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Abstract

Baleen whales use sounds of various characteristics for different tasks and interactions. This study
focuses on recordings from the Costa Rica Rift, in the Eastern Tropical Pacific Ocean, made by 25
ocean-bottom seismographs and a vertical array of 12 hydrophones between January and February
2015. The whale calls observed are of two kinds: more commonly, repetitive 4-5 s long signals
separated into two frequency bands centered at ~20 and ~36 Hz; less commonly, a series of ~0.5-
1.0 s long, lower amplitude signals with frequencies between 80 and 160 Hz. These characteristics
are similar to calls attributed to Bryde’s whales which are occasionally sighted in this region. In this
study, the repetitive calls are detected using both the STA/LTA approach and a network empirical
subspace detector. In total, 188 and 1891 calls are obtained for each method, demonstrating the
value of the subspace detector for highly similar signals. These signals are first localized using a non-

linear grid search algorithm and then further relocalized using the double-difference technique. The
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24 high-resolution localizations reveal the presence of at least seven whales during the recording period,

25 often crossing the instrument network from southwest to northeast.
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I. INTRODUCTION

In water, the exchange of information by sight and smell is only possible over small
distances. Instead, many marine animals, and marine mammals in particular, have developed ways of
exchanging information using vibration and sound. Approaches include vocalizations, such as calls
and songs, and non-vocal sounds, for example generated by tail and fin slapping (Kavanagh et al.,
2017). Marine mammals use these sounds for various purposes such as communicating, foraging and
socializing (e.g., Frankel, 2009; McDonald et al., 2006). Cetacean vocalizations, in particular, have a
wide range of signal characteristics, including waveform shape and frequency content (e.g., Rechardson
et al., 2013; Frankel, 2009). The frequency characteristics of baleen whale vocalizations vary from
several Hz for Blue whales (Balaenoptera musculus) to more than 20 kHz for Humpback whales
(Megaptera novaeangliae), and call durations can range from a few tenths of a second to few tens of
seconds (Frankel, 2009).

In the Eastern Tropical Pacific Ocean, where the Costa Rica Rift (CRR) is located (Figure 1),
various baleen whale species have been encountered, including Humpback whales, Bryde’s whales
(Balaenoptera brydei and Balaenoptera edeni), Minke whales (Balaenoptera acutorostrata), Fin whales
(Balaenoptera physalus), Sei whales (Balaenoptera borealis), and Blue whales (Wade & Gerrodette, 1993,
Palacios et al., 2012). These species have different abundances and vulnerability levels in this region,
but experience the same threats corresponding to climate change, animal bycatch, ghost nets, ship
noise and ship strike (Palacios et al., 2023). Baleen whales are vocal in the frequency range of
seismometers, geophones and hydrophones which could, thus, provide a way of monitoring their
distribution and behavior. Such low frequency (<100 Hz) sound emissions can propagate over
several hundred kilometers, due to the relatively low sound attenuation in water and the presence of

a low-velocity waveguide in the water column. However, increase in ship noise may mask such
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communications, and might induce changes in their vocalizations (McDonald et al., 2009; Hatch et al.,

2012).
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FIG. 1. (Color online). a) Bathymetric map of the Panama Basin, showing the position of the Costa
Rica Rift (CRR). GSC: Galapagos Spreading Center, I'T: Inca Transform, ER: Ecuador Ridge, EFZ:
Ecuador Fracture Zone, PFZ: Panama Fracture Zone. b) Zoom-in of the grid of OBSs (numbered
black triangles) and on the VA (red triangle) deployed close to the CRR (white dashed box in (a)).
The construction of the VA is shown between maps. Hydrophone positions are indicated by yellow

shaded sections.

Passive acoustic monitoring of whales using acoustic instruments informs knowledge of their
ecology and the possible impact of anthropogenic noise. Such approaches can also monitor, over the
long term, large portions of the oceans, but they are costly and large gaps in coverage remain
(Wilcock & Hilmo, 2027). Ocean-bottom seismograph (OBS) deployed for other purposes (e.g.,
seismic surveys, seismicity monitoring), can also provide complementary monitoring data (e.g.,

McDonald et al., 1995, Dunn & Hernandez, 2009; Brodie & Dunn, 2015). To contribute to the study of



67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

whales in the Eastern Tropical Pacific Ocean region, we take advantage of the deployment of ocean-
bottom seismographs and hydrophones close to the CRR in the Panama basin (Hobbs & Peirce, 2015)
(Figure 1). These instruments were originally deployed to study the lithospheric structure of the
CRR and its surroundings using mainly seismic data (e.g., Wilson et al., 2019; Robinson et al., 2020;
Funnell et al., 2021; Peirce et al., 2023). More specifically, we here focus on the analysis of whale calls
observed in the data of the North Grid (NG) where 25 closely-spaced OBSs and a vertical array
(VA) of 12 hydrophones were deployed in January-February 2015 (Figure 1).

