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This paper describes the Santos Basin Underwater Soundscape Monitoring
Project (PMPAS-BS), a Brazilian ocean soundscape monitoring initiative. The
main objective of the project is to quantify and assess hydroacoustic noise of
anthropogenic origin in a large sedimentary basin extending from 23° S to 28° S
on the southeastern Brazilian continental margin of the South Atlantic Ocean.
Noise associated with oil and gas (O&G) exploration and production activities is
the primary target, but this oceanic region also has busy shipping lanes for
commercial, military, and fishing vessels. The two main hubs of Brazil's export
and import of goods by sea are located in this region: Santos and Rio de Janeiro
ports. The project has three measurement components: mobile monitoring
based on gliders and drifting acoustic profilers, fixed shallow-water monitoring
based on acoustic measurements at coastal stations near shipping lanes
associated with exploration and production activities in the Santos Basin, and
fixed oceanic monitoring based on deep-water mooring lines equipped with
passive autonomous acoustic recorders near production units, shipping lanes,
and areas with lower intensity of O&G activities (pristine or reference sites).
Numerical modeling of anthropogenic underwater acoustic noise has also been
included as a fourth project component. The PMPAS-BS covers an area of more
than 251,000 km? and uses several instruments with different methods and
sensors for acoustic measurements. Its results provide current sound levels over
a very large region of the western South Atlantic, both in areas more and less
affected by anthropogenic activities.

KEYWORDS

passive acoustic monitoring, soundscape, anthropogenic noise, Santos basin,
underwater acoustics

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmars.2024.1416590/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1416590/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1416590/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2024.1416590&domain=pdf&date_stamp=2024-06-17
mailto:jamlima@lamcso.coppe.ufrj.br
mailto:william.soares@marinha.mil.br
https://doi.org/10.3389/fmars.2024.1416590
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2024.1416590
https://www.frontiersin.org/journals/marine-science

Lima et al.

1 Introduction

The oceans play a central role in supporting life on our planet.
They regulate climate, provide food, energy, and a wealth of
resources (NOAA, 2023). They cover approximately 70% of the
Earth’s surface and serve as one of the primary global transportation
routes (Mooney et al., 2020). However, factors such as climate
change, pollution, overfishing, and other impactful human activities
have significantly threatened this environment (Claudet et al,
2020). In this context, environmental monitoring is emerging as
an essential and innovative tool for understanding, conserving, and
protecting the oceans (Kaiser et al., 2019; Glaviano et al., 2022).
Today, several studies have shown that passive acoustic monitoring
of marine ecosystems is an innovative and promising approach to
assess the health of the marine environment (Merchant et al., 2015;
Miksis-olds and Martin, 2018; Howe et al., 2019). In addition to
being a non-invasive tool, acoustic monitoring has an advantage
over other methods, as it allows for quasi-continuous monitoring at
large scales (spatial, temporal, and spectral) (Mooney et al., 2020). It
facilitates analyses of the interplay between the primary
components of an underwater soundscape: biophony (sounds of
biological origin, e.g. marine mammals, etc.), geophony (sounds of
environmental origin, e.g. waves, wind, rain, etc.), and
anthropophony (sounds of human origin, e.g. ships, platforms,
etc.) (Pijanowski et al., 2011).

Underwater soundscape monitoring can serve several purposes.
For example, it can be used to detect, identify, and monitor the
presence, behavior, and migration of marine species such as whales,
dolphins, and fish (Mooney et al., 2020). It can also be used to assess
and quantify underwater noise pollution from human activities
such as construction, maritime traffic, and seismic exploration to
mitigate the adverse effects of anthropogenic noise on marine life
and to study its effects on behavior and communication between
species (Faulkner et al., 2018; Haver et al., 2019). In addition, it can
be used to detect, characterize, and monitor environmental
conditions, including underwater events such as earthquakes,
volcanic eruptions, and submarine landslides (Erbe et al., 2016;
Schwardt et al, 2022), physical oceanographic features (Calado
et al., 2018; Minello et al., 2021), and potential effects related to
climate change (Affatati et al., 2022; Possenti et al., 2023).

Passive acoustic monitoring (PAM) in the ocean can be
conducted using fixed or mobile sensors, each with its own
characteristics (Robinson et al., 2014; Luczkovich and Sprague,
2022). Fixed sensors, such as hydrophones placed in coastal
regions, buoys, or oceanic mooring lines, are primarily designed
to collect acoustic data continuously at a specific location over time.
This provides a long-term perspective on acoustic activity in the
monitored area, which is advantageous for long-term studies, such
as tracking seasonal and weather-related patterns (Robinson et al.,
2014). On the other hand, mobile sensors, including gliders,
acoustic profilers, autonomous underwater vehicles (AUVs), or
vessels equipped with hydrophones, can collect acoustic data at
different locations and depths. These mobile recorders can not only
monitor, detect, and classify sounds from different sources, but also
track and locate them (Jiang et al., 2019).
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In this context, the combination of fixed and mobile methods
can provide a more comprehensive understanding of the
underwater soundscape. However, soundscape monitoring should
be conducted in accordance with best practices and standards to
ensure its efficient use. Several institutions and countries have
developed recommendations and guidelines for acoustic
monitoring with a focus on mitigating the damage caused by
anthropogenic sound (Colbert, 2020; Lewandowski and
Staaterman, 2020; Thomsen et al., 2021; Van Parijs et al,, 2021;
Breeze et al, 2022). In particular, the United States of America
(USA) and the European Union (EU) have major research efforts in
this area. In the USA, the National Oceanic and Atmospheric
Administration (NOAA) has an underwater acoustics program
with several soundscape monitoring projects ranging from marine
mammal diversity modeling to continuous passive acoustic
monitoring and underwater noise control (Haver et al, 2018).
NOAA has also published an Ocean Noise Strategy Roadmap, a
document that collects important information on the effects of
anthropogenic noise on marine life (Gedamke et al., 2016). In
Europe, the European Commission (European Commission, 2010)
has established a list of 11 elements (Commission Decision 2010/
477/EU) to characterize environmental status. In this publication,
two indicators were described for the area of noise and acoustic
energy: impulsive low- and mid-frequency sounds and continuous
low-frequency sounds. In 2014, guidelines for monitoring
underwater noise in European seas were published (Dekeling
et al.,, 2014a, 2014b, 2014c). In addition, the International
Maritime Organization (IMO) is developing guidelines for the
reduction of underwater noise from commercial shipping (IMO
MEPC.1/Circ.833, 2014; IMO MEPC.1/Circ.906, 2023).

