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1 INTRODUCTION

Accelerated climate change in the Arctic region is leading to major modifications to its underwater sound-
scapes1. With the reduction of sea ice coverage across seasons, marine mammals are having to adapt
their migratory behaviours2,3 and waters are opening up for maritime industries4,5, phenomena which
can be monitored acoustically. Advancements in offshore technology for the challenging Arctic condi-
tions have allowed for multi-sensor moorings to run continuously across seasons, in particular with hy-
drophones for acoustic thermometry and to better understand local soundscape variations. However, the
accumulation of data requires automation in processing to identify times featuring processes of interest.

The terrestrial ecoacoustics community is facing the same issue of ”big data”6, but they have devel-
oped acoustic indices to concisely summarise temporal and spectral variations within audio recordings,
which can then be used to determine levels of biodiversity. Acoustic indices have been successfully
implemented in ecological studies across a range of terrestrial environments, although their application
to marine environments has not yet been widely accepted, with most studies considering coastal and
coral reef ecosystems7,8, while only a few deep-water ecosystems have been considered9. The use of
acoustic indices to study Arctic soundscapes has yet to be explored10, with few observations into how
they respond to the highly variable sounds from sea ice processes. Recent ecoacoustic studies in the
Southern Ocean were successful in obtaining insightful biodiversity findings despite the presence of sea
ice sounds, but this is still a topic that needs further assessment11.

This study investigates how acoustic indices can be used as a preliminary marker for seasonal trends
of biophony and sounds from sea ice processes (hereinafter ”cryophony” and ”cryophonics”) within large
acoustic datasets. Data was taken from the long-term research projects “Acoustic Ocean Under Melting
Ice” (UNDER-ICE, collecting data across the Fram Strait from 02/09/2014 to 06/03/2016)12 and the “Co-
ordinated Arctic Acoustic Thermometry Experiment” (CAATEX, collecting data along the Eurasian Basin
from 31/08/2019 to 02/08/2020)13. Mooring positions for both experiments are presented in Figure 1,
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along with satellite data of sea ice thickness across the region in April 2020. As whale presence and
migratory patterns in the Arctic are influenced by climate change, there was interest in detecting their vo-
calisations, especially those of bowhead whales (Balaena mysticetus). To count individual vocalisations in
the UNDER-ICE dataset, we use energy analyses and image processing of the individual spectrograms.

Figure 1: Mooring positions for UNDER-ICE (UI1-5)12 and CAATEX (NERSC1-3)13 experiments
across the Fram Strait and Eurasian Basin. Sea ice thickness across the region in April 2020 is
measured by the Copernicus programme14,15,16. Map created using Cartopy17).

2 METHODOLOGY

2.1 Data Processing

UNDER-ICE acoustic measurements were made at a sampling rate of 1,953 Hz, with two recordings
of 130 s separated by a few minutes, every 3 hours. The moorings were 230 to 570 m deep along
the Fram Strait, the Arctic Ocean’s only deep water connection to the rest of the world ocean, therefore
experienced pulldowns from strong ocean currents, causing a significant amount of self-noise from cable
strumming across the duration of the experiment18. The UI4 mooring was least affected by self-noise
and selected for analysis here. Recordings from CAATEX were captured every 12 hours at 976 Hz
sampling frequency, each with a duration of 45 minutes and 12 seconds, each mooring featuring two
time synchronised hydrophones. Every 3 days, an acoustic thermometry signal was transmitted from
NERSC1, dominating the first 17 minutes of recording. These segments were removed to evaluate the
seasonal trends of acoustic indices.

Spectrograms were computed on segments 2 s long for the acoustic indices study and 0.1 s long for
the whale vocalisation detection study. In both studies, the spectrograms used 50% overlap and Hann
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windows, in line with PAMGuide practice10,19. Hydrophone calibration was provided by NERSC: receiving
sensitivity of -168 dB re 1 µPa, 12 dB gain and analogue-to-digital conversion voltage of 2.5 V. Spectro-
grams of typical cryophony and biophony are given in Figure 2.

Figure 2: Example spectrograms of cryophony (a) and bowhead whale calls (b), made with be-
spoke code inspired by PAMGuide19 and PAM2Py20.

2.2 Acoustic Indices

Acoustic indices were computed using scikit-maad, an open source soundscape analysis package written
in Python21,22. A variety of popular acoustic indices were considered for the study, including the Acoustic
Complexity Index (ACI)23, the Acoustic Diversity Index (ADI)24, the Acoustic Evenness Index (AEI)24,
the Acoustic Richness Index (ARI)25, the Biodiversity Index (BI)26 and Acoustic Entropy (H)27. While not
an established acoustic index, the zero-crossing rate of the signal (ZCR), i.e. the rate in which the signal
amplitude changes sign, was also computed as it can be used to emphasise impulsive or ”percussive”
sounds in the signal28, which may have potential for highlighting transient-like cryophonics. Constituents
of H (temporal and spectral entropies, Ht and Hf , respectively) and ARI (Ht and temporal median, Mt)
were also considered as standalone indices. For indices computed across the spectrogram of a signal,
the entire actual frequency range was used (1-976 Hz for UNDER-ICE, 1-488 Hz for CAATEX).

