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Passive acoustic data collection has grown exponentially over the past decade resulting in petabytes of data that document our ocean soundscapes. This effort has resulted in two big data challenges: (1) the curation, management, and global dissemination of passive acoustic datasets and (2) efficiently extracting critical information and comparing it to other datasets in the context of ecosystem-based research and management. To address the former, the NOAA National Centers for Environmental Information recently established an archive for passive acoustic data. This fast-growing archive currently contains over 100 TB of passive acoustic audio files mainly collected from stationary recorders throughout waters in the United States. These datasets are documented with standards-based metadata and are freely available to the public. To begin to address the latter, through standardized processing and centralized stewardship and access, we provide a previously unattainable comparison of first order sound level-patterns from archived data collected across three distinctly separate long-term passive acoustic monitoring (PAM) efforts conducted at regional and national scales: NOAA/National Park Service Ocean Noise Reference Station Network, the Atlantic Deepwater Ecosystem Observatory Network, and the Sanctuary Soundscape Monitoring Project. Nine sites were selected from these projects covering the Alaskan Arctic, Northeast and Central Pacific, Gulf of Mexico, Caribbean Sea, and Mid and Northwest Atlantic. Sites could generally be categorized into those strongly influenced by anthropogenic noise (e.g., vessel traffic) and those that were not. Higher sound levels, specifically for lower frequencies (<125 Hz), and proximity to densely populated coastal zones were common characteristics of sites influenced by anthropogenic noise. Conversely, sites with lower overall sound levels and away from dense populations resulted in soundscape patterns influenced by biological sources. Seasonal variability in sound levels across selected decidecade bands was apparent for most sites and often represented changes in the presence or behavior of sound-producing species. This first order examination of levels across projects highlights the utility of these initial metrics to identify patterns that can then be examined in more detail. Finally, to help the PAM community collectively and collaboratively move forward, we propose the next frontier for scalable data stewardship, access, and processing flow.

Keywords: passive acoustic monitoring, soundscape, marine mammal, anthropogenic noise, data management, open access


INTRODUCTION

Sound is important to marine ecosystems and essential to quantify ocean health. Marine mammals, fish, and invertebrates use sound to communicate with each other and navigate their environment (Hazlett and Winn, 1962; Fish and Mowbray, 1970; Watkins and Wartzok, 1985). For many species, reproductive success relies heavily on the ability to hear and be heard (e.g., Lobel, 2002; Au and Hastings, 2008). At the same time, sound from human activity, such as vessel traffic, has increased steadily over the past 70 years (National Research Council, 2003; McDonald et al., 2006; Miksis-Olds and Nichols, 2016). To help understand and monitor how marine animals use sound and the impacts of anthropogenic noise on these communication pathways, scientists throughout the world use passive acoustic monitoring (PAM; Holt et al., 2009; Jensen et al., 2009; Hatch et al., 2012; Nieukirk et al., 2012; Rolland et al., 2012; Houghton et al., 2015; Au and Lammers, 2016; Erbe et al., 2016; Haver et al., 2017; Hawkins and Popper, 2017; Marley et al., 2017; Dunlop, 2019; Howe et al., 2019). Ocean sound has been identified as an Essential Ocean Variable by the Global Ocean Observing System (Tyack and A Partnership for Observation of the Global Oceans International Quiet Ocean Experiment Working Group, 2017). PAM systems record sound in a single location, concurrently at multiple locations (array), or from a moving platform (Mellinger et al., 2007; Au and Lammers, 2016). Instruments are then recovered and analyzed by trained acousticians to extract the desired signal to support research and management applications (Van Parijs et al., 2009; Mooney et al., 2020).

Longer deployment periods through longer battery life and larger compact storage capacity, larger array sizes, higher sampling rates, and integration in new platforms like autonomous vehicles and seafloor observatories have allowed PAM data collection to grow exponentially over the past decade. The result is petabytes of data that document ocean soundscapes. Efficiently extracting this critical information and comparing it to other datasets in the context of ecosystem-based research management is a Big Data challenge that traditional desktop processing methods cannot address (Marx, 2013; Bhadani and Jothimani, 2016). Machine learning and artificial intelligence are increasingly playing a role in research applications for PAM datasets (Shamir et al., 2014; Shiu et al., 2020; Allen et al., 2021). The curation, management, and dissemination of passive acoustic datasets is another Big Data challenge where progress is just beginning.