In Brazil, underwater soundscape studies have often had site-
specific classified military objectives or aimed to characterize the
sound or behavior of specific marine species. The studies have a
strong contribution from military research institutions, along with a
few universities and research institutes. The work of Parente Ribeiro
(1982, 1986) is highlighted as one of the most productive in
underwater acoustics in Brazilian waters. Since 2015, a
comprehensive acoustic program called “Santos Basin Underwater
Soundscape Monitoring Project” (PMPAS-BS in Portuguese
acronym) has been carried out by the state-owned company
Petrobras, in partnership with the Brazilian Navy Research
Institute (IPqQM in Portuguese acronym). The project was
designed at the request of the Brazilian Institute of Environment
and Renewable Natural Resources (IBAMA in Portuguese
acronym) as an environmental condition for the installation of
deepwater offshore O&G production systems, with the main
objective of characterizing the underwater soundscape and
monitoring noise trends associated with anthropogenic
exploration and production (E&P) activities in the Santos Basin.

The PMPAS-BS was designed to complete cycles of
approximately four years. This article describes the design and
results of the first cycle, which started in November 2015 and ended
in December 2021. It presents the equipment and methods used, the
results of the acoustic measurement components, the discussion,
and the conclusions obtained at the end of the first cycle.
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2 Materials and methods

The planning of the PMPAS-BS was carefully pursued between
2014 and 2015, following a literature review of global initiatives for
passive acoustic monitoring of the oceanic soundscape. The oil and
gas (O&G) industry had already established a baseline for
underwater sound assessment (IOGP, 2008). As an example, an
acoustic monitoring program in the northeastern Chukchi Sea,
Alaska (USA) was identified that aimed to measure baseline
ambient noise conditions, characterize sounds generated by O&G
exploration, and investigate the spatial and temporal distribution of
marine mammals based on acoustic detection of their vocalizations
(Delarue et al., 2012, 2013). A particularly useful reference was a
document published by the Oslo and Paris Commission (OSPAR
Commision, 2009), which provided an overview of the impacts of
anthropogenic underwater sound in the marine environment.

The PMPAS-BS was designed using best practices and
information on ocean soundscape measurement and modeling
obtained from the literature review. For example, the guidelines
for monitoring underwater noise in European seas (Dekeling et al.,
2014a, 2014b, 2014c) were very useful, as were the best practices for
underwater noise measurements provided by the National Physical
Laboratory (Robinson et al., 2014). A key challenge for PMPAS-BS
was to obtain baseline levels of the ocean soundscape over a large
region of the western Atlantic, which would require a very large
number of fixed stations and complex logistics if only single point
acoustic measurements were used. In addition, as a secondary
objective, PMPAS-BS also aimed to provide ancillary data to
another environmental project called PMC-BS, which focuses on
cetacean monitoring in the Santos Basin (Dalpaz et al., 2021; Pires
etal., 2021). The PMPAS-BS was divided into different components
to achieve its objectives using distinct equipment and methods. A
detailed description of the project design and implementation is
provided by (Lima et al., 2022). Figure 1 shows the four components
of the project. These components were selected so that data
collected from different locations and with different equipment
would be complementary and adequate to monitor the contribution
of anthropogenic noise from distinct sources and activities (such as
production sites, shipping lanes, ports, etc.). The measured data
would also be used to validate the results of an acoustic
modeling component.

10.3389/fmars.2024.1416590

The Santos Basin is a sedimentary basin located oftfshore
southeastern Brazil between 23° S and 28° S in the western South
Atlantic Ocean (Figure 2). It has a concave shape following the
orientation of the continental shelf and extends to the 3000-meter
isobath, covering an approximate area of 251,000 km®. Most of the
deepwater oil and gas blocks are located in water depths greater
than 1000 meters. Figure 2 also shows the positions of the
instrumented mooring lines FA (FA is a Portuguese acronym for
Fundeio Acustico) and coastal acoustic stations OS (OS is a
Portuguese acronym for Observatorio Submarino) deployed for
the project components.

2.1 Fixed oceanic monitoring component

The fixed oceanic component was designed to measure the
soundscape at specific deep-water sites in the Santos Basin (depths
ranging from 1100 m to 2850 m) using acoustic recorders installed on
instrumented mooring lines (FA), with the aim of obtaining acoustic
measurements at sites with different levels of anthropogenic activity
in the basin. The FA is a deep-water mooring line composed of a few
sections of nautical cable, with an acoustic release attached to a buoy
on its deep section, close to the deadweight on the seabed, and ending
with a submerged float, slightly shallower than 50 m below the
surface. Acoustic equipment was installed at three different depths
(50 m, 200 m, and 950 m) and programmed to acquire 85 seconds of
acoustic signal every 10 minutes at a sampling frequency of 64 kHz
and 24-bit resolution. The equipment used to record the acoustic
signals is the autonomous recorder AMAR-G3™ manufactured by
JASCO, using hydrophones with a sensitivity of -165 dB re 1V/uPa.
Recording intervals were chosen based on available battery and
memory card capacities, so that the mooring lines would have
maintenance cruises at six-month intervals. The mooring lines
were also equipped with current meters to measure ocean currents
to assess unwanted levels of flow noise during acoustic data
qualification. Table 1 provides details of the acoustic equipment
used for the PMPAS-BS components.

In the first cycle of the PMPAS-BS, the installation of six
mooring lines FAs was planned, the positions of which are shown
in Figure 2, and their geographic coordinates, depths, operational
periods, and locations in relation to O&G activities are shown in

PMPAS-BS

MOORING LINES COASTAL STATIONS

FIGURE 1

Schematic diagram of the four components of the first cycle of PMPAS-BS.
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49°W 48°W 47°W 46°W 45°W

FIGURE 2

Map of Santos Basin with the positions of PETROBRAS O&G production and exploratory blocks (colored regions), the position of 6 instrumented
oceanic mooring lines FAs (green marks) and the 3 coastal underwater observatories OSs (yellow triangles). Some measurement stations were
repositioned during the 1st cycle (FA-03 to FA-03R; FA-04 to FA-04R; OS1 to OS1A; OS2 to OS2R; OS-3 to OS-3R then to OS-3R1). The black line
delimits the geographical limits of the Santos Basin. Tupi and Buzios are major oil production fields.
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Table 2. Mooring FAOl was installed near a site with O&G
production (the Tupi field was already fully productive in 2015);
mooring FA02 was positioned in a site with developing production
(there were no platforms producing O&G nearby), but the
installation of facilities was already planned for the Buzios field;
moorings FA03 and FA04 were located in areas with no O&G
activity, but potentially subject to vessel traffic associated with other
human activities, to be used as pristine water baselines; and
moorings FA05 and FA06 were located near main shipping lanes
used to supply the production facilities. The pristine water
moorings were later redeployed to FAO3R and FAO4R sites in
order to assess noise levels at different locations.