Whale calls are generally detected using energy-based methods, spectrogram correlation (Sirovic et
al., 2004) and template matching (Sochelean et al., 2015; Matias & Harris, 2015). Here, we use the
STA/LTA (short-term average/long-term average) approach and, taking advantage of the high
whale call similarity, a network empirical subspace detector (De La Hoz et al., 2027) to detect the
whale calls. The STA/LTA algorithm is based on the ratio of the average of signal values calculated
for a short sliding window and a long sliding window. The subspace detector uses a basis of signal
vectors to detect other similar signals, by calculating the decomposition of a range of similar signals
projected onto the continuous data (Harris, 2006). We then localize the identified whale calls using a
non-linear grid search algorithm and the timing differences observed between different geophones
and hydrophones (Lomax et al., 2009). In our study the calls are highly similar and recorded by a
dense network of OBSs, thus, we can also refine the localizations, to high resolution, using the
double-difference method (Waldhanser &> Ellsworth, 2000). We then analyze the call characteristics
and their spatio-temporal distribution, providing detailed information on signals and whale

behaviors, which is fundamental for their identification, management and conservation.
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II. DATA AND METHODS

A. Data acquisition

This study uses data recorded by OBSs and a vertical array of hydrophones provided by the
UK’s OBIF (Ocean-Bottom Instrumentation Facility — see Acknowledgements) and deployed
during RRS James Cook cruise JC114 of the OSCAR research project (Hobbs & Peirce, 2075). The
primary objectives of this deployment were to image the oceanic crust around the CRR and study
fluid interactions between crust and the ocean through the acquisition of multi-channel seismic
reflection data and wide-angle seismic profiles (e.g., Gregory, 2018; Wilson et al., 2019; Robinson et al.,
2020; Funnell et al., 2021, Peirce et al., 2023). The acquired data, thus, has periods with and without
active-source seismic operations. During the non-active shooting periods, the passive recordings
provide valuable information for seismic attenuation estimates (Iazgas et al., 2018) and the degree of
the natural microseismicity (Lowel/ et al., 2020; Tary et al., 2027). 1n this study, we focus on the
detection and localization of the whale calls that were also recorded.

The OBSs were deployed ~5 km apart on the seafloor within an ~20 x ~20 km footprint, and
the VA was deployed in the southwest corner of this grid (Figure 1). The overall recording period
ran between 26" January and 17" February 2015, although individual instruments have different
recording periods due to their respective recovery times. All but five OBSs (OBSs 4, 7, 14, 17, 24)
were recovered on 1 and 2™ February. The remaining five OBSs as well as the VA were recovered
later on 16" and 17" February. The deepest hydrophone of the VA was positioned at 539 m above
the seafloor (at approximately 2858 m depth below sea surface), with the remainder spaced at ~5 m
intervals upwards through the water column (i.e., over 55 m). One of these hydrophones did not
record any useful data, most likely due to it being detached from the datalogger by strong lateral
surface currents during deployment (Hobbs & Peirce, 2075). Each OBS and the VA had High Tech

HTI-90-U hydrophones, with the OBSs also having, in addition, a three-component (3-C), short-
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period geophone set comprising Sercel L-28 4.5 Hz sensors. The data streams were sampled at 500
Hz. All instrument clocks were synchronized to GPS before deployment and on recovery, and any
drift was linearly corrected.

Although the airgun active-source seismic shots (GI, G, and Bolt array) hinder the detection of
natural occurring signals such as the microseismicity, whale calls have different signatures (i.e.,
waveform and frequency content), and are generally observed by multiple stations given the dense

instrument distribution (Figure 2), improving the ability to reliably detect and localize these signals.

B. Whale call detections

We initially analyzed the dataset to detect the microseismicity (Tary et al., 2027), using the
STA/LTA algorithm applied to band-pass filtered (between 5 and 120 Hz) geophone OBS data
(vertical component). Together with 1061 microearthquakes, we also detected whale vocalizations
with very similar signal characteristics (e.g., igure 2). Considering the main signal frequency
components of these vocalizations, at ~20 and ~36 Hz, we re-applied the STA/LTA algorithm to
the same data, but instead filtered it between 20 and 45 Hz to remove as much background noise as
possible. To identify whale calls we used short and long windows of 3.0 and 15.5 s, respectively, and
recorded potential events when the STA/LTA ratio exceeded 3 at a minimum of three stations
within a time window of 10 s. The potential events were then manually reviewed to select the events

corresponding to whale calls.
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FIG. 2. Typical whale call recorded by the hydrophones of the vertical array (VA) and a selection
of OBS hydrophones (NG-), band-pass filtered between 10 and 45 Hz. P-wave time picks are

indicated by the black inverted triangles. The call origin time is 29" January 2015, at 15:30:24.