Acoustic indices typically involve summations of amplitudes across the time series and along the spectro-
gram, meaning that comparisons between recordings can only be made if they have the same duration.
Therefore, CAATEX recordings were truncated into subsections commensurate with the UNDER-ICE time
lengths. Subsections with acoustic thermometry signals were not used for the analyses, although some
of them also showed concurrent sounds like whale vocalisations. After computing acoustic indices, the
corresponding spectrograms were visually assessed to identify sound sources.

2.3 Detection of Whale Vocalisations

Whale vocalisations were detected across the UI4 dataset using the region of interest (ROI) module in
scikit-maad 21,22. Here, spectrograms were treated like images and first prepared by being passed through
a median equaliser to remove background noise, then smoothed using a Gaussian filter (with a standard
deviation of 1.25 dB). Edges of vocalisations within the spectrogram were found by masking with a double
threshold (the first as a standard deviation of 5.5 dB from the 75th percentile of spectrogram amplitudes
and the second being 2% of this value)29. ROI computations were separated into two frequency bands,
100 to 500 Hz and 500 to 976 Hz, to detect vocalisations similar to those in Figure 2b. Additionally, ROIs
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were only counted if they lasted 0.25 to 5 s and spanned a frequency range of at least 50 Hz, in line with
known and expected whale calls in this environment and context. An attempt to utilise overlapping fre-
quency bands was made to account for whale vocalisations crossing 500 Hz, but this will not be discussed
here as the approach needed further criteria to prevent individual ROIs from being counted twice.

3 DISCUSSION

3.1 Acoustic Indices

Ecoacoustic studies in general need anchoring values (and variations) for calibration settings and record-
ing lengths30,31 and a few examples are provided in Table 1. Monthly variation of ACI and Spearman’s
rho correlation between indices over deployment durations are shown in Figure 3. UI4 values of ACI
(double those of NERSC2, for twice more bandwidth) provided the most immediate insights into changes
in the soundscape, with increased averages between October 2014 and April 2015, peaking in January
2015, and a similar trend starting from October 2015. This increase in acoustic complexity is attributed
to bowhead whale vocalisations, due to the call variability characteristic to the species32 and previous
studies noting their presence at this time of year, potentially for mating33,34.

Figure 3: ACI Boxplots and Spearman’s rho correlation matrices for deployments at UI4 (a,b) and
NERSC2 (c,d). Median ACI values are in green and boxes encompass 25th to 75th percentiles.

.

In general, ADI, AEI and ZCR were quite effective at highlighting biophony but were also sensitive to
background noise. In instances where biophony was faint and there was increased background noise
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Table 1: Examples of acoustic indices values calculated across the deployment of UI4.

Description ACI ADI AEI BI Ht Hf H Mt ARI ZCR

Cryophony (Fig. 2a) 1203 2.68 0.88 48340 0.99 0.99 0.98 0.0016 0.0016 296
Biophony (Fig. 2b) 1441 3.32 0.79 33854 0.99 0.98 0.97 0.0014 0.0014 491
Distant airgun shots 1170 1.92 0.94 51838 0.95 0.98 0.93 0.0017 0.0017 94
Mild strumming 1186 1.26 0.97 36746 0.98 0.99 0.97 0.0081 0.0080 171
Increased winds 1122 2.05 0.94 44891 0.99 0.99 0.97 0.0014 0.0014 223
Faint biophony and
high noise levels

1137 4.47 0.25 68186 1.00 0.99 0.99 0.0020 0.0020 677

(from stronger winds) these indices would increase (decrease for ARI) implying higher acoustic activity
despite the lower biophonic component. As BI is proportional to the area under the mean spectrum of
a recording, it was too dependent on the intensity of the incoming sounds within the recordings rather
than their variability. H and Hf correlated slightly with ACI although their values only changed subtly
with increased biophony. Time-based indices Ht, Mt and ARI did not match biophony, likely due to the
high levels of low-frequency noise. Cryophony was present throughout the deployment of UI4 and was
most frequent from October 2014 to March 2015, but usually fainter than the biophonic sounds observed
during this time. For occasions where there was significant cryophony but no biophony, the values of
acoustic indices would increase moderately (decrease for AEI).