An important issue to consider is the vibration of the mooring
line induced by high current velocities, causing effects such as vortex
induced vibration (VIV), which produces pseudo-noise at lower
frequencies not associated with anthropogenic sources (Strasberg
and Taylor, 1979). Various measures have been taken to reduce the
direct effect of currents on the mooring lines, including the
installation of a protective cover on the hydrophone support
structure and the insulation of the connectors with rubber tape to
reduce vibration.

Deployment and recovery of the mooring lines was performed
by specialized vessels with sufficient deck space to handle
equipment for multiple lines, A-frames and cranes to handle the
deadweight, cables and complete hardware. As the recovery vessel
approached the estimated location of the line in the ocean, it
emitted signals to contact the acoustic release and free the line
from the deadweight. Its top end emerged to the surface due to the
buoyancy of floats installed along the mooring line, allowing it to be
recovered for maintenance, equipment replacement and
data copying.

2.2 Fixed coastal monitoring component

The fixed coastal monitoring component was designed to
measure noise in shallow coastal waters at the entrance to busy
ports and terminals supporting O&G facilities in the Santos Basin.
Autonomous devices programmed to continuously record
underwater acoustic signals were installed at the OS coastal
bottom stations (Table 1). These recorders were equipped with
hydrophones, preamplifiers, and electronics that received and

TABLE 1 Description of measurement equipment used by PMPAS-BS components.

Component Equipment Sampling Sensitivity A/D Resolution
Fixed ocean AMAR-G3™ 64 kHz -165 dB re 1V/uPa 24-bit
Oceanpod™ 48 kHz -165 dB re 1V/uPa 16-bit
Fixed coastal
SAASS™ 48 kHz -165 dB re 1V/uPa 16-bit
Seaglider™ 128 kHz -165 dB re 1V/uPa 24-bit
Mobile
PABLO™ 24 kHz -165 dB re 1V/uPa 24-bit

Frontiers in Marine Science
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TABLE 2 Fixed oceanic monitoring mooring lines FAs and coastal observatories OSs with respective geographical coordinates (decimal degrees),
water depths, operational time intervals and selected sites characteristics.

Latitude Longitude Depth (m) Operation Period Site Reference

Mooring

FAO1 25.5901S 42.6631W 2,199 2017.10.28 - 2021.12.31 Active O&G production

FA02 24.6836S 42.5583W 2,005 2017.10.16 - 2021.12.31 Developing O&G facilities

FAO3 24.8567S 40.8405W 2,830 2017.10.29 - 2020.04.14 Exploratory O&G activity and

navigation routes

FA04 27.4987S 46.7012W 1,109 2017.10.19 - 2021.12.31 O&G activity not present

FA05 24.3557S 43.1134W 1,122 2017.09.24 - 2021.12.31 Navigation Routes

FA06 24.8167S 44.1472W 1,108 2018.12.07 - 2021.12.31 Navigation routes

FAO3R 2422728 41.3051W 2020.04.18 - 2021.12.31 Exploratory O&G activity and
2,200 navigation routes

FAOAR 23.8855S 41.5155W 2020.04.27 - 2021.04.05 Exploratory O&G activity and
1,000 navigation routes

Station

0S1 22.9317S 43.1417W 27 2017.03.14 - 2020.07.22 Guanabara Bay entrance

OS1A 2292328 43.1513W 19 2020.07.22 - 2021.12.31 Guanabara Bay entrance

0s2 23.0665S 44.0860W 23 2017.05.24 - 2019.09.07 East Tlha Grande Bay

OS2R 23.1243S 44.3775W 23 2020.08.19 - 2021.12.31 West Ilha Grande Bay

0s3 23.8729S 45.4570W 24 2017.03.16 - 2020.03.14 Sdo Sebastiao Channel

OS3R 23.0157S 43.1868W 24 2020.03.18 - 2021.01.18 Cagarras Islands Sanctuary

OS3R1 23.0105S 43.1570W 28 2021.01.18 - 2021.08.24 Cagarras Islands Sanctuary

OS3R2 23.0102S 43.1464W 24 2021.08.24 - 2021.11.23 Cagarras Islands Sanctuary

stored underwater acoustic signals from various sources such as
vessels, marine biota, and others. The acoustic recorder was
installed on a tripod attached by a cable to the deadweight of the
marker buoy. In the initial phase of the project, the acoustic
equipment OCEANPOD ™, developed and built by the University
of Siao Paulo (USP), Brazil, was used, later replaced by the
equipment SAASS™ (Portuguese acronym for Sistema
Automatico de Aquisi¢io de Sinais Submarinos), developed and
built by IPqM, both working with a sampling frequency of 48 kHz
and 16-bit resolution with 100% duty cycle (continuous recording).
The instruments used hydrophones with a sensitivity of -165 dB re
1V/uPa. More details on SAASS are provided in (Alves et al., 2018).
Later, acoustic transponders were installed to locate the bottom
equipment without the use of a surface buoy, which would be
exposed to vandalism.

In the first cycle, the installation of three OS was planned. Their
positions are shown in the regional map of Figure 2 and in more
detail in the maps of Figure 3. Their geographical coordinates,
depths, installation periods and reference ports are presented in
Table 2. The coastal station OS1 was installed near the main
shipping channel of Guanabara Bay, the busiest port serving the
offshore platforms. Later, this station was slightly relocated to the
OS1A position. The OS2 station was initially installed at the eastern
entrance of [lha Grande Bay, which has an oil terminal that receives

Frontiers in Marine Science

crude oil and exports refined products. This station was later moved
to position OS2R at the western entrance of the bay. Station OS3
was located at the entrance of the Sdo Sebastido Channel, where
another busy oil terminal is located. This station was later moved to
positions OS3R, OS3R1 and OS3R2 near the Cagarras Islands, a
coastal sanctuary and protected area near the entrance of
Guanabara Bay.