Taking advantage of the high signal similarity, we then applied the empirical subspace detector
to these detections (Barrett & Bervza, 2014). Contrary to the match filter where each previously
detected signal is used as a template to detect new events, the subspace detector employs the

previously detected signals to produce new signal subspace bases defined by a set of orthonormal
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signal vectors U (Harris, 2006). The original signals are first separated into different clusters, which
are then used to calculate the subspace bases. The waveforms in each cluster in matrix A are aligned
on the P-wave arrival based on their cross-correlation coefficient, and the subspace base and its
orthonormal signal vectors are given by the singular value decomposition of matrix A as
SVD(A) = USVT, (5)

where U is also the matrix of left-singular vectors, and S and V are the singular values and
right-singular vectors, respectively. Then, only a small selection of left-singular vectors Ug, based on
the fraction of the total signal energy they represent for example (Harvis, 2006; Song et al., 2014), is
used for detection. The different segments S of continuous data are then projected onto the matrix
U to define the detection metric of the subspace detector z following

sTU.UTs
z=—2>3" (6)

sTs

Contrary to the subspace detector, the empirical subspace detector uses the stack of matrix A
and the first derivative of the stack with respect to time to populate Ug instead of a selection of left-
singular vectors. The stack and its first derivative closely resemble the first two left-singular vectors,
and using those instead of left-singular vectors can lead to a higher number of detections (Barrett &
Beroza, 2014). The detection is performed using the continuous hydrophone data, both from the
OBSs and the VA, band-pass filtered between 10 and 45 Hz. To take advantage of the dense array
of hydrophones, we use a network detection metric corresponding to the sum of the detection
metrics Z over all stations in the network (De La Hozg et al., 2027). We sum the maximum of the
detection metrics Z within a sliding window of 5 s to account of event moveout. The detection
threshold y, was defined using correlations between the events in matrix A and random segments of
continuous data containing only noise (Song et al., 2074). This threshold was then adjusted by

reviewing detection results using representative data. We manually selected the detected events
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corresponding to whale calls. The whale calls were picked automatically using the maximum of the
cross-correlation with the stack of matrix A, with the picks saved only if their cross-correlation

coefficients were greater than 0.65. These time picks were subsequently confirmed manually.

C. Localization methods

1. Absolute localizations

Absolute event localizations were obtained using NonLinLoc (Lomax et al., 2001, 2009), which
uses non-linear methods to search for the global maximum of the localization probability density
function. In most cases, the whale calls observed correspond to a P-wave travelling from the source
to the instruments through the water. Theoretical P-wave travel-times were computed using the
eikonal equation, which provides travel-times for the first, high-frequency wave to connect potential
sources and receivers. The crust was not included in the velocity model used for this calculation as
this leads the algorithm to calculate the faster crustal arrivals instead of water-borne arrivals. The
water column velocity model used was derived from a 1D average of conductivity-temperature-
depth (CTD) measurements in the vicinity of the CRR (Banyte et al., 2018a,b) (Figure 3). This 1D
velocity model extends to a water depth of ~3.12 km, and was then linearly extrapolated to a
maximum depth of 3.5 km. The final 3D localization model consists in a grid of 60 x 60 x 3.5 km

with node spacings of 0.1 km in all dimensions.
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FIG. 3. Sound velocity profile in the water column calculated by averaging CTD measurements
obtained in the vicinity of the CRR (Bamyte ¢t al., 2018a, 2018b). This 1D profile was used to

construct the 3D localization velocity model.

The calculated direct arrival travel-times may not correspond to the arrivals recorded by each
instrument due to strong bathymetric changes obstructing the direct wavepath, leading to multi-
pathing (Dréo et al., 2019). This is especially the case for large source-receiver distances. In our case,
however, most of the OBSs recording the whale calls are located less than 10-15 km from the
whale’s position. In addition, travel-time picks associated with large travel-time residuals are down-
weighted during the localization procedure. This increases the robustness of the localization
procedure, focusing on high-quality travel-time picks closer to the source location. Time pick
uncertainties are also automatically attributed to each travel-time pick depending on the signal-to-
noise ratio. After selecting events with a minimum of four phase picks, the localization is finally

determined using the equal-differential time likelihood function and the oct-tree importance

11
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sampling method (Lomax et al., 2009). In the present case, including travel-time residuals as station
corrections to mitigate the effects of potentially unaccounted for velocity changes and ray paths, did
not improve the localizations. Spatial uncertainties were estimated using the dimensions of the 68%
confidence ellipsoid fitting the probability density function of each event localization (Lomax et al.,

2009).

