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ABSTRACT

Underwater soundscapes are complex as they are a combination of several components with overlapping
acoustic frequencies and different timescales, from individual durations to seasonality and long-term trends.
Sounds below 100 Hz are of particular interest to compare human impacts (e.g. shipping and geophysical
exploration) with natural processes (e.g. earthquakes and weather) and animal vocalisations (e.g. whales),
but understanding is often limited to specific signals on their own, not their combination . We have processed
over two years (2018 and 2019) of measurements from the Lofoten-Vesterålen cabled ocean observatory,
located 15 km offshore northern Norway, at a depth of 255 m. Earlier analyses (Garibbo et al., 2020,1

Garibbo et al., 20212) identified the different contributions of weather, shipping and earthquakes in data
collected in 2018, using deep learning to automatically detect common 20 Hz fin whale calls. The results
of the deep learning approach are compared to a new, improved shipping detector, based on traditional
spectral analyses, showing the complementarity of each approach. By extending these analyses using data
from 2019, we can quantify the standard soundscape components based on origins, frequency ranges and
seasonality, and assess their variability over time. Some sources (e.g. earthquakes) can be thousands of
kilometres from the observatory, showing low-frequency soundscapes include information over large regions
of the ocean. This paper summarises the main findings of this work including a description of the analysis
methods used and the resulting components of the soundscapes. These extensive results provide a useful
baseline for further studies of other low-frequency environments around the world.

INTRODUCTION

Sounds dominate the oceans, spanning all frequencies and coming from different sources: natural (e.g.
wind, rain), biological (e.g. marine mammals, fish) and anthropogenic (e.g. ships, seismic exploration).
Very-low frequency hydroacoustic signals (< 100 Hz) are often associated with geophysical processes, like
earthquakes and landslides, but they can also be linked to man-made activities, like offshore industry, fish
blasting, or even nuclear test explosions. Understanding the mechanisms generating noise below 100 Hz,
has important applications for monitoring nuclear explosions (for example, the combined use of seismic,
hydroacoustic and infrasound signals to detect and study distant phenomena, particularly explosions, but
also submarine accidents or aircraft impacts), and to naval operations such as anti-submarine warfare, where
noise can be either or both a source of interference and a source of opportunity. Current understanding of
these mechanisms is very limited for noise below 100 Hz and the ocean acoustic phenomena below 10
Hz are rarely studied and even less well understood. Very often, the strong background noise will include
several distinct sources, some of which can be very close and others louder but propagating from very large
ranges, up to ocean-scale. It is therefore very important to understand the key acoustic signatures of these
processes, along with their extreme spatial and temporal variability. The measuring and resolving power of
ocean observatories can be harnessed to investigate low-frequency ambient noise over long timescales, and
in a variety of background noise conditions.

DATA AND METHOD

The data presented here are taken from the Lofoten-Vesterålen (LoVe) observatory (Fig. 1), which is
located approximately 15 km offshore of the Lofoten Islands, at a depth of 255 m on the continental shelf.3

It is situated within the Hola Trough - one of many troughs formed during the last glaciation - and hosts cold
water coral reefs, sandwave fields, and glacigenic deposits.4–6 The hydrophone (a calibrated Ocean Sonic



Figure 1: Layout of LoVe observatory offshore of the Lofoten Islands (insert shows the location offshore
northern Norway marked with a red box); numbers 1 to 7 are used to label hydrophone nodes.3 The
location of the hydrophone is at node 1.

SB35 ETH) records between 10 Hz and 200 kHz, and is mounted approximately 0.5 m above the seabed on
a metallic structure which is anchored into the seabed.7

The data was initially processed using Matlab software called PAMGuide, which performs calibrated
signal processing on passive acoustic data in both terrestrial and aquatic environments.8 The calibration
parameters were taken from the Ocean Sonic hydrophone specifications,7 and compared to previous work
done at LoVe.3 However, as the analysis progressed, it became apparent that automatic signal processing
techniques would be necessary due to the large volume of different signals of interest. Three different
approaches to signal identification are outlined here.