The National Oceanic and Atmospheric Administration (NOAA) National Centers for Environmental Information (NCEI) have recently established a national archive for passive acoustic data. This archive is designed to steward large volumes of raw acoustic data and enable discovery, query, and accessibility of those data through an ESRI web-based map service (NOAA National Centers for Environmental Information, 2017). Since 2018, NCEI has partnered with Google through the NOAA Big Data Program to provide free and immediate access to archived datasets using google cloud platform (GCP). The archive hosts datasets from the ocean noise reference station network (NRS); Atlantic deepwater ecosystem observatory network (ADEON), and the sanctuary soundscape monitoring project (SanctSound; NOAA OAR Pacific Marine Environmental Laboratory et al., 2014; NOAA Office of National Marine Sanctuaries, and U.S Navy, 2020i; University of New Hampshire, and JASCO Applied Sciences, 2020).

Noise reference station network is a unique national-scale collaborative effort across NOAA Oceanic and Atmospheric Research, national marine fisheries service (NMFS), and national ocean service, and the department of interior national park service (NPS). This project has been collecting consistent and comparable acoustic datasets since 2014 covering all major regions of the United States coasts, from the Arctic to the Tropics (Haver et al., 2018). The objective of this project is to monitor long-term changes and trends in the underwater ambient sound field.

Deployed in 2017, ADEON is a regional-scale array supported by the National Oceanographic Partnership Program (NOPP) involving the Bureau of Ocean Energy Management (BOEM), the Office of Naval Research (ONR), and NOAA to generate long-term measurements of both the natural and human factors contributing to the soundscape of the United States Mid- and South Atlantic Outer Continental Shelf. These data are being used to provide a mechanistic understanding of the cumulative impacts these factors have on marine resources. The goal of this project is to provide data for the greater community in support of efforts that will potentially provide insight for effective ecosystem-based management efforts.

Initiated in 2018, SanctSound represents a collaboration between NOAA and the US Navy along with numerous scientific partners to study sound on a national scale within seven national marine sanctuaries and one marine national monument. The recording locations include waters off Hawai’i and the east and west coasts of the United States. Standardized measurements produced from this effort are being used to assess sounds produced by marine animals, physical processes (e.g., wind and waves) and human activities. Particular attention has been paid to documenting baseline acoustic conditions in sanctuaries.

The NCEI national archive has recently expanded to include datasets from the NOAA NMFS Alaska Fisheries Science Center, Northeast Fisheries Science Center, and Pacific Island Fisheries Science Center. To date, the archive holds over 100 TB of data consisting primarily of audio files along with some derived data products. However, with the generation of derived data products and intended inclusion of the multiple petabytes already collected by NOAA, NPS, and BOEM- and US Navy-funded programs, the archive is positioned to grow exponentially in the coming years.

Standardized soundscape measurement routines and metrics are essential for comparing datasets across large spatio-temporal scales. Best practices, particularly for deriving ambient sound level statistics from long time series data, have been implemented across all three projects (Haver et al., 2018; Heaney et al., 2020; Martin et al., 2021). These practices are driven by established international standards in acoustic terminology [International Organization for Standardization (ISO), 2017; Ainslie et al., 2018]. Recommendations from several international workshops focused on long term trends in ambient sound level measurements have centered on the use of decidecade bands, also known as one-third octaves, with an averaging window of 1 m (International Whaling Commission et al., 2014; Consortium for Ocean Leadership, 2018; International Quiet Ocean Experiment, 2020). These parameters reflect the minimum acceptable resolution, with higher resolution spectral (1 Hz bands) and temporal (1-s averages) parameters desired when feasible. These minimum recommendations balance the amount of information available for comparison with limitations to process and store large datasets (Martin et al., 2021). Recently, a hybrid millidecidecade spectra has been proposed to quantify ambient sound levels (Martin et al., 2021). This new approach has not been applied widely across projects but it could provide a meaningful metric that captures many sources of sound contributing to the soundscape with greater resolution than decidecade, particularly for low frequencies, and offer greater volume compression compared to straight 1 Hz bands. Temporal analysis windows of 1 day to 1 month are noted as the minimum recommendation for establishing long-term (monthly, seasonal, and annual) statistics of the ambient sound levels with desirable analysis windows as short as 1 h (International Quiet Ocean Experiment, 2020). Following these guidelines, the SanctSound project has established hourly decidecade bands created from 1-s observations as one of the standardized metrics calculated across all project sites to enable comparative analysis. Similarly, ADEON has established 1-s decidecade bands as one of the standardized metrics calculated across all the ADEON recording sites.