Since the OSs were deployed in shallow water with depths of no
more than 30 meters (Table 2), dive-assisted operations were used
to install and retrieve the equipment from the bottom-mounted
tripods. These maintenance cruises were scheduled at 60-day
intervals to recover data from memory cards and replace batteries.

2.3 Mobile monitoring component

The mobile monitoring component was designed to provide an
extensive and comprehensive coverage of the soundscape in the
Santos Basin, allowing acoustic measurements with equipment
capable of acquiring data in many different regions of the basin,
from the surface down to 1000 meters depth (operational limit of
available equipment). Two types of autonomous equipment were
selected that could move freely once launched into the ocean:
gliders, which could be remotely controlled, and autonomous

frontiersin.org
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FIGURE 3

Detailed maps of the coastal OSs positions in Guanabara Bay and surroundings of the Natural Monument Cagarras Archipelago Islands (A), Ilha
Grande Bay (B), and S&o Sebastido Channel (C). The background color scale indicates water depth.

drifting profilers, whose trajectories were determined solely by the
action of ocean currents (Table 1).

Gliders are Autonomous Underwater Vehicles (AUVs) that are
remotely controlled by satellite when they return to the surface of
the ocean, capable of diving to depths of up to 1,000 meters and
following routes programmed by the user. The SeaGlider ™,
developed by Kongsberg, was used in the first cycle of the
PMPAS-BS, installed with a passive acoustic monitoring (PAM)
system using a hydrophone with a sensitivity of -165 dB re 1V/uPa,
a sampling frequency of 128 kHz and 24-bit resolution. The PAM
remained on throughout the descent, operating continuously and
stopping recording at the end of the descent, and remained off
during the ascent of the instrument, as shown in Figure 4 (left

panel). It also allowed continuous acquisition of oceanographic data
of temperature, conductivity, and depth using a CTD sensor. Upon
reaching the surface, the glider transmitted the navigation
information of the dive and the CTD data via satellite. Due to
satellite restrictions on high volume data traffic, it did not transmit
the raw acoustic data, which remained stored in the equipment.
When the maintenance ship recovered the glider at the end of its
programmed mission (every 30 to 60 days), the raw acoustic data
were retrieved. The gliders were preferably launched near E&P
blocks to better measure their noise levels, but some trajectories
were also planned in areas of low anthropogenic activity to measure
the soundscape of different regions. During the quality control of
the acoustic data acquired by the gliders, it was found that current

GLIDER DIVE CYCLE PROFILER DIVE CYCLE
Om Oom V|
Acoustic Acoustic | 50m
recording recording
descent ascent B 250m
Il 500m
B 750m
Bl 950m
1000m 1000m
FIGURE 4
Schematic view of glider dive (left panel) and profiler dive (right panel) at PMPAS-BS. The gliders were programmed to activate the PAM during the
descent phase and the profilers acquired acoustic data during the ascent phase.
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noise would affect the acoustic signals if the diving speed was too
high (dos Santos et al., 2016). Therefore, it was decided to keep the
dive speed lower than 13 cm/s during the descent phase to improve
the quality of the measured acoustic data.

The acoustic profiling device used was the MetOcean
Telematics Profiling Acoustic Buoyant Lagrangian Observing
system (PABLO™), a disposable Lagrangian ocean drifter
designed to collect acoustic data at discrete depths up to 1,000
meters by controlling its buoyancy and drifting with currents. Its
operation consisted of cycles of descent, submerged drift at a
parking depth, ascent to perform acoustic measurements at five
programmed depths, and transmission of data via Iridium"
satellite communications upon resurfacing. For each acoustic
measurement performed at the selected depths (950 m, 750 m,
500 m, 200 m, and 50 m), as shown in Figure 4 (right panel), the
profiler acquisition system acquired one minute of data. The
equipment itself processed the time series of the acoustic signals
and generated the acoustic parameters and spectra that were
transmitted by satellite at each emersion, but the recordings of
the acoustic signals were not recovered. The PAM system used for
the profilers had a sensitivity of -165 dB re 1V/uPa with a sampling
frequency of 24 kHz and 24-bit resolution.

The profilers were deployed on selected transects in the Santos
Basin on cruises scheduled at three-month intervals. On each cruise,
ten acoustic profilers were deployed and drifted by the action of
oceanic currents. The oceanic circulation in Santos Basin is
dominated by the Brazil Current, which flows southward with its
eddies and meanders close to the continental slope (Bilo et al,
2014). Thus, most of the starting transects were carried out in the
northeastern part of the basin, offshore Cabo Frio and Rio de
Janeiro, in a way that they could be gradually carried southward and
stay as long as possible in the central region of the Santos Basin.

2.4 Acoustic modeling component

Underwater acoustic propagation modeling was planned as the
fourth component of PMPAS-BS (Figure 1). According to Dekeling
et al. (2014a), an efficient acoustic monitoring project requires an
adequate combination between measurements and modeling, as the
use of ocean acoustic noise models can effectively contribute to the
assessment and monitoring of environmental noise. The propagation
models used in acoustic noise estimation are consolidated (Siderius
and Porter, 2008; Etter, 2012). Another important aspect is that
modeling can help to evaluate different contributions to the
underwater soundscape, such as environmental sources (geophony)
and human-driven sources (anthropophony), as presented by ZoBell
et al. (2024). PMPAS-BS developed the Underwater Acoustic
Modeling System (SIMAS in its Portuguese acronym), initially as a
collaborative initiative between IPqM and the Portuguese company
MarSensing (Soares et al., 2015). SIMAS is a computational tool for
predicting the underwater ship-related soundscape, using a model to
simulate acoustic propagation based on the normal mode model
KRAKEN (Porter, 1992). It uses as input data the Automatic
Identification System (AIS) of ships, their acoustic signature,
oceanographic and geophysical data. The normal mode solution
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was used to obtain a 2D representation, considering a stratified
ocean and assuming variation of the medium properties only with
depth and distance. The final 3D representation obtained uses an
Nx2D modeling technique, where the 3D problem is solved using N
radials centered on the source position in 2D mode. The SIMAS
results are maps of ocean noise with a horizontal resolution of 1/6°
generated by anthropogenic sources (ships, platforms, etc.) in the 63
Hz and 125 Hz frequency bands of the 1/3 octave energy spectrum,
with monthly, annual, and seasonal characterization of the
sound level.