A. A DEEP LEARNING DETECTOR FOR 20 HZ FIN WHALE CALLS

The most commonly found whale vocalisation in the LoVe dataset is attributed to the fin whale, and is
known as the “20 Hz call”.9, 10 An example of this call is shown in Fig. 4. The global distribution of fin
whales mean that this high amplitude, and long-distance propagating call is a common feature of the world’s
ocean soundscape.11 It is thought to be a call made by male fin whales during breeding season to attract
females from great distances11, 12 as unlike other whales, fin whales do not gather in specific areas to mate.13

The high call density called for the use of a form of automatic detection.
Deep learning ‘learns’ data characteristics through multiple layers of processing - layers closest to the

input data extract simple features, and the layers closest to the output data extract more complex features
from the lower layers.14 The ‘learning’ done in deep learning refers to weights and biases between layers,
which are fine-tuned on each iteration of a deep learning algorithm to exhibit a desired behaviour - in the
case of image classification, this behaviour would be correctly classifying an image,15 a task which has
achieved human-level accuracy in the last decade.16, 17

Using Ketos - a Python software package which was developed in 2019 by Meridian, which provides a
user-friendly interface for acoustic researchers with minimal knowledge of deep learning18 - 2863 examples



of 20 Hz fin whale calls (of SNR ranging from 20 to 113) in the LoVe data were used to train a residual
neural network. A full explanation of this process can be found in Garibbo et al. 2021.2 The deep learning
detector ultimately reached a performance of 93.7% accuracy, a precision of 99.4%, and a recall rate of
94.2% (where accuracy is true positive - the definitions for which can be seen below.

Accuracy = TP+TN
TP+FP+TN+FN Precicion = TP

TP+FP Recall = TP
TP+FN

Where TP is true positive detection, TN is true negative, FP is false positive, and FN is false negative.

B. A TONAL SHIPPING DETECTOR

Identifying and quantifying all shipping noise present in the LoVe data without access to data on local
ships’ Automatic Identification Systems (AIS) proved a challenge. Ultimately a simple tonal peak detector
was constructed in Matlab (version R2021a) to run over the first and second frequency bands outlined in
the European Marine Strategic Framework Directive (MSFD)19 for monitoring noise pollution attributed to
shipping. After pre-processing in PAMGuide (described previously),8 the Power Spectral Density (PSD)
in each 1 Hz interval of each audio file was bandpass filtered for each MSFD band. The data were then
split into 60 second windows and the 10th, 50th, and 90th percentiles were calculated across each window.
Matlab’s in-built “findpeaks”20 function was then used to locate peaks in each percentile that exceeded a
minimum prominence threshold - a value which was determined by manual spectral analysis of a randomly-
sampled selection of data where shipping noise was present and where it was not. Every peak detected in
each percentile was then recorded. The detector performance is outlined in Fig.2. The vast majority of
instances where shipping was incorrectly classified as ambient noise consisted of non-tonal shipping noise,
or tonal shipping noise undergoing Doppler shift or a Lloyds Mirror-type effect.

Figure 2: Performance of the tonal shipping detector - accuracy of 84.9%, precision of 90.2%, recall of
86.6% - definitions for which are displayed above.

C. EARTHQUAKE IDENTIFICATION

An arbitrary area was selected around LoVe to simultaneously constrain the number of earthquakes that
would be present in a two year period to a number manageable for manual analysis, and also possibly contain
a variety of potential geophysical acoustic sources - for example, glaciers in Greenland and Svalbard, the
Mid-Atlantic Ridge, and volcanic activity in Iceland. The open-access International Seismological Centre
(ISC)21 bulletin was used to identify all earthquakes that occurred within this arbitrary area over the two
year time period. An earthquake was considered detected if the signal appeared in the LoVe data within
one second of the predicted travel time. The predicted travel times were generated through an open-source
software TauP,22 where the required input parameters for the calculation included the geodesic distance
between the earthquake epicentre and the LoVe hydrophone, and the source depth. For many earthquakes
in the ISC bulletin, source depths are either fixed or are poorly constrained. Although errors in the source



depth will affect the predicted arrival times at LoVe, the well-know trade-off between earthquake origin time
and source depth means that these errors are compensated for in the origin time. The predicted travel times
were computed from the IASP91 velocity model option available within TauP,22 as this a standard model
for calculating travel times of the main seismic phases through the solid earth.23

Another type of arrival to consider with earthquakes is known as the T phase - a type of wave that has
travelled both through the Earth as a seismic phase, and in the water column as an acoustic wave. The
challenge with T phase travel time prediction is that the point of conversion from seismic phase to acoustic
phase is usually unknown. Therefore, the criteria chosen for the picking of possible T phases were: 1) that
the duration of the signal is greater than 5 seconds, 2) that the signal does not exhibit the characteristic
appearance of the seismic arrivals in spectrogram format - see Fig.3 for elaboration, and 3) that the signal
arrives later than corresponding predicted seismic arrival times.

