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A current- and pressure-recording inverted echo sounder (CPIES) placed on the sea floor monitors aspects of the physical ocean environment for periods of months to years. Until recently, acoustic telemetry of daily-processed data was the existing method for data acquisition from CPIES without full instrument recovery. However, this approach, which requires positioning a ship at the mooring site and operator time, is expensive and time-consuming. Here, we introduce a new method of obtaining data remotely from CPIES using a popup-data-shuttle (PDS), which enables straightforward data acquisition without a ship. The PDS data subsampled from CPIES has 30–60 min temporal resolution. The PDS has a scheduled pop-up-type release system, so each data pod floats to the sea surface at a user-specified date and relays the recorded data via the Iridium satellite system. We demonstrated the capability of an array of PDS-CPIES via two successful field experiments in the Arctic Ocean. The data acquired through the PDS were in agreement with the fully recovered datasets. An example of the data retrieved from the PDS shows that time-varying signals of tides and high-frequency internal waves were well captured. GPS-tracked trajectories of the PDS floating free at the sea surface can provide insights into ice drift or ocean surface currents. This PDS technology provides an alternative method for remote deep-ocean mooring data acquisition.
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INTRODUCTION

Deep-sea mooring, an Eulerian method, is typically used to measure oceanic variables at a fixed location. A pressure-recording inverted echo sounder (PIES) or PIES with a current sensor (CPIES), installed on the sea floor, is a well-established and highly reliable tool for long-term monitoring of large-scale ocean flows and has been successfully used in the world’s oceans (Sun and Watts, 2001; Watts et al., 2001b; Book et al., 2002; Zhu et al., 2003; Park et al., 2005; Andres et al., 2008, 2015; Donohue et al., 2010). The CPIES measures the current 50 m above the bottom, as well as bottom pressure and round-trip acoustic travel time from the sea floor to the sea surface (τ).

The PIES or CPIES-measured variables have been used to investigate oceanic barotropic and baroclinic variabilities. For example, in low- and mid-latitude oceans, acoustic travel time has been used to estimate, with remarkable accuracy, time-varying vertical profiles of temperature (Watts and Rossby, 1977; Watts et al., 2001a; Park et al., 2005) and geopotential height (Chiswell et al., 1988; Baker-Yeboah et al., 2009; Park et al., 2012; Behnisch et al., 2013; Donohue et al., 2016; Jeon et al., 2018; Andres et al., 2020). Moreover, a recent field experiment in Sermilik Fjord in Greenland showed the possibility of detecting ice thickness variations using τ (Andres et al., 2015). Observations of bottom pressure conveys a variety of information such as tides, barotropic responses to wind forcing (Park and Watts, 2005b, 2006a; Na et al., 2012, 2016; Zhao et al., 2017; Zheng et al., 2020), and gravity anomalies at the sea bottom (Park et al., 2008). A two-dimensional array of appropriately spaced CPIES can enable the visualization of two- or three-dimensional structures of geostrophic currents and eddies (Tracey et al., 1997; Meinen, 2001; Mitchell et al., 2005; Park et al., 2005; Donohue et al., 2010; Na et al., 2014; Zhao et al., 2020) as well as linear and nonlinear internal wave fields (Park and Watts, 2005a, 2006b; Alford et al., 2015; Zhao et al., 2018; Ramp et al., 2019). Current records allow the investigation of abyssal currents and waves in the deep ocean (Watts et al., 2001b; Park and Watts, 2005a; Park et al., 2010), and bottom pressures and deep currents can both provide referencing to make velocity profiles absolute.