2. Double-difference relative localizations

Using the travel-time picks and the absolute localizations obtained with NonLinLoc, we then
relocalize the events using the double-difference method implemented in hypoDD (Waldbauser &
Ellsworth, 2000), which assumes that similar events recorded by the same seismic station share similar
source mechanisms and wave propagation paths from their sources to the receiver(s). Such methods
have been successfully applied to the relocalization of Fin whale calls (Wikock, 2072) and acoustic
sources (Tenorio-Hallé et al., 2017). The double-difference method particularly, which was developed
for clusters of similar events, assumes that small observed travel-time pick differences between
events at a station are due to small differences in their localizations, and not due to unmapped
velocity changes along their propagation paths or in their hypocentral area. This method also
benefits from the calculation of high-precision differential travel-time picks based on cross-
correlating the event waveforms. In the present case, all observed calls were highly similar indicating
a similar source and little impact of the wave propagation on the frequency content of the observed
signals. As the travel-time picks had already been obtained using cross-correlation between a high
signal-to-noise ratio version of the signal (i.e., the event stack) and event waveforms, we used those

picks to calculate the differential timings and did not repeat the event waveform cross-correlation.
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With the double-difference method, instead of localizing the events based on their travel-times,

events were relocalized relative to each other by calculating the difference in relative timings at the

stations (Waldhanser & Ellsworth, 2000), as

i\ calc

i i . i\0bs .
U _ i J i J
dr/ = (Ti-1T))  —(Ti—-T.)
where i and j are the indexes of two events, recorded at station k, and 0bs and calc refer to
travel-times T observed and calculated, respectively. For events that are closely located with respect

to variations in the velocity structure, these differences in relative timings can be related to changes

in event locations as

. aTL . aT!
d'l‘ku = a—n’iAml — ﬁAmJ,

where m include the model parameters (X, y, z, and T the origin time), aT/ om corresponds to

slowness in the event region, and Am corresponds to changes in event parameters. Finding the final
set of model parameters m, which correspond to the final event locations, is an ill-posed problem
due to the presence of errors (i.e., timings and initial locations), pootly linked events and outliers.
This problem was, thus, stabilized using regularization, and solved using weighted, damped least-

squares as

[wg]m-wd], =

where a priori weights are included in W, G contains the slowness, the data vector d contains the
double differences, and 4 is the regularization parameter.

The a priori weights represent the picking quality, corresponding to either the cross-correlation
coefficients obtained during automatic picking or 1 for manual picks. The calls were first clustered
using a maximum inter-event distance of 10 km and a minimum of six links with other calls. The

inverse problem was then solved iteratively using the conjugate gradients method. We used two sets
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of 15 iterations, sufficient to converge to the final model parameters; the first set having no data re-
weighting and the second using data re-weighting to reject and down-weight data associated with
large residuals (dynamic cutoff value of 0).

To work with hypoDD, the source configuration has to be adapted as all the sensors were
located deeper than the anticipated positions of the sources (whales) and the VA hydrophones were
located above the OBS hydrophones. Our solution was to flip the source—receiver configuration
upside down, setting the deepest station at 0 m and the others as if they were located in boreholes.
In this configuration, hypoDD uses a constant velocity to relocalize the events, and so we use the

average of the 1D water column velocity (1.5 km/s) shown in Figure 3.

III. RESULTS

A. Data and signal characteristics

We first calculated average Welch power spectral densities (PSD) to measure the average noise
levels over the entire recording period of the VA and its two nearest OBSs (Ifigure 4). Each
hydrophone’s data were first converted to units of Pascal. For frequencies between approximately 1
and 30 Hz, noise levels are comparable between the OBSs and VA hydrophones, although variations
are observed between the hydrophones (~ *5 dB), with the OBS hydrophones generally being the
noisiest. OBS and VA hydrophones close to the seafloor also exhibit several spectral peaks between
1 and 5 Hz, the one at 1.8 Hz having the highest amplitude. Between 10 and 18 Hz, the VA
hydrophone closest to the seafloor (VA-1) has a higher noise level than all the other hydrophones
(+5 dB). For frequencies higher than 30 Hz, noise levels for VA-1 and the OBS hydrophones are
higher. VA-1 has a noise level similar to that of the OBS hydrophones at up to 60 Hz, approximately

10 dB higher than the other hydrophones, and then exhibits a lower average noise level of just a few
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dB higher than the other hydrophones. This seems to indicate that environmental conditions close
to the seafloor contribute more to the instrument background noise, and that hydrophones located
higher up in the water column do not experience higher noise levels induced by deep ocean currents
for example. Over the deployment period, average noise levels are higher at the beginning and end
(Figure 5). This is likely due to the presence of the research vessel either deploying instruments (25"
and 26" January), carrying out the seismic survey (26™ January to 1 February, 12, 13" and 15*

February) or recovering the instruments (1 and 2* Februaty, 16™ and 17" February).