Although it is important to present the acoustic modeling as the
fourth component of PMPAS-BS, because it is a strategic part of the
project and uses measured acoustic data for its validation, its
description and results will not be elaborated in this paper, since
our main concern here is the presentation and discussion of the
measurement components. Further details and results of the SIMAS
system are described in De Lima et al. (2020).

2.5 Acoustic signal data processing
and qualification

All the acoustic signals recorded by the equipment of the fixed
oceanic, fixed coastal and mobile components were systematically
processed by PMPAS-BS to generate acoustic parameters defined by
internationally recognized standards (ANSI S1.11, 2004; ANSI/ASA
S1.1, 2013; 1SO-18405, 2017).

The basic methodology was to compute acoustic parameters
and perform data qualification for signal sections extracted from
raw audio signals acquired by the PAM systems (Medwin and Clay,
1998). The Welch method was applied to compute the signal
spectrum (Stoica and Moses, 2005) using one-minute time
intervals segmented with 50% overlap. These one-minute
segments were divided into 120 one-second blocks, and for each
block the 1/3-octave mean square sound pressure level (SPL)
spectrum (dB re 1uPa®) was obtained. These spectra were used to
calculate the 1/3 octave spectra at the 5" 50" (or median) and 95
percentiles, as well as the average spectrum. In this paper, the n™
percentile gives the level that is not exceeded n% of the time, and the
median 1/3 octave spectrum was used to present and discuss the
noise levels. The values of the 50 percentile of the sound pressure
level (SPL50p) in the bands of 63 Hz and 125 Hz presented in this
article were obtained from the median 1/3 octave spectra. For the
data transmitted by the profilers, the acoustic signal processing was
performed internally in the instruments, and the only difference
from the processing steps presented above is that the number of
blocks used to divide each signal minute was 351 blocks in the
profiler processing algorithm. The qualification of the acoustic
profiler data is described by Soares-Filho et al. (2018).

For each minute of acquired data, the PMPAS-BS processing
algorithm submitted the calculated acoustic parameters to a
qualification process before accepting them as valid information
and adding them to the project database. If any 1-minute section
was found to be contaminated by noise from the acquisition system,
such as pump or internal glider motor operation, that section
was discarded.
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During the qualification phase, sections with noise caused by
intense water flow through the PAM system were also discarded.
Flow noise results from the response of the hydrophone to various
types of non-acoustic pressure fluctuations generated by the flow at
the hydrophone surface (Strasberg and Taylor, 1979). This problem
was particularly recurrent for the PAM systems installed at depths
of 50 m and 200 m in the instrumented FA mooring lines, which
were occasionally subjected to intense flow from the Brazil Current,
its eddies and meanders. Literature data confirm this fact, showing
that acoustic measurements are affected by flow noise up to a few
tens of Hertz (Erbe et al, 2015). Figure 5
flow noise affecting the acoustic measurements of mooring line
FA02 from 15/November/2017 to 31/January/2018, when an
intensification of ocean currents occurred at 50 m water depth.

shows an example of

The top panel presents time series of the 50™ percentile of SPL
spectra (dB re 1uPa”) and current velocity (cm/s) for two different
water depths (50 m and 950 m). The middle and bottom panels
show the corresponding spectrograms of the two water levels. It is
clearly observed the high correlation of sound energy and current
velocity during the episodes of intense current velocities at the 50 m
level, and how this directly affects the spectrogram at lower
frequency bands, including the 63 Hz band, which is most used
to monitor the impact of anthropogenic noise. The spectrogram for
950 m water depth does not show the high enhancement at lower
frequencies seen near the surface, because the flow velocities at this
depth remained below 15 cm/s for most of the time. After several
evaluations carried out by the PMPAS-BS data processing team, it

10.3389/fmars.2024.1416590

was concluded that the threshold speed of 13 cm/s would be the
upper limit to consider measurements valid for the PMPAS-BS
objectives of metrological measurements of the influence of
anthropogenic noise on the ocean soundscape. This value is
compatible with the value obtained in the article by (dos Santos
et al., 2016), where flow noise was evaluated for the drift speed
of gliders.

3 Results and discussion

As discussed in the planning phase of the PMPAS-BS, the main
objective of the project was to characterize and quantify the marine
soundscape in a large oceanic region of the western South Atlantic
Ocean, where the Santos Basin is located (Figure 1), and to estimate
the impact of anthropogenic noise sources related to E&P activities.
To this end, the paper will focus on presenting results and
discussing the continuous low-frequency sound measured
according to its components, with emphasis on noise levels
within the 1/3-octave frequency bands at 63 and 125 Hz. These
frequency bands are considered representative of the impact of
anthropogenic sources on the ocean soundscape (Dekeling et al.,
2014a; Haver et al., 2021). This does not mean that measurement
and evaluation of impulsive sound sources are not important for
PMPAS-BS, but that this article intends to present results related to
the continuous low-frequency soundscape acquired during the first
cycle from November 2015 to December 2021.
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Upper panel: Time series of the 50" percentile of the SPL (left scale, dB re 1uPa?) versus current speed (right scale, cm/s) for 50 m and 950 m water
levels at FAO2 location from 15/November/2017 to 31/January/2018. Middle and lower panels: spectrograms of the SPL50p (time on the x-axis and

frequency on the y-axis) for the 50 m and 950 m water depths respectively.
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For the fixed oceanic mooring line (FA) measurements, 136,565
one-minute acoustic windows (18,942.74 hours) were accepted in the
qualification process, measured from September 2017 to December
2021, during which 6 cruise campaigns of FA deployment and retrieval
were conducted. Figure 6 shows comparative box plots of SPL50p of
valid acoustic data from all FAs for the 1/3 octave filter at the
frequencies of 63 Hz and 125 Hz, and the mean values of SPL50p
are presented in Table 3. Comparison of data distributions is
performed using the analysis of variance (ANOVA) method, testing
the null hypothesis that the means of the distributions are equal. The
results of the ANOVA test for each frequency are also shown in
Table 3, and the null hypothesis was rejected at the 5% significance
level. Thus, the averaged 50™ percentiles of SPL for each mooring line
were considered to be significantly different at the specified frequency
bands. Note that the one-way ANOVA test does not consider which
pairs may be considered similar or grouped. For this purpose, the
Tukey and Bonferroni tests (Rice, 2007) were applied, and both
provided results considering data sets with different means at the 5%
significance level. The calculated standard errors of the means, defined
as the standard deviation divided by the square root of the number of
samples, are presented in Table 3.