The PIES or CPIES can carry out measurements in the range of approximately 500–6,700 m water depths from periods of months up to 5 years, depending on the measurement schedule and the depth (Donohue et al., 2010). For data acquisition without full instrument recovery, an existing method is acoustic telemetry of in situ processed data, which involves onsite ship surveys (e.g., Chaplin, 1990). That approach requires ship and operator times, skilled techniques, laborious tasks, and substantial costs and thus is costly and time-consuming. As an alternative approach, the University of Rhode Island (URI) has newly developed a cost- and time-effective advanced remote data acquisition method using pop-up data shuttle (PDS) capability (Figure 1). Here, we introduce this PDS system and present its performance through two field experiments conducted in 2017 and 2018 in the western Arctic Ocean. The methodology and economic benefits of the PDS data acquisition system are described, and illustrations are given of the scientific data and broadened applications.
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FIGURE 1. (A) Assembled PDS-CPIES on RV Araon. (B) Concept of PDS operation. (C) Concept of subsea wireless link using magnetic field between CPIES and PDS (selected from PDS manual). PDS, pop-up data shuttle; CPIES, current- and pressure-recording inverted echo sounder.




POP-UP DATA SHUTTLE CURRENT- AND PRESSURE-RECORDING INVERTED ECHO SOUNDER (PDS-CPIES) FIELD EXPERIMENTS IN THE ARCTIC OCEAN


PDS

The PDS is an add-on device designed for use with PIES or CPIES to retrieve the data remotely (Figure 1A) with a deployment capability of 7,000 m in depth and 4 years in maximum time (deployment capability of PIES or CPIES is 6,700 m in depth and 5 years in maximum time). The PDS using alkaline batteries has no measurement sensors of its own but receives the hourly data broadcast from the PIES or CPIES and floats to the sea surface at a time programmed by the user. Once on the surface, the PDS transmits the recorded data via the Iridium satellite constellation to an email server ashore (Figure 1B). At the sea floor, the PIES or CPIES and a cluster of PDS capsules within a short-range (<2 m) are linked wirelessly through a magnetic field (Figure 1C, copied from the Popeye Data Shuttle User’s Manual, 2021). Data are broadcast from the PIES or CPIES to all PDS capsules within range as time-delay encoded amplitude modulations of the magnetic field. The PIES or CPIES generates a magnetic field by driving a series-tuned ferrite-coil antenna that is mounted inside the PIES or CPIES glass housing. Each PDS capsule is equipped with a magnetic field detector to convert the amplitude modulations of the field into digital signals. For high-quality response, broadcast and receiving antennas are designed as narrow-band pairs, optimizing error-free reception. The received signals at each PDS are decoded and logged to a memory card. For robust performance in ocean environments, the communication is one-way (from PIES or CPIES to PDS) that includes checksum error detection. If an error is detected by the PDS, the received data will still be logged but flagged as failing the checksum validation. This allows the PDS system, which includes the broadcast hardware in the PIES or CPIES and the PDS itself, to be simple (inexpensive and expendable) yet highly reliable. Each PDS has a burn-wire release system that is activated when PDS system time matches the user programmed release time. In addition, the PDS has an Iridium Short Burst Data (SBD) modem to transmit the data to the Iridium satellite constellation and a GPS receiver. Once on the surface, the PDS can be commanded via the Iridium connection to acquire and transmit GPS positions at selected intervals ranging from several minutes up to a week.



Field Experiments

Two field experiments using PDS-CPIES were conducted from 2017/2018 through 2020 in the western Arctic Ocean to monitor heat content changes over the water column, sea-ice thickness, and internal wave activity. These experiments facilitated scientific data capture and PDS performance analysis in extreme circumstances. A total of six sets of PDS-CPIES were deployed in the Arctic Ocean: AES1–AES3 in the Northwind Abyssal Plain (NAP) in August 2017 and AES4–AES6 on the Chukchi shelf slope of the Canada Basin in September 2018 (Figure 2A). All CPIES were deployed with either 3 or 4 PDS. The earliest scheduled release of PDS was ∼1 month after the deployment to confirm the capability of PDS and CPIES operation and to be free from the interference of freezing sea-ice in October. Other PDSs were programmed to release after 1 or 2 years to obtain long-term data. The PDS release schedules are indicated in Figure 2B with gray triangles. One recovery cruise with the icebreaker RV Araon occurred in late August 2020, during which all six CPIES were successfully recovered, along with full data records.
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FIGURE 2. (A) Location of PDS-CPIES deployment in the western Arctic Ocean. Blue and magenta circles indicate locations in 2017 and 2018, respectively. Background colors indicate bathymetry every 100 m. NAP: Northwind Abyssal Plain. (B) Timeline of CPIES observation and PDS operation time. Gray and green lines indicate the duration of CPIES observation and retrieved data period through PDS, respectively. Thin green lines indicate the retrieved data period through individual PDSs. Triangles indicate PDS-related information; gray triangles are the scheduled PDS release time, whereas inverted blue (and cyan) triangles indicate on-time PDS release with success (and failure) of remote data retrieval. Inverted yellow (and red) triangles indicate the failure of on-time release of PDS with early release (and no signals). Substantial system-upgrades addressed problems observed with the 2017 deployment, producing much better performance in 2018.