To leverage existing analyses and community standards, we calculate and compare hourly decidecade ambient sound level measurements of three large-scale, long-term monitoring efforts (NRS, ADEON, and SanctSound) for the first time thanks to the unifying nature of the NCEI passive acoustic archive. While higher resolution metrics, such as 1 Hz bands or millidecades would provide greater information on the contributions of sound for lower frequencies where noise from wind, waves and natural seismic events are recorded, decidecades successfully capture sound levels from human activity and vocalizations of most marine organisms. Notably, this metric produces manageable file sizes to visualize and share. We also lay out the next frontier of passive acoustic data management for scalable data stewardship and access with a focus on community-driven processing tools to help the community more forward collectively and collaboratively.



MATERIALS AND METHODS

The NCEI passive acoustic archive holds metadata, raw audio files, calibration information and, for some deployments, data products (NOAA National Centers for Environmental Information, 2017). Datasets submitted to the archive arrive in a standardized structure and are accompanied by standards-based metadata that describe the location, purpose, data collection methods, and data quality information. This standardization supports a highly automated workflow during which audio files are compressed using FLAC (Free Lossless Audio Codec) and stored on a robotic tape system, and a spatial database is populated with the associated ISO 19115-2 compliant metadata. The archive’s database schema follows Tethys, a system developed as a community standard for representing spatial-temporal passive acoustic metadata (Roch et al., 2013). Datasets are discoverable through the archive’s map viewer where filtering is driven by fields in the database (e.g., sample rate, duty cycle, platform type). The data are also hosted on GCP where they can be accessed immediately compared to the asynchronous requests that the cost-effective tape storage requires. To ensure proper credit back to the original data generators, digital object identifiers (DOIs) are minted for each project. Each DOI provides a permanent citation for future users to include in their publications involving archived datasets. These citations also facilitate tracking the re-use of archived datasets.

Nine stationary recording sites were selected from archived NRS, ADEON, and SanctSound deployments spanning multiple years and depth ranges across the United States (Figure 1 and Table 1).
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FIGURE 1. Recording sites selected from the NCEI passive acoustic archive for analysis across the NRS (green open circles), ADEON (purple open circles), and SanctSound (orange open circles) projects. The red circles represent datasets collected by National Oceanic and Atmospheric Administration (NOAA) Fisheries Science Center monitoring programs.



TABLE 1. Archived deployments selected for analysis.
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Ocean Noise Reference Station Network

Ocean noise reference station network recorders collect data continuously at a sample rate of 5 kHz with a 2 kHz low pass cutoff frequency using calibrated and standardized stationary recorders across 12 locations (see Figure 1, green dots). Archived audio files from the four selected NRS sites were copied from the NCEI GCP bucket to the University of Colorado High Performance Computing (CU HPC) system. The files were calibrated to account for hydrophone sensitivity and frequency-dependent preamplifier gain curves between 10 Hz and 2 kHz specific to each deployment prior to calculating long-term spectral averages (LTSA) with 1 Hz/1 s resolution. Decidecade values were calculated by integrating the 1 Hz/1 s resolution LTSA mean-square pressure decidecade bands for center frequencies ranging from 13 to 1,600 Hz. The result was then calculated per hour using the median for each hourly bin of decidecade values. These analyses were completed using Matlab 2019b (Mathworks, Natick, MA, United States) run on the CU HPC. Martin et al. (2021) provides details on the calculation of decidecade sound pressure level (SPL) bands including Matlab scripts to calculate decidecade values.



Atlantic Deepwater Ecosystem Observatory Network

Atlantic deepwater ecosystem observatory network recorders collect data for 45 min per hour at a sample rate of 8 kHz and 3 min per hour at sample rate of 375 kHz using calibrated (Warren et al., 2018) and standardized stationary recorders across seven locations (see Figure 1, purple dots). Only the 8 kHz data from the selected sites were used in this analysis due to the high temporal coverage compared to the 375 kHz time series. 1-s resolution decidecade bands were calculated as outlined in Martin et al. (2021) with the nominal center frequencies ranging from 10 to 4,000 Hz. This work was completed by ADEON analysts and made available for public distribution (Miksis-Olds and Martin, 2019). These derived products were fed into the CU HPC to calculate hourly decidecade values using the median value in each time block.



Sanctuary Soundscape Monitoring Project

Sanctuary soundscape monitoring project recorders collect data continuously at 48 kHz using calibrated and standardized stationary recorders across 30 locations (see Figure 1, orange dots). Hourly decidecade values were calculated by integrating the pressure spectral density estimates of the mean-square pressure with a 1 Hz/1 s resolution over decidecade bands for nominal center frequencies ranging from 25 to 20,000 Hz for all sites. The result was then calculated per hour as a median over no less than 1,800 1-s values for that hour. This work was completed by SanctSound analysts using Triton–Soundscape Metrics Remora,1 and submitted for archive at NCEI along with the raw audio files (NOAA Office of National Marine Sanctuaries, and U.S Navy, 2020a–2020h).