Anthropophony was rare throughout the deployment, with the only notable sources being some shipping
with modulated engine tones in September 2014 and distant seismic airgun sounds (below 100 Hz) in
September 2014 and then irregularly between April and November 201533. The modulated engine tones
featured multiple harmonics, dominating the spectrum enough to result in anomalous values, most notably
a drop in AEI. Recordings with only airgun sounds increased BI (as the airguns add a prominent peak to
the mean spectrum), along with notable decreases in ADI and H (increase in AEI) as the spectrogram
becomes more uniform. Strumming was present throughout the deployment and had varying effects on
acoustic indices calculations depending on severity. Low levels of strumming resulted in an increase in
self-noise at low frequencies (less than 50 Hz) which generally had little impact on calculations, but high
levels of strumming resulted in bands of intermittent noise across the spectrum, causing a perceived in-
crease in acoustic activity. Data from June to September 2015 was most affected by strumming, resulting
in unusually high outliers during these months (Figures 3a).

Monthly ACI trends throughout the NERSC2 deployment indicated a rise in acoustic activity from May to
July 2020, with short down-sweep whale vocalisations, although this was not picked up particularly well
by other indices. All spectral-based acoustic indices corresponded to faint, but varied whale vocalisations
throughout October 2019 to March 2020, although cryophony was also very prevalent during this time.
Similar to what was observed for UI4, ADI, AEI and ZCR would indicate increased acoustic activity if
biophony and cryophony were faint against the noise levels across the recordings. During the same time
period, no confirmed biophony was observed at NERSC1 and NERSC3, resulting in low ACI values, yet
values for ADI, AEI and BI remained on average highest around this time, further suggesting that these
indices were sensitive to background noise levels and cryophony. Once again, anthropophony was rare
during CAATEX deployment, with distant airgun sounds between September and October 2019, which
did not have a significant impact on acoustic indices calculations. Shipping or machinery at the very
start and end of the deployment resulted in some outlying values for indices, but otherwise there was no
other noticeable anthropogenic activity. Self-noise from strumming, though present on occasion, did not
influence computations of acoustic indices.
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3.2 Whale Vocalisation Detection

Figure 4 presents the number of ROIs identified per day over UI4 deployment. The majority occurred
between November 2014 and March 2015 (and November 2015 and January 2016), corresponding well
with the seasonal trends from the acoustic indices study (Section 3.1), but there was a significant number
of ROIs between April and July 2015, a period of time in which the acoustic indices indicated, on average,
little acoustic activity. Visual spectrogram inspections showed there were many call types quite different to
what was observed earlier in the data, including some short narrow-band calls with multiple undulations to
long (> 5 s) sweeping down-sweeps spanning both frequency bands considered. Non-biophonic sounds
were also detected as ROIs if they met the criteria of Section 2.3, which included prominent cracking,
icequakes and tremor sounds, along with some modulated engine tones in August. Computations were
quite resilient to the effects of strumming, although some intermittent artefacts were counted as ROIs.

The ROI method worked best for recordings where there were low noise levels and different call types
were well separated in frequency. There were several instances where if a vocalisation was high in
intensity, the reverberated echo trailing it would be also picked up as an individual ROI, leading to over-
counting. Another issue encountered were multiple ROIs being computed across individual calls, which
occurred more often in the 500-976 Hz band where individual down-sweep calls covered a wide frequency
range but were short in time and usually faint against noise levels. For some recordings with prominent
whale songs, as seen in Figure 2b, individual tones would be detected as an ROI whilst others would be
ignored despite being of comparable intensity.

Figure 4: Number of ROIs detected per day (about 35 minutes of audio recording each day)
during the UI4 deployment in the 100-500 Hz and 500-976 Hz frequency bands (in blue and orange
respectively). Note that this plot includes all ROIs counted, not just whale calls.

.

4 CONCLUSIONS

Large datasets from the UNDER-ICE12 and CAATEX13 Arctic deployments were analysed with time-
frequency descriptors (acoustic indices) and energy detectors (Regions of Interest image processing).

ACI, ADI, AEI and ZCR provided the most useful insights for seasonal trends of biophonics and
cryophonics. ACI was perhaps best at signifying prominent biophony whereas ADI, AEI and ZCR were
better at indicating presence of fainter biophony against increased background noise. While acoustic
indices were able to indicate when biophony was most common, more detailed ecological conclusions
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may not be achievable due to the influence of cryophony. Acoustic indices can however be used as quick,
preliminary tools to assess soundscape evolution.

There is potential for using image processing of spectrograms (like ROIs) to detect whale vocalisations.
The current approach needs further refinement to avoid detection of non-biophonic events and improve
detection of faint calls, while avoiding detection of the reverberant trails of the louder calls. ROIs will then
have applications in training Deep Learning algorithms to detect biophony and cryophony separately.
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