The measurement settings of the deployed CPIES are as follows: τ measured 96 pings per hour with an accuracy of 0.05 ms, whereas the current and bottom pressure values were measured every 30 min. The Aanderaa Doppler current-meter (ZPulse model 4930 DW; Aanderaa Data Instruments, Bergen, Norway) has a speed range of 0–300 cm s–1 in a detected direction. The pressure sensor was a Paroscientific Digiquartz model 410K-101 with an accuracy of ±0.01% FS and 0.001 dbar (Paroscientific, Inc., Redmond Washington). The obtained PDS data consisted of hourly τ (1st quartile value after windowing outliers) and 30-min-interval current and bottom pressure readings.



PERFORMANCE OF THE PDS SYSTEM


PDS Release System


First Deployments in 2017

A total of 12 Model 3F PDSs were deployed during the first (i.e., 2017) experiment (Figure 2B) after successful prelaunch tests. The PDS includes a feature that it will start the release process if it does not receive valid data from the host CPIES for six successive hours. This feature affected 6 of the 2017 deployed PDSs (inverted yellow triangles in Figure 2B): four popped up within 3 days of the deployment and two additional PDSs were released within 30 days of deployment, hence 6 of 12 were much earlier than programmed. In addition, two PDSs on AES2 did not send any signals even after the time of the CPIES recovery (inverted red triangles). Four PDSs released on time (inverted blue and cyan triangles), and we remotely acquired the CPIES-transmitted data from three of those. The fourth PDS had system reset issues on the surface and no useful data were recovered. The data are transmitted Last In First Out (LIFO). When the PDS resets, the file pointer is lost and the PDS repeats data previously transmitted. A command was transmitted to the PDS via Iridium to stop further data transmission. Due to the problems of communication between the CPIES and PDSs at depth and subsequent early release in the first (i.e., 2017) experiment, technical issues were identified and addressed by upgrading firmware and hardware on both the PDS and the transmitting hardware mounted inside of the CPIES.



Second Deployments in 2018

After the firmware and hardware modifications of the PDS-CPIES, an array of three PDS-CPIES with a total of 11 Model 3G PDSs were deployed during the second (i.e., 2018) experiment (Figure 2B). All PDSs released as scheduled, although one PDS did not successfully send its data due to repeated resets on the sea surface. Based on the results of the two experiments, the PDS system has been further improved for robustness and reliability.



