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Particulate inorganic carbon (PIC) plays a major role in the ocean carbon cycle impacting pH, dissolved inorganic carbon, and alkalinity, as well as particulate organic carbon (POC) export and transfer efficiency to the deep sea. Remote sensing retrievals of PIC in surface waters span two decades, yet knowledge of PIC concentration variability in the water column is temporally and spatially limited due to a reliance on ship sampling. To overcome the space–time gap in observations, we have developed optical sensors for PIC concentration and flux that exploit the high mineral birefringence of CaCO3 minerals, and thus enable real-time data when deployed operationally from ship CTDs and ARGO-style Carbon Flux Explorer floats. For PIC concentrations, we describe a fast (10 Hz) digital low-power (∼0.5 W) sensor that utilizes cross-polarized transmitted light to detect the photon yield from suspended birefringent particles in the water column. This sensor has been CTD-deployed to depths as great as 6,000 m and cross-calibrated against particulates sampled by large volume in situ filtration and CTD/rosettes. We report data from the September–November 2018 GEOTRACES GP15 meridional transect from the Aleutian Islands to Tahiti along 152°W where we validated two prototype sensors deployed on separate CTD systems surface to bottom at 39 stations, many of which were taken in nearly particle-free waters. We compare sensor results with major particle phase composition (particularly PIC and particulate aluminum) from simultaneously collected size-fractionated particulate samples collected by large volume in situ filtration. We also report results from the June 2017 California Current Ecosystem-Long Term Ecological Research (CCE-LTER) process study in California coastal waters where high PIC levels were found. We demonstrate that the PIC concentration sensor can detect PIC concentration variability from 0.01 to >1 μM in the water column (except in nepheloid layers) and outline engineering needs and progress on its integration with the Carbon Flux Explorer, an autonomous float.
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INTRODUCTION
Phytoplankton account for half of global net photosynthesis (Field et al., 1998; Falkowski et al., 1988; Antoine et al., 1996), or about 50 Pg C y−1, yet they live for a week before being removed from the euphotic zone. Losses of particulate organic carbon (POC) from the euphotic zone to deeper waters sum to an uncertain 5–12 Pg C yr−1 (Boyd and Trull, 2007; Henson et al., 2011; Li and Cassar, 2016; Dunne et al., 2005; Siegel et al., 2014, 2016; Yao and Schlitzer, 2013) and constitute the ocean biological carbon pump (OBCP, Volk and Hoffert, 1985). This process of photosynthetic transformation of dissolved inorganic carbon to organic matter, and its export, leads to an increase of pH and a decrease of the CO2 concentration in surface waters, enhancing the transfer of CO2 from the atmosphere to the ocean. Biologically mediated calcification in surface waters forms particulate inorganic carbon (PIC) at equally uncertain rates of ∼0.4–1.8 Pg C yr−1 (Berelson et al., 2007; Balch et al., 2011a,b; Balch et al., 2016). Since the production of CaCO3 is a source of CO2 and decreased pH, it has an opposing effect to photosynthesis in CO2 uptake from the atmosphere.
As the OBCP is important to the long-term regulation of atmospheric CO2 (Siegenthaler and Sarmiento, 1993) and is the principal determinant of the vertical distribution of carbon and pH in the ocean, and hence of the surface partial pressure of CO2 governing air–sea CO2 exchange, it is critical to understand the competing processes that govern POC and PIC concentrations and fluxes in the water column. The various mechanisms of the OBCP have been extensively described (e.g., Bishop, 2009; Buesseler and Boyd, 2009; Burd et al., 2010; Turner 2015; Boyd et al., 2019), but the rules for their operation are poorly constrained by a lack of observations due to both the weather constraints and the cost of ship operations. It is not presently possible to determine from ship observations if and how the biological carbon pump may be changing in response to anthropogenic ocean acidification (Feely et al., 2004; Sabine et al., 2004; Orr et al., 2005), nor is it possible to gauge the effects of warming-induced changes in stratification and circulation without higher frequency observations.