As observed in Figure 6, the sound pressure levels have slightly
higher values in the 63 Hz frequency band than in the 125 Hz band.
The FA-01 and FA-02 lines, which were installed in regions with
O&G production activities, had higher median values than other
lines. It is important to note that during the planning phase of the
PMPAS-BS, FA-01 was the line closest to the Tupi field, which at
that time had the higher O&G activity in the basin, with a daily
production of 442,300 barrels per day (bpd) in December 2015, and
there was no O&G production in the Buzios field (ANP, 2015).
Gradually, from 2018 to 2021, O&G activity increased in the
northern part of the basin near the location of FA-02, such that
by December 2021, Buzios field had a production of 739,155 bpd
(ANP, 2021). Because O&G activities involve not only the
installation and operation of oil platforms, but also an increased
number of supply and service vessels, these two lines have the
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highest noise levels compared to the others. Lines FA-03 and FA-04
were planned to be located in regions without E&P activities, which
was confirmed by the lowest noise levels of FA-04, but not for FA-
03. During the planning of the FA-03 site, it was not expected that
this site would be exposed to E&P activities of other companies
(such as seismic and environmental surveys) and busy cargo and
tanker routes from the southern tip of Africa and the Indian Ocean
to the ports of Rio de Janeiro and Santos, but the noise levels of FA-
03 were slightly higher than FA-05 and FA-06 lines, which were
installed in sites with higher regional density of ship traffic going to
offshore O&G facilities. The same exposure of FA-03 was also found
at nearby FA-03R and FA-04R sites.

Figure 7 presents the empirical probability density of the median
SPL power spectra (SPL50p) to illustrate the behavior of the SPL 1/3
octave power spectra for the frequency bands from 10 Hz to 10,000
Hz calculated from the acoustic data of the FA-01 line. The empirical
probability density presents the spectra as normalized histograms for
each frequency band, allowing for the statistical distribution of
underwater noise levels across the frequency spectrum (Merchant
etal., 2013). The FA-01 line is the closest station to the Tupi field, the
most productive O&G area in the Santos Basin (ANP, 2021), and is
expected to be exposed to a very noisy environment associated with
anthropogenic sources. The spectra presented were calculated using
data from 09/April/2019 to 13/November/2019 acquired by the PAM
system installed at 50 m below sea level, and the Sth, 25t 50
(median), 75", 95™ percentiles and mean power spectra are also
presented. Only spectra measured during periods of ocean currents
less than 10 cm/s at the recorded depth were selected to avoid
spurious contributions from flow noise in lower frequency bands.
The empirical probability density shows that the energy is
concentrated around the median spectrum. The enhancement in
lower frequency bands (including the 63 Hz target band) is likely due
to vessels passing close to the platforms or other nearby O&G
support activities.

For the fixed coastal stations (OSs), 4,004,727 one-minute
acoustic windows (66,745.5 hours) were accepted in the
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Box plots with comparison of the 50" percentile of SPL (SPL50p, dB re 1uPa?) between FAs for all data in the 1/3 octave filters at frequencies of 63
Hz (green rectangles, left in each pair of rectangles) and 125 Hz (blue rectangles, right).
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TABLE 3 Calculated mean values of SPL50p (dB re 1uPa?) for all FAs in
the 1/3 octave filters at frequencies of 63 Hz and 125 Hz and their
respective standard errors.

Mooring SPL50p 63 Hz SPL50p125 Hz
Line (dB re 1uPa?) (dB re 1uPa?)
(F=102602.04, (F=214818.19,
p=0.0000) p=0.0000)
Mean Std.Error Mean Std.Error
FAOL 101.432 0.0091 97.052 0.0090
FA02 101.646 0.0087 99.238 0.0086
FA03 97.632 0.0090 90.085 0.0089
FA04 91.201 00135 85.098 0.0134
FA05 95.019 0.0104 88.715 0.0103
FA06 95.290 00128 88.902 0.0127
FAO3R 97.563 0.0108 91.264 0.0107
FAO04R 96.816 0.0216 90.671 0.0215

The values of F and p are statistics of the ANOVA test.

qualification process, measured from March 2017 to December
2021, during which 105 cruise campaigns of OS deployment and
retrieval were conducted. Figure 8 shows comparative box plots of
SPL50p of valid acoustic data from all OSs for the 1/3 octave filters
at the frequencies of 63 Hz and 125 Hz. The means of the SPL50p
percentiles are shown in Table 4 with their respective standard
errors. The results of the ANOVA test for each frequency are also
presented and the null hypothesis that the distributions have similar
means was rejected. Data sets for different OS sites were considered
significantly different at the 5% significance level. Both the Tukey
and Bonferroni tests (Rice, 2007) indicated that the data were not
similar or grouped.

For both the 63 Hz and 125 Hz bands, OS1, OS1A, OS3R and
OS3R1 (all located within the boundaries of the Guanabara Bay and

10.3389/fmars.2024.1416590

Cagarras Islands Natural Sanctuary) were the noisiest environments
measured. The high noise levels of OS1 and OSIA were expected,
since they are located near the main shipping channel of the Port of
Rio de Janeiro, but it was surprising that the noise levels of OS3R,
OS3R1 and OS3R2 were as high as those measured at the entrance
of the bay. The probable reason is that the Cagarras Islands are
exposed to a very high level of noise generated by passing ships at
the entrance of the bay, along with the recreational and fishing
vessels that usually stay close to the islands. OS3R1 and OS3R2 were
also deployed near the main shipping lane to the entrance of
Guanabara Bay, which is a very busy lane with commercial,
service, supply and military vessels, tugboats, etc. Observing the
statistics of all OS sites in the 63 Hz band, OS2R is the quietest
station (west entrance of Ilha Grande Bay), followed by OS3 (south
entrance of Sdo Sebastiio Channel) and then OS2 (east entrance of
ITha Grande Bay).