PSD (Pa®/Hz in dB)

0 50 100 150 200 250
Frequency (Hz)

FIG. 4. (Color online). Welch averaged power spectral densities (PSDs) for the whole recording
period, for the hydrophones of the two OBSs (NG-17 and NG-24 — Iigure 1) closest to the vertical
array (VA) and the twelve channels of the VA (in dB re 1 Pa’/Hz). The data used to calculate the
PSDs are in Pascal and unfiltered. We used segment lengths of 300 s with a Hamming window and

50% overlap.
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FIG. 5. (Color online). Welch averaged PSDs vs date in 2015 (in dB re 1 Pa’/Hz) for the
hydrophones of OBS NG-17 and NG-24, and VA-1 and VA-12. Over the deployment period,
average noise levels are higher at the beginning and end and are thought to be related to the seismic
survey (26" January to 1% February, 12®, 13™ and 15" February), and deployment (25" and 26"
January) and recovery (1* and 2™ February, 16™ and 17" February) operations of instruments within

the grid.

Whale calls recorded by the VA and OBS hydrophones, although located less than a few
kilometers away, display significantly different signals after ~1 s of the first arrival (Iigure 2). These
differences are most likely due to significantly different wave propagation paths and interferences
even for these closely located instruments. For example, the call reflection from the seabed will be
part of the received wavelet for the OBSs on the seafloor but will interfere with the direct arrival
through the water column at different lag times for the VA hydrophones. Figure 6 shows the time-

frequency representation of whale calls with high signal-to-noise ratio using the short-time Fourier
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transform (e.g., Tary et al., 2014). The total signal length is ~4-5 s, and comprises two main parts.
The first part starts with a low-amplitude “snout” of ~0.5-1 s, which is only visible for high signal-
to-noise ratio signals, followed by a higher-amplitude monochromatic wave packet of ~1 s duration.
The frequency of this first part is ~35.7 Hz, together with its overtone at ~71.5 Hz, and the snout
potentially also has a frequency closer to 40 Hz (Figure 6). The second part of the signal has large
variation in amplitude (i.e., below noise level through to higher amplitude than the first part). Its
duration and frequency are roughly 2-3 s and ~20 Hz, respectively. For some of the high-amplitude
signals, a high-frequency content up to approximately 150 Hz is also observed in addition to the
other two main frequency components (Figure 7). Its magnitude is, however, much lower than those
of the main signal components. For these main components, we also observe low-amplitude trails
after the main signal (e.g., Figure 7), lasting up to 50 s, likely corresponding to wave multi-pathing

within the water column and seafloot.
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FIG. 6. (Color online). The same whale call, band-pass filtered between 10 and 45 Hz, recorded by

the hydrophones of OBS NG-25 (left) and NG-16 (right, see Figure 2) and their time-frequency
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representations calculated using the short-time Fourier transform (Hann window of 0.5 s with 90%

overlap).

The whale calls are observed in sequences with variable periodicities ranging from tens of
seconds to 5-10 min (e.g., Figures 7 and 8), repeated multiple times during the whole survey. At a
single instrument, different whale calls can display differences in amplitude reflecting differences in
signal strength emitted by the source. However, larger differences are observed between close and
distant whale calls, with higher-amplitude calls corresponding to those located close to the
instrument and lower-amplitude calls corresponding to answers originating further away. This was
verified as several vocal whales were located at different positions within the instrument network
during the same time frame (Iigure 8). While most of the signals recorded during the survey are
similar to those shown in Figures 2 and 0, other signals of higher frequency are also observed
(Figure 7 and 9). These are generally clumped in time and with frequency ranging from 80 to 160
Hz. Individually, they are of low amplitude, have a signal-to-noise ratio lower than 3, and a duration
of ~0.5-1 s. Despite their lower amplitude, they are still simultaneously recorded by nearby OBSs

and some of the VA hydrophones.
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332 at 00:43:20 (top) and 02:30:00 (bottom) on the 14™ February 2015. The time series data are band-
333 pass filtered between 5 and 240 Hz, and the time-frequency representations are calculated using the
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FIG. 8. (Color online). Continuous data from the hydrophones of OBS NG-25 (top) and NG-8
(bottom) (Figure 1) starting at 14:50:50 on the 29" January 2015, band-pass filtered between 5 and
100 Hz. Their time-frequency representations are calculated using the short-time Fourier transform
(Hann window of ~4.1 s with 90% overlap). At least three whales are acoustically active (W1, W2

and W3).
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FIG. 9. (Color online). High-frequency whale calls, band-pass filtered between 5 and 240 Hz
(top plot), recorded by the hydrophone of OBS NG-24 (zoom-in of Figure 7 between 11 min 50 s
and 12 min 13 s) and their time-frequency representation calculated using the short-time Fourier

transform (bottom plot, Hann window of ~1 s with 90% overlap).