There is a second role for particulate inorganic carbon in the OBCP. Calcium carbonate shells/fragments are ubiquitously found (along with fragments of biogenic silica and sometimes terrigenous material) in large aggregates (Honjo, 1976; Bishop et al., 1978; Bishop et al., 2016). Giving these particles excess density or “ballasting” (Armstrong et al., 2002) allows them to sink more rapidly and thereby increase particle transfer efficiency through the mesopelagic zone (Balch et al., 2016). A decrease in the supply of the carbonate ballast to aggregates could present an unexpected and amplifying feedback as the remineralization of more slowly sinking aggregates would occur shallower in the water column, thus increasing near-surface CO2 concentrations and reducing the rate of carbon uptake from the atmosphere. If the supply of the ballast increases, the resultant faster particle sinking rates would lead to an enhanced biological carbon pump and increased CO2 uptake. In summary, we do not know if the OBCP will be short-circuited or not. In situ knowledge of calcium carbonate dynamics would resolve these issues.
The only way to predict future trajectories of the global carbon cycle is through computer model simulations that accurately represent the substantial biotic carbon flows in the ocean. The parameterizations embedded within models for biotic carbon cycle processes are necessarily crude as they represent the sum of knowledge derived from observations that are sparse in time and space (Dickey et al., 2006; Buesseler et al., 2007; Bianchi et al., 2013). This applies to both POC and PIC carbon pools, and their vertical fluxes.
Over the past 40 years, ocean color satellite remote sensing has revolutionized the understanding of the biological and physical dynamics of the ocean, with widely accepted radiance-based proxies for chlorophyll-a (Hu, et al., 2012), POC (Stramski et al., 2008), and PIC (Balch et al., 2005; Mitchell et al., 2017); ship-based efforts to validate these proxies have largely utilized continuous underway sampling of surface waters with less frequent Conductivity Temperature Depth (CTD)/rosette sampling of the upper 100–200 m. In the case of PIC, there are fewer than 150 profiles extending from surface waters through the mesopelagic (Lam et al., 2011, 2018) due to the longer ship time required for large volume in situ filtration sampling of low concentration deeper waters plus the requirement to process ship-collected samples in the laboratory.
The variability of the vertical distributions of PIC is illustrated by three case studies drawn from seasonal and process study deployments of the multiple unit large volume in situ filtration system (MULVFS; Bishop et al., 2012), which yield PIC concentration profiles that are accurate and precise to 1–2% independent of depth. Case 1 is from seasonal ship occupations of ocean station PAPA (50°N, 145°W) in the subarctic north Pacific, where we observed changes of PIC concentrations to kilometer depths (Figure 1A; Guay and Bishop, 2002). Euphotic zone concentrations of PIC varied by a factor of 20 from February to May 1996 and by a factor of two or more to 1,000 m. We found similar changes in PIC along the entire 1,600 km long “Line P” transect from PAPA to the coast of Vancouver Island. Cases 2 and 3 from the VERTIGO program (Buesseler et al., 2007) are results from intensive 3-week particle sampling campaigns in productive waters of the Oyashio current at station K2 (47°N, 161°E) and in oligotrophic waters at station ALOHA (22.75°N, 158°W) near Hawaii. At K2, PIC concentrations varied strongly over 10 days (Figure 1B, Bishop and Wood, 2008), and over 92% percent of calcium carbonate particles (PIC) produced and present in the upper 500 m during the first week of sampling were lost due to dissolution 10 days later. Much of this dissolution loss involved changes of the suspended PIC pool (dominated by coccoliths and coccolith-rich aggregate particles); furthermore, much of the dissolution occurred above the calcite saturation horizon. In Case 3, in oligotrophic waters at station ALOHA (Bishop and Wood, 2008, Figure 1C), we observed a shallow—hard to sample—maximum in PIC; during four casts, our sampling at 50 m resolution missed a peak near 125 m, which was sampled during a fifth cast. The three cases demonstrate that PIC concentrations are highly dynamic in time, in the vertical, and in space. These experiences have motivated our development of a fast optical sensor for PIC to extend observations in the vertical and to enable measurements of PIC on autonomous platforms (IOCCG, 2011), and thus bridge the space–time gap in observations.