Figure 9 shows the empirical probability density of the median
SPL power spectra (SPL50p) for the noisy shallow-water
observatories OS-3R1 and OS-3R2, which were exposed to heavy
maritime traffic approaching the entrance of Guanabara Bay, as well
as to various nearby vessel activities (fishing, recreational boating,
etc.). The spectra presented were calculated using data from 18/
January/2021 to 23/November/2021, and the Sth, 25th, 50th
(median), 75", 95" percentiles and mean power spectra are also
plotted. The empirical probability density shows a noisy soundscape
with an extensive plateau exceeding 100 dB re 1uPa” for the median
SPL from the 50 Hz to the 794 Hz bands. Compared to the
deepwater site of Figure 7, the median SPL for the FA-01
mooring line exceeds 100 dB re 1uPa® between the 12.5 Hz and
80 Hz bands, indicating that the OS-3R1 and OS-3R2 stations near
the entrance to the Port of Rio de Janeiro are exposed to much
higher low-frequency anthropogenic noise than the FA-01
deepwater site near isolated O&G platforms.

For the mobile component, 310,317 one-minute acoustic
windows (5,172.0 hours) were accepted into the qualification
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FIGURE 7

Empirical probability density of the median SPL power spectra (SPL50p, dB re 1pPa2) calculated from acoustic data of FA-01 mooring line measured
in the time interval of 09/April/2019 to 13/November/2019. Magenta line is the average spectrum. Gray lines from below to above represent the 5%,

25" 50" (median), 75", and 95" percentiles.
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Box plots with comparison between OSs for all data (SPL50p, dB re mPaZ) in the 1/3 octave filters at frequencies of 63 Hz (green rectangles, left in

each pair of rectangles) and 125 Hz (blue rectangles, right).

process, measured by acoustic profilers from November 2015 to
December 2021, with 234 profilers launched in 23 launch cruises, of
which 226 provided data. Of the qualified acoustic windows,
130,065 were conducted within the Santos Basin perimeter
(41.9%) and 180,252 outside the perimeter (58.1%). Glider-
measured data amounted to 247,425 one-minute acoustic
windows (4,123.8 hours) accepted in the qualification process,
recorded from November 2015 to December 2021 with 52 cruise
campaigns of glider launch and recovery. Of the accepted minutes,
242,246 were measured within the Santos Basin (98%) and 5,179
outside the basin (2%).

Acoustic profilers provided the greatest spatial coverage among
the measurement modalities in the Santos Basin due to the large
number of instruments deployed. They covered a large area of the

TABLE 4 Calculated mean values of SPL50p (dB re 1puPa®) for all OSs in
the 1/3 octave filter at frequencies of 63 Hz and 125 Hz and their
respective standard errors.

Station

SPL50p 63 Hz
(dB re 1pPa2)
(F=651,660.21,

SPL50p 125 Hz
(dB re 1pPa2)
(F=460,489.09,

p=0.0000) p=0.0000)
Mean Std.Error Mean Std.Error
0s1 94.642 0.0078 102.480 0.0074
OS1A 99.963 0.0095 106.351 0.0091
OS3R 98.717 0.0118 103.347 0.0113
OS3R1 102.584 0.0147 105.067 0.0140
OS3R2 104.683 0.0225 105.620 0.0215
0s2 88.543 0.0089 95.879 0.0085
OS2R 80.534 0.0096 90.036 0.0091
083 84.414 0.0074 92.490 0.0071

The values of F and p are statistics of the ANOVA test.
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South Atlantic Ocean by drifting freely with the ocean currents, as
shown in the trajectories of 226 profilers in Figure 10 (green dots).
On the continental slope, the instruments moved under the
influence of the western boundary currents (Brazil Current from
the surface to about 400 m depth and Intermediate Countercurrent
between 400 m and 1000 m). On the Sio Paulo Plateau, a region of
the Santos Basin between the isobaths of 2000 and 3000 m depth,
they suffered the effects of oceanic eddies. Their trajectories showed
great spatial variability, allowing them to cover the entire deep
region of the Santos Basin, and after leaving the basin, they
continued their measurements along the southern Brazilian
region. The gliders had more controlled trajectories and were
navigated to stay close to the O&G activities in the Santos Basin.
Figure 10 (red dots) shows the trajectories of the 52 measurement
campaigns carried out with the acoustic gliders in the PMPAS-BS,
covering the period from November 2015 to December 2021.

After qualifying the mobile component data, it was possible to
generate spatial maps with computed acoustic statistics using the
qualified data from both profilers and gliders. Figure 11 shows the
spatial variations of the SPL50p at the frequencies of 63 Hz and 125
Hz of the 1/3 octave spectra, using the data measured at all available
depth levels from the surface to 1000 m. It is clearly observed that
the region with the highest SPL50p values is between 25° S and 26° S
latitude and 42° W and 44° W longitude, due to the higher
concentration of E&P activities. The continental shelf area off the
port of Rio de Janeiro (23.5° S and 43° W) is also noisy due to
vessel traffic.

4 Conclusions

The Santos Basin Underwater Soundscape Monitoring
Project (PMPAS-BS) was responsible for unprecedented passive
underwater acoustic measurements in the southwestern South
Atlantic. A variety of equipment and data acquisition methods
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Empirical probability density of the median SPL power spectra (SPL50p, dB re 1uPa?) calculated from acoustic data of OS-3R1 and OS-3R2 shallow
stations measured in the time interval of 18/January/2021 to 23/November/2021. Magenta line is the average spectrum. Gray lines from below to

above represent the 5™, 25", 50" (median), 75", and 95" percentiles.

were used in a complementary manner to provide a metrological
assessment of the underwater soundscape in the region, focusing on
the contribution from anthropogenic sources.

It is important to note that the southeastern Brazilian
continental margin was already a noisy region of the western
South Atlantic Ocean prior to the start of deepwater O&G
production in the Santos Basin, due to the intense traffic of
commercial, military, fishing, and recreational vessels. The two
main hubs for Brazil’s export and import of goods by sea are
located in this region: Santos and Rio de Janeiro ports. The major
contribution of PMPAS-BS was to propose a series of acoustic
measurements that contributed to the knowledge of the baseline

soundscape of the region, besides monitoring the increase of
underwater noise in areas particularly affected by the growing
O&G activities.

