussion

The average source level estimates of fin whale notes calculated for two types of
recording channels in five ocean-bottom seismometers (OBS) were in line with the values
reported for other deployment areas and recording instruments [28,30–33,58]. The highest
variability was found for the Z-channel source level estimates with a 35 dB difference
between instruments and deployment areas. However, this seemed to be associated with
an unaccounted technical issue of one seismometer of the Azores deployment. Within all
OBS of the Azores dataset, PO5 measured the lowest received levels of fin whale notes.
If we discard the instruments with technical issues and small sample sizes (n < 10), the
difference between deployment areas was only 2 dB, with an average source level for the
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Z-channel of 196 dB re: 1 µPa at 1 m. There was a 7 dB difference between the Z-channel
source level estimates in this study and the values described by [33]. Considering the
potential effects that could not be accounted for, like differences in the amplitudes of notes,
bias in ranging methods, and the parameters included in the acoustic propagation settings,
differences between both studies can be considered small. Therefore, estimated source
levels obtained from the OBS Z-channel were generally consistent throughout deployment
areas, signal processing techniques, and acoustic propagation modeling.

The distribution and average (187 dB re: 1 µPa at 1 m) H-channel source levels
estimates for the southwest Portugal area were equivalent to those found for the same
channel and area but for a different OBS (189 dB re: 1 µPa at 1 m) [31], indicating minor
differences caused by the use of different acoustic propagation models and signal detection
and processing. In addition, H-channel source levels for the Azores dataset were similar
between OBS. This means that within the same deployment area, instrumental variability
for the hydrophone was small. Since datasets were processed using the same methodology,
we can speculate that the observed 15 dB difference for the H-channel between deployment
areas could be mainly related to signal propagation effects.

In the Azores dataset, almost all 20 Hz notes showed changes in their waveform,
which were caused by multipaths and acoustic interference. On the other hand, the
effects of acoustic interference on the notes of the southwest of Portugal dataset was
very small in relation to the large sample size of unaltered fin whale notes. The acoustic
propagation settings of the seabed in southwest Portugal resulted in very low amplitudes
of the multipaths. Furthermore, estimated ranges for the southwest Portugal dataset were
shorter than the critical range (<3700 m) and were inside an area where direct path arrivals
dominated the recordings [41]. The associated ranges of fin whale notes of the Azores
dataset were estimated to be inside an area where multipaths dominated, resulting in
changes of the received signal. Other studies have shown that acoustic interference can
also affect the received levels of fin whale notes and therefore cause bias in the source
level estimates [10]. Therefore, local effects of signal propagation seem to be the major
factor contributing to the differences between source level estimates of the 20 Hz fin whale
notes recorded in the H-channel of the two deployment areas. Propagation effects and
transmission loss differences can be associated with the 9 dB difference of average source
levels between the recording channels since fin whale notes were measured in different
mediums. However, the differences in source level estimates found here seem small, given
that variability within the same study can sometimes exceed 40 dB [31].

The large sample size in the southwest Portugal OBS resulted in robust source level
estimates and allowed the exploration of temporal factors related to fin whale behavior:
month, duration of the note sequence, and inter-note interval. The Z-channel source
level estimates varied throughout the recording period, peaking in January and February
and gradually decreasing during spring. In the northern hemisphere, fin whales show
a seasonal pattern in the production of 20 Hz notes, with notes being recorded more
frequently between autumn and spring, with a maximum in winter [28,35,55,59]. If fin
whale song functions as a reproductive display, as suggested by several studies [7,28],
then male fin whales could produce louder notes during the time of highest vocal activity.
Assuming that loud signals require a higher energetic cost, the loudness could be an
acoustic trait that indicates the condition or quality of the sender and therefore be a proxy
of male quality [60–62]. Male fin whales could also produce loud notes to maximize
the signal transmission distance and potentially increase the number of receivers. If the
variability of source levels is associated with the seasonal pattern of note production, then
both recording channels of the OBS should follow these changes. The H-channel of the OBS
also showed a similar peak in source level estimates in winter months, but the variation
was not as pronounced as the one observed in the Z-channel. Seasonal changes in the
seabed properties were not expected to contribute significantly to the estimates, which
suggests that further analyses are needed to clarify the intra-annual variability of source
levels recorded in OBS.
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Estimated source levels were relatively constant throughout four long sequences,
which [33] also found for recorded fin whales in the Pacific Ocean. During the longest
sequence, after 21 min, source levels seemed to decrease with elapsed time. If the number
of produced notes and associated source levels are limited by the individual capacity in
retaining and using a volume of air to vocalize during a dive, then this tendency should be
observed more often. Weirathmueller et al. (2013) [33] identified both positive and negative
trends in source level estimates over time in equal proportions. While the small number of
long sequences recorded in this study limited this analysis, future research is needed to
determine the proportion of individual variability in source level estimates.

Results from this study add valuable information on the variation of fin whale 20 Hz
note source levels due to biotic and abiotic factors. Understanding what causes variation in
animal call source levels provides insights into the function of calls and helps in assessing
the potential effects of increasing anthropogenic noise.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jmse9060646/s1, Table S1: Results of the post hoc pairwise comparison Dunn’s test of estimated
source levels per month and for the OBS H- and Z-channel deployed off southwest Portugal.
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