[image: Figure 1]FIGURE 1 | Profiles of particulate inorganic carbon (PIC) at locations in the subarctic North Pacific, Oyashio current near Japan, and from station ALOHA. Data are the sum of PIC determined in 1–51 and >51 µm particle size fractions collected during casts of the multiple unit large volume in situ filtration system. (A) Seasonal data from ocean station PAPA (50°N 145°W) during February, May, and August, 1996. (B,C) Data from the VERTIGO project during 21-day occupations of station K2 (47°N, 161°E) and station ALOHA (22.75°N, 158°W).
Guay and Bishop (2002) laid the basis for an optical sensor which detects birefringent PIC minerals in water. Birefringence occurs when a beam of plane polarized light is split into two beams, an ordinary ray and an extraordinary ray, of unequal velocities (corresponding to two different refractive indices of the crystal), which when recombined on exiting the crystal form a beam of light that is no longer linearly polarized. Birefringence is the difference between the two refractive indexes.
In the following text, we describe our sensor as a “PIC sensor” because the birefringence of both calcite and aragonite polymorphs of CaCO3 (0.172 and 0.155) far exceeds that of other biogenic minerals (celestite 0.009 and barite 0.012) and minerals of terrigenous origin (e.g., quartz, 0.009; kaolinite, ∼0.004; chlorite, ∼0.008; and illite, 0.03; Guay and Bishop, 2002); furthermore, CaCO3 particles are far more abundant in the ocean than other mineral phases, especially in the upper kilometer. Weakly birefringent Ceratium dinoflagellates (Balch and Fabry, 2008) and other zooplankton with non-carbonate birefringence can be present, but the majority of particles are not birefringent. Cachon et al. (1989) also note weak birefringence of dinoflagellate chromosome structures. The following discussion will investigate the fidelity of sensor and measured PIC.
This study describes results from extensive water column CTD deployments of the latest two sensors (PIC010 and PIC011) during two recent expeditions: the first is the GEOTRACES GP15 transect aboard R/V Revelle that occupied 39 stations from Adak, Alaska to Tahiti along 152°W from Sept to Nov 2018 (Figure 2A). The second is the June 2017 California Current Ecosystem–Long-Term Ecological Research (CCE-LTER) project process study, P1706 (Bourne et al., 2021, Figure 3). The PIC sensor profiles from GP15 were compared with profiles that measured PIC determined in samples collected simultaneously using a large volume in-situ filtration system, as well as with satellite observations of surface PIC. The CCE-LTER intercompared particle concentration optical proxies of birefringence, beam attenuation coefficient, scattering, and chlorophyll fluorescence, as well as satellite retrieved PIC concentrations.
[image: Figure 2]FIGURE 2 | Spatial and remote sensing context for the September to November 2018 GEOTRACES GP15 transect from Adak Alaska to Tahiti. Stations where the McLane large volume in situ filtration system was deployed are denoted by cyan-filled symbols. Stations ringed with a large circle denote locations with three casts (A). The GEOTRACES Trace Element Carousel (GTC CTD) was deployed at all stations. (B) shows MODIS AQUA satellite retrievals of PIC averaged over 8 days from 60°N to 20°S and from 147°W to 157°W at 4 km resolution over the time of the transect. The UTC day range for each swath is shown at the top of each swath. Station locations are mapped onto the contemporaneous swath. (C) shows similar swaths for MODIS AQUA chlorophyll. Plots were made using Panoply, an application of the NASA Goddard Institute for Space Studies.