Data Transmission and Acquisition

To examine the data transmission performance from CPIES to the email server ashore, we calculated the data acquisition rate through comparison of the internally saved data in CPIES (after recovery and processed as described in Kennelly et al., 2007) and the remotely retrieved data (via PDS). Bottom pressure and current time series were used for this comparison, because although τ was properly recorded in the CPIES, the internal processing of τ for transmittal to the PDS was only done correctly in the 2018 experiment. Figure 3A presents the averaged data acquisition rates in the first and second experiments. For this calculation, we selected the PDSs that released as programmed and for which data were recovered (blue triangles in Figure 2); thus, 3 and 10 sets of PDS datasets were used in the first and second experiments, respectively. The acquisition rates were higher than 99.9% (99.94 and 99.98% in the first and second experiments, respectively). Prior to CPIES recovery, users also can confirm the success or failure of data transmission from CPIES to PDS using the recorded checksum flag. Figure 3B shows the average percentage of good versus bad data in the PDS time series. The percentage good data was 99.7% (99.4% in minimum) and 99.9% in first and second experiments, respectively. The acquisition rate and percentage of suitable τ data reached 99.9% in the 2018 experiment as in the pressure and current data. These demonstrate that the process of data transmission from CPIES to the email server ashore worked well.
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FIGURE 3. (A) Data acquisition rate calculated through the comparison of internally saved and remotely retrieved data. (B) Percentage of good versus bad data in remotely retrieved dataset.




Example of Remotely Acquired Data Using PDS

The existing method in the PIES or CPIES using in situ shipboard acoustic pulse delay telemetry (PDT) provides processed daily values; however, data acquired from the PDS consist of hourly τ and 30-min-interval single-depth current and bottom pressure values. Figure 4 shows an example time series of all variables at the AES4 site of second experiment for the period of October 9–22, 2019 (14 days). The 14-day-long example highlights the hour-to-day variabilities which would be averaged out using daily processed data in the previously existing shipboard PDT method.
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FIGURE 4. Example of time series acquired from PDS at site AES4. (A) Bottom pressure, (B) τ, and (C) zonal and meridional velocities for the 14-day period of October 9–22, 2019.


Tide-induced variation was predominant in the bottom pressure time series (Figure 4A). Semidiurnal and diurnal tides were dominant; hence, mixed tidal cycle and diurnal inequality were seen in the time series. The τ in polar oceans can be affected by changes in temperature, salinity, sea surface height, and sea-ice thickness; hence, the obtained τ values showed many fluctuations at various time scales (Figure 4B). Overall, changes larger than 0.0015 s were rare in the τ records, yet a notable ∼0.002 s early echo was observed on October 19, probably due to the ∼1.5-m thickness of sea-ice, in that, 0.75-m sea-ice thickness is known to cause a 1-ms early echo time in τ. We may guess the size of sea-ice with the early echo signal under following simple assumptions. If the sea-ice moves with a speed of 0.05–0.1 m s–1 on average in the same direction for 16 h and the shape is close to a circle, the diameter reaches roughly 2.9–5.8 km; and thus, this floating ice is indeed hard to be resolved in current satellite-based products such as daily sea-ice products with 25-km (e.g., Cavalieri et al., 1996; Brodzik and Stewart, 2016) and 4-km (Fetterer et al., 2015) spatial resolutions. The near-bottom zonal and meridional velocities showed highly fluctuating patterns (Figure 4C). The average current speed was 0.027 m s–1, although sometimes it reached ∼0.1 m s–1. Another notable feature is a periodicity of the current from October 13 through 20, i.e., a 30–50-h period. This motion may have been caused by bottom-trapped topographic Rossby waves that existed in regions of abrupt bathymetric change at these latitudes of the Arctic Ocean (Ku et al., 2020).



Location Reporting System

The PDS, once adrift on the sea surface, transmitted its location regularly. The initial setting of the location reporting was once per day. Two PDS trajectories released at AES4 are plotted in Figure 5; one for September 24, 2018 (1st PDS) and the other for August 1, 2020 (3rd PDS). The 2nd PDS from site AES4 failed to report location. Based on the reported locations, including the error range of the longitude and latitude, we omitted erroneous values (∼5% in total).
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FIGURE 5. Two PDS trajectories released at AES4 site on September 24, 2018 (1st PDS) and August 1, 2020 (3rd PDS). White line indicates the 1st PDS trajectory with the green, magenta, and cyan dots along the line denoting daily locations in the years 2018–2020, respectively. Black line indicates the 3rd PDS trajectory with the white and red dots along the line denoting locations every day and 6 h, respectively. Note that bad locations (∼5%) are not shown. Yellow (AES4) and blue (AES 1–3, 5, 6) dots indicate CPIES sites as in Figure 2. Dots at certain locations with mm/dd or mm/dd/yyyy date designations mark the PDS positions at 00 h GMT on those dates.