Analysis

The 10th, 50th, and 90th percentile of each hourly decidecade band was calculated to visualize the amplitude and variation of sound across all sites. Further, the median values for all months in each decidecade band was calculated for each site. Monthly decidecade anomalies were then calculated by subtracting each monthly decidecade median from the median of all months from that site. Values above zero indicate that the sound recorded in that decidecade band during that month was louder than the median of that decidecade band recorded throughout the entire recording period. The anomaly time series allowed for quick and easy identification of seasonal patterns.

Four decidecade bands were selected for comparison across the nine recording sites and three projects based on overlapping frequencies and their applicability to first order examination of biological and anthropogenic sound sources (EU Marine Strategy Framework Directive, 2008). Nominal center frequencies selected were

1. (1) 63 Hz, which includes noise from large vessels and some mysticete vocalizations

2. (2) 125 Hz, which includes sounds from some fish calls and mysticete vocalizations, and vessels

3. (3) 315 Hz, which represents sounds from some fish calls and components of humpback whale vocalizations, vessels, and natural abiotic sound sources

4. (4) 1,600 Hz, which includes natural abiotic sources and vessel noise.

The 63 and 1,600 Hz decidecade monthly median for March and November were compared across the sites to visualize the spatial variability of relative sound levels during a representative spring and fall time period. Due to a lack of recording during November, the fall sound levels are represented by data recorded in October for the Olympic Coast and December for the Hawaiian Islands sites. A non-parametric version of the one-way analysis of variance (Kruskal–Wallis test) was performed on the hourly 63 and 1,600 Hz decidecade values recorded in the spring and fall representative months (March and November unless otherwise noted) to determine whether data from each group have a common mean (Equation 1).
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Where N is the total number of observations (here the hourly median SPL for a decidecade band) across all groups; g is the number of groups; ni is the number of observations in group i; rij is the range (among all observations) of the observation j from group i; ri. is the average range of all observations in group i; r is the average of all the rij.

Using Tukey’s honestly significant difference test (HSD), a matrix of pairwise comparisons of the group means was created from the Kruskal–Wallis results to identify which pairs of group means differed significantly (Equation 2).
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Where Mi – Mj is the difference between the pair of means, MSw is the mean square within, and n is the number in the group. P values less than 0.01 are considered significantly different.

The above analyses were completed using Matlab 2020b (Mathworks, Natick, MA, United States) and spatial maps were created using ArcGIS (ESRI, Redlands, CA, United States).



RESULTS

The nine recording sites selected from the ongoing NRS, ADEON, and SanctSound monitoring projects represent diverse locations and environments throughout the United States exclusive economic zone. Figure 2 illustrates the hourly decidecade SPLs between 25 and 2,000 Hz for the selected sites. The Gulf of Mexico site recorded consistently higher SPL up to 200 Hz (104.1 dB median) compared to the other sites (76.2–94.3 dB median) throughout the recording period. Conversely, the Alaskan Arctic site recorded the lowest median SPL (77.9 dB) compared to the other sites (78.4–97.3 dB) but some variability in amplitude was observed especially below 200 Hz. The American Samoa and Caribbean Sea sites were fairly consistent in the levels recorded, and contained the lowest average standard deviation for the recording period (2.5 and 4 dB, respectively). Similar to the Gulf of Mexico site, the Mid Atlantic, Blake Plateau, Stellwagen Bank, and Olympic Coast sites soundscapes were characterized by high amplitude sounds below 200 Hz throughout the recording period (median SPL below 200 Hz: 92.2, 89.3, 88.4, and 94.3 dB, respectively). The Hawaiian Islands site was marked by an increase in amplitude between 160 and 1,600 Hz at the beginning of 2019.
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FIGURE 2. Temporal coverage of acoustic recordings for the nine sites. Spectrograms depict the sound pressure level (dB re 1 μPa2) of each hourly decidecade band by site. The frequency range is limited from 25 to 2,000 Hz, which reflects the common frequencies across all recordings. *Indicates a shallow water site. Note the y-scale represents decidecade bands and is non-linear.