[image: Figure 3]FIGURE 3 | Spatial context and satellite data for the June 1–July 2, 2017 CCE-LTER process study of a biologically productive filament of offshore flowing upwelled water. (A) Map showing locations of CTD casts made during 5-day temporal sampling at locations L1, L3, and L4 (+) in the evolving filament and locations of cross-filament Transects T1, T2, and T3 (Bourne et al., 2021). Here, our focus is focuses on data from a PIC sensor deployed during 1 day CTD transects of the filament. Transect T2 was occupied during day 169. (B) VIIRS SNPP satellite retrieved PIC for days 168 and 169. (C) VIIRS NSPP satellite retrieved POC for days 168 and 169.
MATERIALS AND METHODS
Spatiotemporal Context GP15 and CCE-LTER
Figure 2B shows 8-day 4-km composite swaths from 60°N to 20°S and 157°W to 147°W of PIC retrieved from the MODIS AQUA satellite with GP15 stations placed on the corresponding image based on the time of sampling. Figure 2C shows chlorophyll-a swaths with similar station placement. Both views provide spatiotemporal context for the GP15 transect. PIC sensor PIC011 was deployed surface to bottom during large volume in situ pump casts at 21 of 39 stations during GP15. PIC010 was CTD deployed at all stations beginning at station 6 using the GTC CTD/water sampling system.
PIC011 was CTD deployed ∼90 times during the June 2017 California Current ecosystem–Long-Term Ecological Research (CCE-LTER) project process study, aboard R/V Revelle. The study followed the biological evolutions of a biologically productive filament of upwelled cold, high-salinity westward-flowing water off the coast of California (Bourne et al., 2021; Figure 3). Figure 3 provides a spatial context for the study with satellite retrievals of PIC and POC corresponding to days 168 and 169 which bracket the timing of the 100-km-long CTD/optics Transect T2 across the filament.
PIC Sensor Concept
The sensor concept has been described by Guay and Bishop (2002) and Bishop (2009). The first profiling sensor was a modified version of an analog WETLabs C-Star 25 cm pathlength transmissometer. A 660-nm laser replaced the LED source, and a cell with high crossing efficiency polarizers (630–700 nm, Polarcor, Corning) was inserted into the water path length of the instrument. At the source end, the polarizer is aligned with the plane of polarization of the laser; on the receiver end, the polarizer is crossed, thus minimizing the detection of the primary beam. The sensor thus detects the photon yield resulting from the interaction of polarized laser light with birefringent particles in the beam. The first full water column profiles of the first sensor (PIC001) took place in 2003 in the North Atlantic (Bishop, 2009). This sensor was stabilized in 2006 by replacing the cell with body-mounted polarizers.
The primary challenge during the development was to maintain the optical fidelity and electronic stability of the instrument as it is being buffeted by turbulence at profiling speeds of 1 m s−1, with pressures ranging from 100 to 60,000 kPa (1–600 atm), temperatures ranging from −1 to 35 C, and thermal shocks as large as 1°C s−1. The polarizing elements of the sensor must be perfectly pressure-compensated yet mounted robustly in a way to minimize stress-induced polarization effects. The latter was a major problem. Over many iterations of the basic design and multiple sea trials, we demonstrated in 2013 that multiple PIC sensors yielded identical results and exceeded the performance of PIC001 (Supplementary Figure S1).
GEOTRACES GP-15 Large Volume In Situ Filtration Profiling
Protocols for pump deployments, sample collection, and analysis are described by Xiang and Lam (2020). Briefly, size-fractionated particles were collected using McLane Research in situ pumps (WTS-LV) that had been modified to accommodate two flow paths. At most GP15 stations, two casts of eight pumps (a shallow cast to 1,000 m and a deep cast from 1,000 m to near bottom) enabled sampling at 16 depths; at super stations (Figure 2A), three casts [shallow (s), midwater (m), and deep (d)] were achieved. Wire-out was used to target nominal depths during deployment. Typically, shallow, midwater, and deep casts lasted 5–7, 6–8 h, and 8–10 h, respectively. The duration of pump sampling was typically 3–5 h during these casts. An internally logging Seabird 19-plus CTD was deployed at the end of the line and used to verify target depths; true sampling depth was determined by linear scaling from measured end-of-wire depth.