The 1st PDS moved to the east initially and switched its direction to the north on September 29, 2018. It drifted to the north continuously, and the last signal of 2018 was reported on December 19. It resumed its location reporting on January 18, 2019 but was lost again on January 30 and had no more reports in 2019. The PDS resumed its location reporting on January 18, 2020, in the Canada Basin, and the final signal was on October 9, 2020. The location signals were intermittent between October 19, 2018 and August 29, 2020, presumably due to interference or confinement by the sea-ice. Nevertheless, the 1st PDS endured longer than 2 years in the extreme circumstances of the Arctic Ocean, thus demonstrating its durability and usability.

The 3rd PDS drifted to the northwest for ∼30 days and then moved north/northeastward after wandering. The PDS has an antenna enabling two-way communication with the Iridium satellite; hence, we could control the data transmission and the time interval of location reporting. We switched the time interval to 6 h on August 8, 2020 as indicated by red dots along the black solid line in Figure 5. The temporally high-resolution PDS trajectory, to a certain extent, can provide some insights into ice drift or ocean surface current.



Economic Benefits of PDS System

Here we compare the economic costs for remote data acquisition between the new (PDS) and the existing (acoustic telemetry) methods (Figure 6). The existing method requires approximately 14,500 USD for one-site ship operation for navigation from one site to another and for data recovery using acoustic telemetry. Note that this is a minimal assumption that the ship is already operating in the area, avoiding long transit costs to and from the site. The ship cost estimation is based on the Korean icebreaker RV Araon (50,000 USD per day) that conducted the first deployment and CPIES recovery cruise. Additionally, the existing method demanded skilled technicians, equipment, and ship operations, accompanied by travel and shipping costs (at least 4,500 USD). The new method using the PDS requires a budget of 5,000 USD for one PDS capsule and 400 USD for one antenna embedded inside PIES or CPIES glass-housing to transmit the measured data. A year’s worth of CPIES data costs 460.5 USD due to Iridium service, as the 1-year-long data payload is 307 kilobytes (Popeye Data Shuttle User’s Manual, 2021). This method requires no ship operation. Therefore, the new method saves ∼70% of the cost compared to the previous shipboard PDT method.
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FIGURE 6. Cost comparison for data acquisition between the existing and the new methods. Note that the ship cost estimation is based on the Korean icebreaker RV Araon (50,000 USD per day) used in the first deployment and CPIES recovery cruises.




CONCLUSION AND SUMMARY

We introduce a newly developed remote data acquisition method using PDS to support CPIES, a type of deep-sea mooring instrument to measure barotropic and baroclinic oceanic variabilities. Prior to this development, for data acquisition prior to recovery, the PIES or CPIES used acoustic telemetry, which involves positioning a ship at the mooring site; thus, that method requires ship and operator times which are both costly. In contrast, the new method utilizing PDS capability enables a more straightforward data acquisition without ship operation.

Scientific benefits arise because the PDS transmits high temporal-resolution data, and logistical benefits arise from its scheduled pop-up-type release system—the data pod floats to the surface at a user-chosen time to transmit the recorded data via the Iridium constellation of satellites to an email server ashore. The high temporal-resolution PDS data, well representing time-varying signals from hour timescale, enable rapid resolution of scientific questions.

The performance of the PDS system was verified in two field experiments conducted in the western Arctic Ocean. Substantial system hardware and firmware upgrades were made prior to the second deployment to address problems that were discovered in the first deployment. This produced great reliability in the PDS release system, data transmission and acquisition, and data quality. Further, the PDS system can save valuable cost and time and represents a secure and reliable method of advanced remote data acquisition. Hence, this novel method provides a robust capability for remote deep-ocean mooring data acquisition, which has not been readily feasible with autonomous data relay technologies.
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