The 10th, 50th, and 90th percentile spectrum levels for each decidecade band show the most common and least common sounds across for the recording period (Figure 3). This soundscape summary enables ambient sound levels to be compared across sites irrespective of sampling period. The Gulf of Mexico, Olympic Coast, Mid Atlantic, Blake Plateau, and Stellwagen Bank sites contain the highest amplitude for bands less than 250 Hz with peaks at 63 Hz. American Samoa, Alaskan Arctic, Hawaiian Islands, and Caribbean Sea have a different spectral pattern. American Samoa and Alaskan Arctic sites steadily decrease in amplitude with increasing frequency. The Hawaiian Islands site peaks between 200 and 630 Hz and again between 10,000 and 20,000 Hz. The Caribbean Sea site slowly increases in amplitude with increasing frequency but overall remains low compared to the other sites save the Alaskan Arctic, which contains the lowest amplitude of all from 125 to 1,600 Hz.
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FIGURE 3. Median (50th percentile) spectrum levels (line) for each hourly decidecade band by site. Dashed lines indicate a shallow water site (<200 m) while solid lines indicate a mid (>200 and <400 m) or deep (>400 m) water site. The shaded regions represent the 10th (lower) and 90th (upper) percentiles of each decidecade band. Spectrum levels are limited by each site’s sample rate and therefore do not span all frequencies in the x-axis. Note the x-axis shows the decidecade band and is therefore non-linear.


Seasonal variability in the soundscape is depicted in the monthly median anomalies. Figure 4 shows these anomalies for the 63, 125, 315, and 1,600 Hz decidecade bands for all sites where at least 12 months of data were recorded. The Alaskan Arctic recorded higher amplitude sounds from late summer to the fall (August to approximately November) for all four bands with a slight peak in late winter (February to March). Stellwagen Bank also showed a wintertime peak with increased amplitude in February for all four bands and a decrease in amplitude in the summer (May to September). This pattern is most apparent in the 1,600 Hz band. A similar summertime (June to September) trough is apparent for the Blake Plateau site. Interestingly, the Mid Atlantic site, which is closest in geographic proximity to the Blake Plateau site, has the opposite pattern with peaks in amplitude around July especially for the 1,600 Hz band. Although the trend is more muted, the Gulf of Mexico and Caribbean Sea sites also show seasonality in sound levels. The Gulf of Mexico is characterized by higher amplitudes in the late fall/early Spring (October to April) and decreased amplitudes in the summer (May to September) for all bands. The Caribbean Sea was generally lowest in the summer (June to July) and highest in the late summer/fall (August to November) for the 63 Hz and 125 Hz bands. However, the 1,600 Hz band was lowest in the fall (October and November) and varies little after March for the 315 Hz band. All bands showed a peak in amplitude in February.
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FIGURE 4. Monthly median anomalies for the 63, 125, 315, and 1,600 Hz decidecade bands. Lines above zero (gray dotted line) indicate that that month’s median sound level was higher than the median sound level for all months recorded in that band. Lines below zero indicate a lower median sound level for that month compared to the median across all months. Dashed lines indicate a shallow water site while solid lines indicate a mid or deep water site. Data from Hawaiian Islands, Olympic Coast, and American Samoa are not included because the deployments did not span a full 12-month period.


Monthly median anomalies plotted by site for representatives of a shallow water (Caribbean Sea), mid water (Mid Atlantic), and deep water recording location (Gulf of Mexico) further demonstrate the variability in sound levels across the four selected decidecade bands throughout the year (Figure 5). The Caribbean Sea shallow water site and Mid Atlantic mid water site show a less consistent trend in seasonal variability compared to the Gulf of Mexico deep water site. An interesting similarity across all sites and all frequencies is above average SPL in February and below average SPL in May with the only exception being 1,600 Hz decidecade band in the Caribbean Sea where SPL was higher than the site’s overall median in May. This trend is also apparent for Stellwagen Bank, Alaskan Arctic, and Blake Plateau (see Figure 4).
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FIGURE 5. Monthly anomalies at four decidecade bands recorded at a (top) shallow water site, Caribbean Sea; (middle) mid water site, Mid Atlantic, and (bottom) deep water site, Gulf of Mexico. Months where no bar is displayed represent 0 dB difference from the site’s overall median SPL for that decidecade band.


The monthly median for two decidecade bands (63 and 1,600 Hz) were selected to compare SPL across all sites in a spring and fall month (Table 2 and Supplementary Figure 1). Spatially visualizing how these sound levels differ across the sites and seasons helps illustrate the variability of soundscapes throughout the United States (Figure 6). The Alaskan Arctic and Caribbean Sea sites have the lowest SPL for both bands and months followed closely by American Samoa. The Gulf of Mexico, Olympic Coast, Blake Plateau, and Mid Atlantic all contain significantly higher SPL in the 63 Hz band for both spring and fall compared to the 1,600 Hz band (Table 3). Conversely, the Caribbean Sea has a slightly higher SPL for the 1,600 Hz band compared to the 63 Hz but is not significantly different across either frequency or month. The Hawaiian Islands site contains significantly higher SPL for both 63 and 1,600 Hz bands in the spring (March) compared to the fall (December). Stellwagen Bank SPL recorded in the spring are significantly different from SPL at 63 Hz in the fall.