Figure 3: On the left of the spectrogram (before 400 s), a seismic P phase is seen. Seismic phases are
generally concentrated in intensity around frequencies < 20 Hz for 1 second or less. Suspected T phases
are shown at 600 s to the end of the spectrogram. These tend to consist of higher intensity signals over a
larger frequency range. Note: the loss in signal intensity of the suspected T phases at 10 Hz and below are
likely related to a roll-off (from 10 Hz to 0 Hz) high pass filter applied by the hydrophone manufacturer.7

RESULTS

20 HZ FIN WHALE VOCALISATIONS

The number of 20 Hz fin whale calls peaks across both years in January, February, March, and December,
as seen in Fig. 4. This coincides with the fin whale breeding season in the northern hemisphere,24 when
the 20 Hz calls are expected to peak in frequency. There is a notable drop in call detections from the 10th

to 30th January, and a rapid drop between February and the beginning of March, where detections increase
again towards the end of the month.

There are instances where a drop in call detection - such as in January 2018 - coincides with a period
of increased shipping, and a dominant wind in a northeasterly direction,25 which would blow over the Love



hydrophone in the absence of a shielding landmass - see Fig. 1. An explanation could be that the 20 Hz
calls present were masked by environmental noise (e.g. wind, local shipping noise) - a possibility that is
supported by the lower SNRs of the misclassified noise. However, it may be that the fin whales stopped
vocalising or changed song type,26 or passed into a region that was not conducive to sound propagating to
LoVe, as the location of the source whales is unknown.

Figure 4: Ketos detections from all available data in 2018 (solid black line) and 2019 (dashed black line).
The grey boxed areas show periods of time with no available or usable data. The blue insert shows an
example spectrogram of the 20 Hz fin whale calls that are used in Ketos for analysis.

Figure 5: Calibrated PSD values between 15 Hz and 25 Hz for Ketos detections from all available data
in 2018 and 2019 . The grey boxed areas show periods of time with no available or use-able data. The
blue arrows highlight periods where the standard deviation of the detected 20 Hz calls slightly decreases
and the average PSD of the calls fluctuate less. It is possible that this may reflect periods of time where
the whales are geographically constrained.



The PSD levels of the received 20 Hz calls are displayed in Fig. 5. The PSD levels of the calls vary
considerably from month to month, with the most well-constrained PSD measurements occurring in Febru-
ary. The variation in PSD likely reflects the source whales’ average distance from the hydrophone, but it
may also be that the extent to which the measurements are constrained is dictated by how geographically
constrained the source whales are.

Figure 6: LHS: a map showing the LoVe hydrophone (triangle) in relation to nearby known areas of fish
spawning (data from Mareano27), which could serve as possible nearby feeding grounds for fin whales.28

RHS: example of bathymetry track between the LoVe hydrophone and an arbitrary on-shelf point selected
within the nearby cod spawning ground (solid cyan line on map), and example of an arbitrary off-shelf
point (dashed cyan line). These examples highlight the complexity of the bathymetry in the local area.

A reasonable cause for the fin whales being geographically constrained would be an abundance of food
in a particular location.28 Fig. 6 displays the most proximal fish stock spawning grounds to the LoVe
hydrophone. Determining what locations are most likely to be where some of the loudest fin whale calls in
the data are coming from requires propagational modelling, which forms a part of ongoing and future work.

SHIPPING

Tonal shipping noise was observed in almost every day of data - as can be seen in Fig. 7. We know
from other work done around LoVe that the majority of shipping noise heard at the observatory during 2018
is from ships that are over 5 km away - and mostly between 20 km and 25 km away during the winter
months.29 We see more shipping noise in MSFD band 2 than we do in MSFD band 1, but the PSD level of
the shipping noise across each band is generally higher in band 1 - see Fig. 7.