B. Detection and localization results

Carrying out the detection using the STA/LTA on the vertical geophone component OBS data,
we obtained 1177 detections and, from those, manually selected 188 events corresponding to whale
calls. The other detections mainly correspond to other coherent signals such as seismic shots and
seismicity. By far the majority of these calls were observed on the 29" January, the others being
observed during seven other days throughout the whole survey (Figure 10). We then picked the
same arrivals using the hydrophone data for both OBSs and VA, resulting in a total of 2134 P-wave
picks from the different instruments that recorded the calls. We encountered additional difficulties
in manually picking these calls as they share very similar waveform characteristics, whatever their

position and distance from the instrument (i.e., similar source and propagation material). Often,
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more than one arrival moveout at a time is observed, and the emergent low-amplitude snout could
be below the noise level. Out of the 188 events, 183 events were localized with average horizontal
error, vertical error and RMS travel-time residual of 2.1 km, +0.7 km and 0.2 s, respectively
(Figure 11). Focusing on the localizations from the 29" January, at least three animals or groups of
animals are present simultaneously (see also igure 8); one stays in the northeast corner of the
network, while another passes through the southern half of the network from west to east, and the
last moves through the southeast corner of the network to join up with the second at the eastern

edge of the network.
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FIG. 10. Temporal distribution of the number of whale calls detected using the STA/LTA (black

bars) and the network empirical subspace detector (white bars).
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FIG. 11. (Color online). Whale call localizations, laterally and with depth, for the events detected

using the STA/LTA and the empirical subspace detector, and localized using NonLinLoc (NLL)

and hypoDD (hDD). Only events with horizontal uncertainties lower than +5 km are shown. The

resulting number of events is annotated for each method combination. The dot colors indicate the

date after 26™ January 2015. Dashed line and black triangles show the location of the CRR and the

instruments (OBSs and VA), respectively. Arrows indicate whale trajectories inferred from call

timings.
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For the empirical subspace detector, we used signals with high signal-to-noise ratio recorded by
OBS NG-9 to calculate the stack and its first derivative. Applying the detector to the continuous
data we obtain 3100 events for the entire period. We then manually reviewed these detections and
selected the 1891 events corresponding to whale calls, including 113 events also detected by the
STA/LTA approach. This represents approximately 10 times more events selected using the
empirical subspace detector than the STA/LTA. The temporal distribution of the selected events
shows that whales are present during the whole survey (Figure 10), with some periods either with
more individuals or of higher vocal activity (e.g., 29"-30" January, 2*'-8" February, 9"-11"
February, 13"-15" February). Using the high similarity between events, we then automatically
picked the newly detected events with the stack. These automatic picks were then manually reviewed
resulting in 7156 picks. Out of the 1891 events, 938 events were localized with average horizontal
error, vertical error and RMS travel-time residual of +8.7 km, 0.9 km and 0.1 s, respectively
(Figure 11). Most of the events localized only have a low number of travel-time picks, which lead to
larger horizontal uncertainties in comparison with the events detected by the STA/LTA. Focusing
on the events localized with uncertainties smaller than 5 km, these event localizations are similar to
those obtained using the events detected with the STA/LTA. The main difference is in the inclusion
of more events for days either side of the 29" January. For example, whales are detected on 26
January to the west and in the south half of the network, and on the 2* February and between the
13™ and 15" February mainly in the southwest part of the network. On the 2™ February, an
individual or a single group is moving through the network from the southwest to the northeast,
ceasing their vocalizations when they reach the center of the network. On the 26™ January and

between the 13" and 15" February, however, the call localizations are gathered at specific locations.
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403 We then relocalized the events detected by the STA/LTA and the empirical subspace detector
404  using the double-difference method. Most calls were sufficiently linked to other calls to be

405  relocalized due to the high number of instruments deployed and their proximity to the whales. The
406  resulting event relocalizations show that, due to the high linkage between events, more events are
407  retained (i.e., with NonLinLoc only 291 events have uncertainties smaller than 5 km, Figure 11). In
408  the case of the original events detected by the STA/LTA, 155 events are telocalized with a final

409  average RMS difference time residual of 0.05 s, and preserving ~84% of the differential times in the
410  final relocalizations. Relocalizing all events led to 419 events being relocalized and a final average
411  RMS difference time residual of 0.09 s, and preserving ~45% of the differential times in the final
412  relocalizations. The relocalized events were better clustered both laterally and in depth. Indeed,

413  while some event scatter remains in depth, most events are relocalized at depths shallower than 1
414  km. On the other hand, some scattered events outside the network couldn’t be associated to a

415  cluster and were not kept during the relocalization procedure.

416 The trajectories of each whale, or groups of whales, during 29" January can be determined

417  (Figure 11). From south to north, estimations of the whale swimming speed for these three main
418  whale tracks are 2.8, 5.0 and 3.1 km/hr (see supplementary matetial for an animation of whale call
419  localizations during 29" January). In addition, events from 26" January and 2™ February, and at the
420  end of the survey (13™-16" February), are mostly localized in the southwestern part of the network.
421  Those of the 26" January and 2™ February also show a southwest-northeast orientation, which is not
422  the case for those from the 13"-16™ February.

423
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IV. DISCUSSION

A. Signal characteristics and whale identification
The main characteristics of the low frequency whale calls we observe during this survey can be
summarized as follows:
1) calls have a total duration of 4-5 s with two main parts;
i) these two main parts have a duration and monochromatic frequency content of ~1-2 s and
~36 Hz and ~2-3 s and ~20 Hz, respectively; and

iii) the calls repeatedly occur over long periods without a precise periodicity.