TABLE 2. Monthly median values at 63 and 1,600 Hz decidecade bands for a representative spring (March) and fall (November) month.
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FIGURE 6. Spatial distribution of the monthly median value for 63 and 1,600 Hz decidecade bands for spring (March) and fall (November) across the nine stationary recording sites. Bar height corresponds to SPL (dB re 1 μPa2).



TABLE 3. Matrix of Tukey HSD results comparing mean SPLs for all sites in the 63 Hz (63) and 1,600 Hz (1,600) decidecade bands recorded in March (Spring) or November (Fall).
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DISCUSSION

Through standardized processing and centralized stewardship and access, we provide a previously unattainable comparison of first order sound level-patterns across three distinctly separate long-term PAM efforts. The analysis completed here is not intended to be exhaustive and many further investigations into daily and lunar patterns including oceanographic conditions as well as narrow-band frequencies could provide further insight into understanding each site’s soundscape. High frequency sounds (>2 kHz) from song, whistles, and clicks that various species of marine mammals produce were largely excluded from this analysis because cross project comparisons were limited to 1,600 Hz. The reader may still have questions about what species or activity contributes to the sounds presented here. It is this continued curiosity and drive for more data, more detail, and more answers that we aim to ignite.

Collective efforts to enhance data management support the examination of soundscape trends across a longer time period and broader scale than the individual research projects alone. First order examination of levels across several projects highlights the utility of these initial metrics for identifying patterns that can then be examined in more detail, and with further analytical approaches (McKenna et al., unpublished data). For example, lower frequency measurements can be used to preliminarily categorize recorders as more or less influenced by vessel traffic. Sites strongly influenced by vessel traffic are likely to contain higher SPL values overall as well as peak below 100 Hz. These characteristics are reflected in the Gulf of Mexico, Olympic Coast, Mid Atlantic, Blake Plateau, and Stellwagen Bank sites. The Gulf of Mexico, Mid Atlantic and Blake Plateau are mid or deep water sites where sound travels farther, especially low frequency sounds like the 63 Hz decidecade band that best captures large vessel noise (Wenz, 1972; EU Marine Strategy Framework Directive, 2008). The Olympic Coast and Stellwagen Bank sites are located in shallow water but are close to shipping lanes or densely populated coastal zones where vessel activity is higher (Hatch et al., 2008; Haver et al., 2018). Extensive contribution of low frequency sound (<200 Hz) from large commercial vessels has been documented at the Stellwagen Bank National Marine Sanctuary (Hatch et al., 2008). As a result of these noise levels, the communication space of marine animals, and efficacy of communication between them, has been reduced (Hatch et al., 2012; Redfern et al., 2017; Putland et al., 2018). In addition to vessel activity, the Gulf of Mexico and Mid Atlantic Ocean are also impacted by regional or ocean-basin scale seismic airgun activity, which contributes significantly to the low frequency SPL (Nieukirk et al., 2004, 2012; Haver et al., 2017, 2018). Low frequency sounds from biological sources, namely fish, have been documented within the Gulf of Mexico and Mid Atlantic including Blake Plateau, however, these sounds are typically recorded at shallower depths (<100 m) (e.g., Mann and Grothues, 2009; Wall et al., 2013, 2017) and unlikely to contribute strongly at these deep water recording locations.

The sites predicted here to be less strongly influenced by vessel traffic contain lower SPL values overall and do not peak around 63 Hz. These characteristics are reflected in the American Samoa, Caribbean Sea, Hawaiian Islands, and Alaskan Arctic sites. Of these sites, the Alaskan Arctic is the only one located in deep water. Due to the site’s remote location, far traveling low frequency noise from vessels is not a significant component of this soundscape. Sea ice coverage, seismic airgun activity, and sounds from bowhead and beluga whales, and bearded seals contribute to a seasonal trend at these frequencies (Haver et al., 2018; Stafford et al., 2018).