EARTHQUAKES

Hydrophones commonly detect seismic phases and T phases from earthquakes,30–32 and in total, 143
earthquakes were found in the LoVe data in 2018, and 290 earthquakes were found in 2019 - as can be seen
in Fig. 8. As shown on the maps, the majority of detected earthquakes (in light green) are along the segment
of the Mid-Atlantic Ridge (MAR) that is closest to the hydrophone - particularly on a ridge segment that
is known as Mohns Ridge. Mohns Ridge is a slow-spreading segment of the MAR and the most southern



portion of it exhibits continuous ridge-focused volcanic activity33, 34 - which coressponds to the location of
most of the epicentres of the earthquakes detected at LoVe.

Figure 7: Top: Hours of shipping noise detected in the LoVe data over 2018 and 2019 across MSFD
band 1 (black) and MSFD band 2 (red). Bottom: PSD of detected shipping noise over 2018 and 2019.
Band 1 refers to the 63 Hz third octave level, and band 2 the 125 Hz third octave level.

Possible reasons that some earthquakes were detected whilst others, especially if from similar locations
were not, could involve different earthquake magnitudes, different paths of propagation, and the sound
levels at LoVe. The acoustic and seismic signals of earthquakes of a magnitude of 2 or less are unlikely to
propagate as far as a larger magnitude earthquake,32 and the propagation paths from some geological regions
may mean that a signal is far less likely to reach LoVe. For example, the region of the Mid-Atlantic Ridge
to the south of Iceland appears to be a location from which an earthquake signal rarely appears at LoVe. As
can be seen in the bathymetry of Fig. 8, this coincides with two large fracture zones - the Charlie-Gibbs
and the Bight Fracture Zones. Fractured rock results in delays in the seismic arrival times, and reduces
the signal amplitude,35 which may contribute to the number of events going undetected at LoVe. Other
possible explanations for undetected events could involve the bathymetry between the epicentre and LoVe
- for example, in Fig. 8 a bathymetric high (the Rockall Rise) is visible to the northwest of the U.K., and
presents a possible barrier to acoustic signals from events originating south of Iceland - but to determine this,
thorough testing of propagation models would be necessary. Other explanations for undetected earthquakes
at LoVe also include a rise in local ambient noise, as a result of a storm for instance, or that the arrival
coincides with a masking transient noise at LoVe like shipping.



CONCLUSION

Between 2018 and 2019 in we have observed seasonal variation in the occurrence of the 20 Hz fin
whale call and periods of well-constrained PSD that could possibly reflect periods where the fin whales are
geographically constrained. We have identified possible source locations for the loudest measured calls, and
their feasibility can be assessed through propagational modelling.

Figure 8: Earthquakes from the ISC in marked as circles, and the LoVe hydrophone marked as a blue
triangle. Red circles are earthquakes that were not detected at LoVe (blue triangle), light green circles are
earthquakes that were detected by their seismic phases, and dark green are earthquakes that were possibly
detected by T phase as well - verification of this would require propoagational modelling. The earthquake
marker sizes reflect the earthquake magnitude. The red line represents the Mid-Atlantic Ridge, and the
bathymetry data is from GEBCO36

More shipping noise is observed in the second MSFD band that the first, but the PSD is higher in the
first MSFD band. When plotted on the Wenz curve37 - see Fig. 9, we can see that the sound levels of the
shipping noise in the first MSFD band agree with the upper limit for shipping in shallow water.

The majority of earthquakes that are detected at the LoVe observatory originate from Mohns Ridge - the
closest section of the MAR. Most of the arrivals from earthquakes are seismic phases, but a few possible T
phases have been identified using the criteria previously mentioned, and validation of these phases would
require propagational modelling.



Figure 9: A Wenz curve37 of the LoVe data from 2018 to 2019: shipping noise from the first MSFD band
is in shaded purple, and the green shaded area represents the 20 Hz fin whale calls - the upper and lower
limits of the shaded areas represent the 90th and 10th percentiles of noise respectively. The earthquakes
cannot be fairly represented in this plot due to the lower sensitivity limit of the hydrophone.
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