These characteristics fall within the general range of characteristics for pulsed calls generated by
whales (e.g., Ruchardson et al., 2013; McDonald et al., 2009). Different baleen whale species inhabit the
Eastern Tropical Pacific Ocean including Blue whales, Humpback whales, Bryde’s whales, Fin
whales, and Minke whales (Wade & Gerrodette, 1993; Palacios et al., 2012; Palacios et al., 2023). Low
frequency sounds such as those observed in this study could potentially be associated with some of
these baleen whales, such as Blue whales, Humpback whales, Bryde’s whales and Fin whales
(Richardson et al., 2013; Oleson et al., 2003).

Similar signals and time-frequency characteristics are reported for Bryde’s whales in the
Eastern Tropical Pacific Ocean (signals Bel and Be6 of Oleson et al., 2003). Bel signals show two
parts with average frequencies of 21.2 Hz and 36.6 Hz, and an average total duration of 2.7 s. Be6
signals are also very similar to the higher frequency signals observed (e.g., Figures 7 and 9). Other
signals attributed to Bryde’s whales were reported by Oleson et al. (2003), but they were not observed
during our survey. Sightings of Bryde’s whales in this region are common even though the
abundance is low (Wade & Gerrodette, 1993; Palacios et al., 2012). Bryde’s whales are found all year
round within warm and temperate oceans, such as the Eastern Tropical Pacific Ocean, some also

migrate within these waters but their actual movements are still largely unknown (Constantine et al.,
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2018). We conclude that the most likely origin of the observed signals are Bryde’s whales dwelling in
this region.

Oleson et al. (2003) suggested that Bel calls correspond to counter-calling between different
whales located relatively close to each other. Our observations with calls alternating between
different localizations are consistent with the view that this call is used by the whales to briefly
communicate with each other. Moreover, on the 29" January, three whales were simultaneously
localized within the network footprint. All the whales show a general trajectory from the southwest
to the northeast, with the whale to the far northeast of the network also zigzagging, possibly waiting
for the other two individuals. The other two whales finally meet at the eastern edge of the network.
The calls could then correspond to the different whales communicating their general location to the
other individuals. Even though the calls continue after the two whales met, they are situated outside
the network and hence cannot be as precisely localized. Examining the final localizations presented
in Figure 11, at least seven Bryde’s whales passed through the network at different times, although
some whales might have passed through the network more than once. These movements should not
be associated with a particular migration, as there is no evidence to support Bryde’s whale seasonal
migration (Kato & Perrin, 2009), but instead a year-round presence is noted in the areas where they
have been observed (Heimlich et al., 2005; McDonald, 2006, Sirovi et al, 20174). They might however
expand their habitat range seasonally (Kerosky et al., 2012; Ferreira et al., 20217).

The higher frequency Be6 signal is generally of lower amplitude and is hence recorded only by
nearby OBSs, which suggests that it only propagates over shorter distances. This seems to support
the suggestion of Oleson et al. (2003), that these signals were produced by closely spaced animals
while heading in a specific direction. The examples shown in Figures 7 and 9 correspond to calls
produced on the 14" February (red dots in Figure 11), and their different amplitudes observed at

nearby instruments seems to indicate they were generated by more than one animal. On this day,
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111 low-frequency calls were localized, mostly in a cluster centered around the position of OBS
NG-24 (Figure 1). Their spatial distribution as a compact cluster might, however, be a consequence
of the limited number of OBSs remaining on the seabed at this time (five OBSs: 4, 7, 14, 17 and 24

— Figure 1).

B. Methodological aspects

Whale calls are generally detected in the time-frequency domain owing to their stable,
recognizable time-frequency features (e.g., Mellinger & Clark, 2000, Munger et al., 2005; Baumgartner &
Mussoline, 2077). Such detectors can use pre-defined time-frequency templates to target particular
signals or scan spectrogram portions for any high-magnitude features. Matched filtering techniques
do not take into account potential variations due to changes in time-frequency features (i.e., over
time and/or across a population), background noise, or site-specific noise levels for example.
General time-frequency and time-domain detectors (e.g., the STA/LTA) are more flexible at the
expense of their sensitivity, and require additional steps to select and classify the signals (Baumgartner
& Mussoline, 2011). For the STA/LTA, high amplitude noise, even outside the frequency band of
interest can mask the signals to be detected. On the other hand, subspace detectors take into
account some signal variability embedded within the original signal dataset and translate it to the
vector basis used to perform the detection (Harris, 2006). The selectivity of this vector basis allows
the detection of signals with lower signal-to-noise ratio compared to other general time-domain
detectors. Different factors determine the final performance of this technique such as using a
representative set of signals to build the vector basis, using an appropriate number of singular
vectors, and adequately setting the detection threshold. Further studies would be needed to compare
the performance of time-domain subspace detectors with those of frequency-domain template