The remaining sites are located in shallow water where low frequency sounds tend to not propagate as well and are in areas away from dense populations. Here sound from biological sources is predicted to contribute the most to the soundscape. For example, the peaks in SPL at 315 and 630 Hz decidecade bands from February to March at the Hawaiian Islands site likely reflect the nearly continuous vocalizations from humpback whales who arrive during this time to breed (Au et al., 2000; Lammers et al., 2011; Kügler et al., 2020). The American Samoa and Caribbean Sea site soundscapes were likely influenced by fish and invertebrates in addition to humpback whales (Kaplan et al., 2015; Haver et al., 2018, 2019; Lillis and Mooney, 2018). Snapping shrimp are frequently the most ubiquitous sound in coral reef environments, influenced largely by light levels where day light and lunar phase change snapping activity and therefore tend to impact the overall SPL of the environment, especially for high frequencies (>2 kHz) (Staaterman et al., 2014; Lillis and Mooney, 2018). There are many species of soniferous fish found on coral reefs with groupers being some of the most common, especially in the Caribbean Sea (Lobel et al., 2010; Staaterman et al., 2013; Rowell et al., 2015). Groupers produce low frequency sounds (<500 Hz) related to spawning activity generally in the late winter to late spring though this will vary based on the individual species (Schärer et al., 2012; Rowell et al., 2015). The increase in SPL observed in December through February at the Caribbean Sea site for both the 125 and 315 Hz band in addition to the consistent monthly pattern that these bands share suggests that sound production from fish, possibly in part by spawning grouper, is contributing to this site’s soundscape. The soundscape of the American Samoa site is likely influenced by coral reef fish (e.g., Pomacentridae), snapping shrimp and humpback whales. All are well documented sound producers in the North Pacific (Mann and Lobel, 1998; Munger et al., 2012; Zang et al., 2016; Kaplan et al., 2018; Allen et al., 2021).


Next Steps for Global Passive Acoustic Data Management

Understanding long-term trends and changes to our ocean soundscape is a key objective of the three projects highlighted here but is also undertaken globally and has recently been reported on specifically in the context of increased anthropogenic noise (Duarte et al., 2021). Centralized repositories or at a minimum centralized access to data collections enables new analyses that can be used to answer new scientific questions. Therefore, supporting cyberinfrastructure to steward large volumes of passive acoustic data and connect datasets in a federated system as well as scale to meet the ever-increasing volumes of data being collected is needed. This approach will facilitate research on global and decadal scales, and will match the scales at which many signals of interest are happening.

Beyond NCEI, additional efforts to manage PAM data within the United States and internationally are ramping up. Axiom Data Science, through partnerships for data services with NOAA integrated ocean observing system (IOOS) and industry partners, is beginning to curate and create data management infrastructures for large PAM datasets to support several IOOS Regional Associations and a large JASCO Applied Sciences dataset from the Chukchi Sea. Internationally, government agencies, universities and non-governmental organizations are establishing regional to national-scale solutions for managing, curating, archiving, and collectively analyzing PAM data. Several regional-scale ocean PAM projects have been funded by the European Union in support of the Marine Strategy Framework Directive, which has necessitated advancing regional-scale repositories. The International Quiet Ocean Experiment’s Data Office at the Alfred Wegener Institute in Germany is developing management and access to data from the Perennial Acoustic Observatory in the Antarctic Ocean-Real-Time Eavesdropping on the Antarctic Underwater Soundscape (or PALAOA) project and is developing the Open Portal to Underwater Soundscapes, which will encompass PAM audio data and spectral files from a broader group of monitoring projects. Oceans Network Canada has an extensive collection of passive acoustic data collected throughout its cabled observatories in the Arctic, Atlantic and Pacific Ocean. Data are made accessible to the public through their search page, which includes spectrograms of the recordings and the ability to request the data in a range of formats.

Applications for sound time-series data products range from outreach-focused public interests to natural resource and environmental compliance applications to innovative scientific research endeavors. Connection to complimentary datasets such as the Animal Telemetry Network (ATN) offer clear synergies that could be linked to provide additional exploratory and explanatory opportunities (Block et al., 2016; Taylor et al., 2017). The need, therefore, is to promote the use of centralized assets where appropriate, leverage what has already been built toward a larger group of stakeholders and coordinate further development opportunities to avoid duplication and divergent products.

In addition to centralized data access, there is a need for standardized processing routines and standardized sound level metrics available to the community to support cross-project comparisons and enable analyses to rapidly produce answers to new or previously unimaginable questions like how does the soundscape change during a global pandemic (Lecocq et al., 2020; Thomson and Barclay, 2020; Tyack et al., 2021). The international community has recommended metrics to quantify ambient noise and some groups have started to make their processing scripts available to the public. Centralized access to high quality scripts [e.g., Manta2; Triton3; PamGuide (Merchant et al., 2015)] will allow the community to easily implement those standards. Further, open source, cloud-friendly processing routines will enable scientists to bring the processing to the data, which are increasingly being made available on cloud platforms. An exemplary scenario would be Jupyter notebooks, an interactive, open-source, web-based computational tool, located in a publicly accessible github repository that create calibrated 1-s decidecade (or hybrid millidecidecade) bands from cloud-hosted raw audio files that are cost-effectively executed in a cloud environment. Further, it would be beneficial to make the results of that processing accessible for further research endeavors.