Each pump carried two 142-mm diameter filter holders with two separate filter stages, and multiple baffles upstream of the filter stage were designed to ensure even particle distribution and prevent particle loss (Bishop et al., 2012). One filter holder was loaded with a 51-μm Sefar polyester mesh prefilter followed by paired Whatman QMA quartz fiber filters (identical to the scheme of Bishop and Wood (2008)). The other filter holder was also loaded with a 51-μm prefilter but followed by paired 0.8 μm Pall Supor polyethersulfone filters. The 51 μm prefilters and QMA filter pairs were underlain by a 150-μm Sefar polyester mesh support filter (not analyzed) to facilitate filter handling. Suction from the pump during operation causes water to flow through each filter holder and the dedicated flowmeter. The two metered flows were then metered by a third flowmeter as a crosscheck. Parameters reported in this study were from filter subsamples from both flow paths. The volume of water filtered through each sample ranged from several hundred liters in surface waters to 1,000 L in deep waters. All filters and filter holders were acid-leached prior to being used according to methods recommended in the GEOTRACES sampling protocols (GEOTRACES, 2017). QMA filters were pre-combusted at 450°C for 4 h following acid leaching. Each cast also had a full set of “dipped blank” filters deployed. A 0.2-μm Supor prefilter above the filter set excluded any particles that may have been present in seawater in the filter holder headspace.
Pump Sample Analysis
Particulate inorganic carbon (PIC) was measured by coulometry (Honjo et al., 1995) as described in the study by Lam et al. (2015) and Lam et al. (2018). For the small size fraction, a 25-mm punch from the top filter of paired QMAs was acidified with 2N sulfuric acid, and the mass of the inorganic carbon dissolved was recorded. For the large size fraction, a 1/16 slice of a 51-µm polyester prefilter was used instead. From the total PIC on each sample filter, the median PIC from dipped blank filters of the corresponding type (i.e., QMA or prefilter) was subtracted as a blank correction. These blank-corrected values were converted to mols (using 12.011 g C/mol) and divided by liters pumped to obtain concentrations.
Methods for particulate trace metal (pTM) digestion and analysis followed are described in the study by Xiang and Lam (2020). Briefly, particles on the Supor filter matrix were digested in a hot refluxing solution of 10% ultrapure hydrofluoric and 50% nitric acids at 110°C for 4 h, heated to dryness, and redissolved in 5% ultrapure nitric acid. Two certified reference materials (BCR-414 and PACS-2) were routinely digested and analyzed alongside the samples. Digest solutions were analyzed by high-resolution inductively coupled mass spectrometry (HR-ICP-MS) using an Element-XR ICP-MS (Thermo Scientific) in the UCSC Plasma Analytical Facility. Particles collected on 1/8th of a >51 µm prefilter were rinsed with TM-clean filtered seawater onto a 25-mm diameter 0.8 µm Supor filter; the sample was digested and analyzed following identical procedures as used for the small particle size fraction.
Pump Cast Optical Sensors
The CTD deployed during pump casts carried a WETLabs fluorometer, a C-Star transmissometer (CST1450DR), a Seapoint Sensors, Inc. (Exeter, NH, United States) turbidity sensor (880 nm, scattering angle range 45–135°, gain 100×), and particle birefringence sensor (PIC011). The Seapoint turbidity sensor failed during the deep cast at station 4 and was not replaced until station 18. Analog voltages from all sensors were logged at 4 Hz at 14 bits resolution (0.3 mV). Bench tests with PIC011 read by the CTD have shown that voltages are stable to ± 0.3 mV (SD). PIC010 was similarly stable. During the occupation of the first station on the transect (station 5), the CTD was dragged on the bottom (for minutes to hours) during pumping and was recovered coated with sediment. All sensors were disassembled and cleaned, and PIC011 was realigned. The C-Star and PIC011 were not impacted by this event and operated well at all subsequent stations.