matching detectors.
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Even though we used the STA/LTA approach on OBS geophone data, we managed to detect
high-amplitude whale calls. However, using a larger number of OBS hydrophones and the VA
hydrophones as well as the empirical subspace detector, we obtained roughly 10 times more events.
This shows the benefit of both using hydrophones and subspace detection techniques to study
whale vocalizations. The observation of whale calls during the whole recording period shows that
they are continuously present at one position or another (Figure 10). The number of detections
obtained using the STA/LTA and the empirical subspace detector also strongly depends on other
factors such as the presence of seismic shots and/or intense noise episodes in the data (e.g., on the
2™ February), and the number of stations available at different times. Most of the OBSs and the VA
are deployed until the 2™ February whereas, after that date and until the end of the survey, only five
OBSs and the VA remain deployed in the network. Nevertheless, some calls were detected during
the whole survey.

Despite the high number of OBSs at the beginning of the survey, the average horizontal
uncertainty for the calls detected using the STA/LTA and the empirical subspace detector remain
relatively high (i.e., at 2.1 and 8.7 km, respectively). This likely mainly arises from the challenges of
the travel-time picking discussed earlier. This could also indicate discrepancies between the observed
travel-times and the theoretical arrival times of the first P-wave calculated using the eikonal equation
(Lomax et al., 2009). In the case of strong bathymetry variations, such as those encountered around
mid-ocean ridges, ray paths between whales and instruments on the seafloor might not be direct but
involve reflections from the seabed or within the water column (Dréo et al., 2079). This can be
particularly important for longer propagation paths. Call localizations in depth are well-constrained
for calls within the instrument network until the partial instrument recovery on the 1% February,
2015. However, calls localized deeper than 0.5-1 km are systematically associated with larger vertical

uncertainties (e.g., 0.5-1 km) and generally a lower number of time picks as well. For calls occurring
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after the 2 February, their uncertainty increases due to the lower number of instruments remaining
deployed and their linear deployment configuration. This can be counterbalanced for some calls
using the double-difference method when event clustering is high and, hence, due to the high
connectivity between nearby events. Ultimately, although localization error remains, our approach
has resulted in a general improvement in ability to reconstruct the general trend of the whale

movement trajectories, estimate of their number, and interpret of their behavior.

V. CONCLUSION

In this study we analyze and compare continuous data acquired by 25 OBSs and a VA of 12
hydrophones deployed around the CRR, Eastern Tropical Pacific Ocean, in January and February
2015. The noise levels observed for the hydrophones closer to the seafloor are on average 10 dB
higher than for those situated higher up in the water column. Calls and seismic events are generally
localized using instruments either close to the sea surface or at the seafloor. The VA provides a
larger aperture in depth that could, in theory, improve the localization accuracy in this dimension. In
this study, however, depth uncertainties remained high (e.g., ~ £0.8 km) even for calls including
travel-time picks from the VA data.

We observe two different signal types produced by whales during this deployment. The first
is present during the whole deployment with different amplitudes and recurrences. It displays two
parts with consistent frequency content; the first is a 1-2 s long signal of high amplitude and
frequency ~36 Hz, and the second is a 2-3 s long signal of generally lower amplitude and frequency
~20 Hz. The second type of signal is a 0.5-1.0 s long signal of low amplitude and higher frequency
content ranging between 80 and 160 Hz. Both types of signals are most likely made by Bryde’s

whales, a whale species thought to inhabit and is occasionally sighted in this region. The first signal
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type seems to correspond to whales counter-calling between each other to provide their
approximate location, and eventually meeting up to form a group. The second could not be
associated with specific conditions or type of behavior.

Using highly similar whale calls previously detected using the STA/LTA approach, we employed
the network empirical subspace detector and obtained approximately 10 times more events (i.e., 188
vs 1891, respectively). These events were then absolutely localized and finally relocalized using the
double-difference technique. The combination of the subspace detector with the double-difference
technique results in an increase in events localized and a better delineation of the whale trajectory.
This is particularly effective for highly similar events observed by our dense instrument network as
that leads to highly linked events. These precise relocalizations show that at least seven (group of)
whales passed through the network at different times, most of them from the southwest to the
northeast (i.e., from an area closer to the Galapagos Islands towards the southern shores of
Panama). At the end of the survey period, one or more whales stayed within the area for up to a few
days. This could, however, be a localization artifact due to the limited number of instruments
remaining deployed at the end of the survey and their generally, north-south linear orientation.
Regardless, this study illustrates the value of applying advanced detection and localization methods
in the passive monitoring of baleen whales, particularly their ways of communicating and ecology,
which is crucial to their identification, conservation and the mitigation of the potential impacts of

human activities.

SUPPLEMENTARY MATERIAL

See supplementary material at [URL] for an animation of the final whale call localizations

obtained on the 29" January, 2015, between 2pm and 10pm.
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