Although a single, centralized repository for both raw acoustic data and resulting data products containing all United States PAM data collections is not an attainable or even reasonable goal, bioacoustic research and management would benefit greatly from federated repositories that leverage common cyberinfrastructure components and data management approaches. Interest in assessing trends in underwater sound variables and relating them to possible changes in animal behavior, physiology, or biodiversity at regional, national, and global scales has been heightened during the COVID pandemic due to the resulting global reduction of vessel traffic and ocean activities. Therefore, we recommend establishing cyberinfrastructure encompassing federated repositories that can scale to the nation’s wealth and diversity of PAM data. This cyberinfrastructure would include best practices for standardized data processing and technology to implement that processing to promote sustainable access for management and scientific applications.
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NRS

ADEON

Deploy ID  Location Instrument Depth
(Bottom Depth)

NRSO1 Alaskan Arctic  Deep water: 500 m

(1,000 m)
NRS06 Gulf of Mexico  Deep water: 900 m
(1,230 m)
NRS10 American Samoa Shallow water: 33 m
(33 m)
NRS12 Caribbean Sea Shallow water: 40 m
(40 m)
BLE Blake Plateau  Deep water: 872 m
(872 m)
VAC Mid Atlantic Mid water: 212 m
(212 m)
SanctSound HIOT  Hawaiin Islands  Shallow water: 64 m
(67 m)
0OC02 Olympic Coast  Shallow water: 90 m
(94 m)
SBO1  Stellwagen Bank Shallow water: 47 m
(50 m)

Sample Rate
(kHz)/Duty Cycle

5/Continuous

5/Continuous

5/Continuous

5/Continuous

8/45 minh~"

8/45 min h~!
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Instrument

Type
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AUH

AUH

AUH

AMAR

AMAR

2014 2015 2016 2017 2018 2019

29-Nov 16-Nov

22-Nov e 07-Jul

SoundTrap 500 -

SoundTrap 500

SoundTrap 300 -

The table has project name, deployment ID, recording site location, instrument and bottom depth, sample rate and duty cycle, instrument type, and time period in
which data are available. Instrument depth is categorized as shallow (<200 m), mid (>200 to <400 m), or deep (>400 m). All instruments are stationary, archival, single
hydrophone systems where AUH is autonomous underwater hydrophone and AMAR is autonomous multichannel acoustic recorder.

Recording or data quality gaps:
*August 15 to October 16, 2015.
*March 15 to April 12, 2016.
***January 21 to June 20, 2018.
“***April 2 to April 10, 2019.
+April 24 to Jully 11, 2019.

The colors indicate the associated project. NRS = green, ADEON = Purple, SanctSound = Orange. This is consistent with the color theme in Figure 1.
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Location 63 Hz 1,600 Hz N 63 Hz 1,600 Hz N
Shallow water American Samoa 82.9 (1.8) 83.3 (1.5) 720 84.4 (2.4) 84.4 (1.8) 720
Caribbean Sea 774 (5.6) 774 3.3) 744 774 (5.5) 76.8 3.0) 696
Hawaiian Islands 81.8 2.9 87.3 4.3) 730 76.8 3.5) 77.2% 4.3) 744
Olympic Coast 100.4 (7.0) 89.8 ©6.1) 556 98.7 (7.6) 88.8™ (5.6) 715
Stellwagen Bank 91.3 (5.3) 92.3 3.9) 744 88.9 (4.4) 91.8 3.0) 437
Mid Mid Atlantic 97.3 (5.5) 91.0 4.2) 744 96.0 (5.9) 90.6 @) 916
Deep Water Alaskan Arctic 81.8 5.9 71.4 (5.5) 2,184 75.3 @.7) 71.9 (5.0) 2,123
Blake Plateau 92.8 (4.5) 85.4 6.8) 1,488 92.1 (4.4) 85.0 8.1) 1,122
Gulf of Mexico 106.0 3.6) 88.0 (5.5) 1,985 105.6 4.2 88.9 (5.0) 2,866

Units are dB re 1 wPa2. The standard deviation of each month is in the parenthesis. N represents the number of hours of data used to calculate the monthly median.
*Fall is represented by sounds recorded in December.
**Fall is represented by sounds recorded in October.
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same variable in the x and y axis (e.g., American Samoa Spring 63 vs American Samoa Spring 63) or the result would be a duplication (e.g., American Samoa Spring 1,600 vs American Samoa Spring 63 where the
result is already shown under American Samoa Spring 63 vs American Samoa Spring 1,600).
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