The first cycle of PMPAS-BS consisted of three measurement
components (fixed oceanic, fixed coastal, and mobile instruments)
that started in November 2015 and lasted until December 2021,
along with an underwater acoustic modeling component that is not
discussed in this paper. Based on the results obtained up to the end
of this cycle, each component is considered to have fulfilled its
purpose. A complete picture of the Santos Basin soundscape
emerged, and a scientific basis was established for the future
extension of the monitoring project into its second cycle.

LATITUDE

-49 -48 -47

FIGURE 10
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Trajectory of 226 of 234 profilers released from November 2015 to December 2021 (green dots) and gliders in 52 measurement campaigns from
November 2015 to December 2021 (red dots). Thin black lines represent isobaths at depths of 50 m, 200 m, 1000 m, 2000 m, and 3000 m (depth
indicated by black numbers near the lines). Dotted blue line delimits Santos Basin region.
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Median SPL maps (SPL50p, dB re 1uPa2) of the 1/3 octave filters at 63 Hz (A) and 125 Hz (B) frequencies created using acoustic data measured by
PMPAS-BS mobile component (profilers and gliders) from November 2015 to December 2021. Dotted blue line delimits the Santos Basin region.
Thin black lines represent isobaths for depths, in meters, indicated near the lines. Black crosses show the position of some O&G producing platforms

in the pre-salt region.
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The fixed oceanic component consisted of six deep-water
moorings with attached PAM systems. They were designed to
cover different acoustic scenarios in the basin. The quietest results
were obtained at the southern boundary mooring FA-04, which
measured 91.20 dB re 1uPa® and 85.10 dB re 1uPa® as mean 50™
percentile SPL (SPL50p) in the 63 Hz and 125 Hz frequency bands,
respectively. The loudest levels were measured at the FA-02
mooring line, which had average SPL50p values of 101.65 dB re
1uPa® and 99.24 dB re 1uPa” for these bands. This increase of 10.45
dB at 63 Hz and 14.14 dB at 125 Hz is associated with the highest
exposure of the FA-02 site to O&G activities and associated
marine traffic.

The fixed coastal component was designed with three shallow-
bottom mounted PAM systems. They were planned to measure the
soundscape near the entrance routes of busy ports associated with
O&G activities located in Guanabara Bay, Ilha Grande Bay, and Sao
Sebastido Channel, respectively. Some of them were later relocated
to other sites proposed by the Brazilian environmental agency
IBAMA. The quietest acoustic environment was obtained in the
western part of Ilha Grande Bay, where OS-2R was located, with
mean sound levels around 84.41 dB re 1uPa* and 90.03 dB re 1uPa’
for SPL50p at 63 Hz and 125 Hz frequency bands, respectively. The
noisiest levels were measured at OS-3R2, located outside Guanabara
Bay but close to the main shipping lane, with average values of
104.68 dB re 1uPa* and 105.62 dB re 1uPa® for SPL50p in these
bands. The position of OS-3R2 is exposed to a very high level of
noise generated by all types of vessels transiting the Guanabara Bay
(commercial, service, supply and military vessels, tugboats, etc.), as
well as recreational and fishing vessels that usually stay in the
vicinity of the Cagarras Islands.

The mobile component used acoustic profilers and gliders to
obtain a very comprehensive view of the regional soundscape in the
Santos Basin, which covers an area of approximately 251,000 km?.
They were able to accomplish their mission and allowed PMPAS-BS to
obtain regional SPL maps of the 1/3 octave filters at frequencies of 63
Hz and 125 Hz. Results for other frequency bands were also calculated,
but this paper focuses on the anthropogenic noise contribution using
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these two frequencies as proxies. The results obtained show that the
central deepwater O&G production region, located between geographic
coordinates 24.5° S to 25.5° S and 42.5° W to 43.5° W, had the highest
mean SPL50p values in the 63-Hz and 125-Hz frequency bands, in the
same order of magnitude of 102 dB re 1uPa’ as the results obtained
from the fixed oceanic component.

Based on the experience and results obtained in all the
components of the first cycle of the PMPAS-BS, a second cycle of
the project has been planned with the objective of continuing the
underwater soundscape monitoring project, optimizing its results
by reinforcing the positive points and reevaluating the initiatives
whose objectives were achieved during the first phase of the project,
or which presented operational problems. Based on these premises,
the second cycle will discontinue the use of profilers, considering
that those previously launched have already contributed to the
characterization of the regional soundscape of the Santos Basin.
These profilers also do not permit the recovery of raw acoustic
recordings, which does not allow the reprocessing of audio files or,
eventually, the detection of cetacean vocalizations. The monitoring
strategy using gliders will be expanded from one to three
operational devices, considering the increased reliability of the
operation of these devices, their flexibility for the detection of
cetacean vocalizations and their contribution to the validation of
the results of the numerical modeling of acoustic propagation.
Regarding the acoustic moorings FAs, the number of lines will be
reduced to three in the second cycle, using PAM systems in water
depths less affected by current speeds (500 and 950 m), due to
quality control limitations related to pseudo-noise and other
logistical problems. Considering the fixed coastal component, two
OS will be maintained for the second cycle. In addition to
maintaining one OS at the entrance of Guanabara Bay, a second
one will be used to measure different regions of the continental shelf
of the Santos Basin (up to 100 m), or will be deployed at previously
monitored coastal sites if changes in their anthropogenic activities
are observed. The acoustic modeling component will be continued
to make its results more robust and reliable through validation with
measured data. Our long-term goal is to keep track of ongoing
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global ocean soundscape monitoring initiatives and to follow
international standards and frameworks.

The results presented in this article provide an insight into the
first cycle of the PMPAS-BS. Scientific research and academic work
are being pursued with the data obtained from this project, such as
the temporal evolution of anthropogenic noise, the impact of
specific activities such as seismic surveys, detailed evaluation of
the soundscape in different regions of the basin, increased low- and
mid-frequency noise at the coastal stations associated with fish or
invertebrate choruses, the contribution of wind noise, and other
prospective topics. Its interface with another regional scale
initiative, the PMC-BS project related to the monitoring of
cetaceans in the Santos Basin, is also planned and will be one of
the main scientific contributions of the second cycle of the PMPAS-
BS (Filun et al., 2020; Rossi-Santos et al., 2022).
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