Battery limitation during the cruise meant that up and downcast CTD profiles were limited mostly to shallow casts. During most midwater and deep deployments, the CTD stopped logging, and no upcast data were collected.
PIC011 was oriented vertically to fit within the CTD cage. The polarizing assemblies on PIC011 had cup-shaped housings protecting the polarizer, and consequently, the downward facing assembly trapped bubbles during deployment, leading to anomalously low readings until bubble effects were cleared. For this reason, downcast data from shallow (s) casts at stations 4, 8, 12, 23, 25, 27, and 29 were only valid deeper than 73, 20, 55, 80, 250, 221, and 140 m, respectively. Good upcast profiles were available at all stations except at 4 and 8 (s casts). This problem was solved starting at station 14 by orienting the CTD horizontally just below the surface for 30 s at the beginning of each cast. A lapse in the procedure occurred at stations 23, 25, 27, and 29.
Data from the transmissometer (CST1450) and valid Seapoint turbidity sensor profiles were processed according to the protocols of Bishop and Wood (2008). Since the logging CTD was kept clean in the main laboratory of the ship, it was possible to periodically measure air calibrations for CST1450 and determine corresponding clear water values over the duration of the cruise. CST1450 was exceptionally stable, drifting linearly downward by 0.011 V relative to 4.693 V reference over 280 h of operation. Turbidity units (in mFTU) were calculated by multiplying the Seapoint turbidity sensor voltage by 5,000.
GTC CTD Optical Sensor Data
PIC010 was mounted horizontally on the GEOTRACES Trace Element Sampling Carousel (GTC) and interfaced to its Seabird 911 CTD. Data from this sensor were acquired at 24 Hz and 12 bit precision (1.25 mV resolution). The C-Star transmissometer (CST1035DR) was also interfaced with the CTD. Data from this instrument were corrected for hysteresis and cross-referenced to data from the pump-deployed transmissometer, CST1450DR. From this comparison, clear water reference values were estimated for CST1035, and beam transmission and beam attenuation coefficients were calculated. The GTC CTD system was deployed 66 times with the PIC sensor. Because the sensor was mounted horizontally, data from both down and upcasts were not influenced by trapped bubbles.
PIC Sensor Data Reduction
Spike Filtering
The transit of larger organisms/aggregates through a transmissometer beam results in negative spikes in transmission lasting less than 0.2 s (Bishop and Wood, 2008), while positive spikes are seen in data from scattering and PIC sensors. We developed a “3 sigma” filtering algorithm that is used for all particle sensors. Briefly, we compute the mean and standard deviation (SD) of all data collected over 10 s (40 readings for the pump CTD and 240 readings for the TM Rosette CTD). The scheme excludes data falling outside of ± 3 SD of the mean. A new mean and SD are computed, and the process repeats until no more points are excluded (or 10 iterations maximum). We then save the mean, SD, and number of points for the filtered result, and further save the mean, SD, and number of points excluded by the filter. This allows the unfiltered mean to be reconstructed.
Signal Correction
The PIC sensor generates analog voltages or digital counts that are linearly correlated with the photon yield of birefringent particles in the water path; however, the signal includes contributions from four sources (Eq. 1): 1) dark current, 2) polarizer crossing blank, 3) stray light, and 4) birefringence (β). Sensor design must achieve a stable dark current, minimize and maintain a constant polarizer crossing blank during profiling, and minimize stray light in order to resolve the birefringence signal. In terms of voltage signals recorded by a CTD, the birefringence signal from particulate calcium carbonate particles is as follows:
[image: image]
where Vmeas is the raw signal from the CTD, Vdark is the reading with the beam blocked, Vcross is the reading with polarizers crossed, and Vstray is light added to the beam by reflections. The sensor electronics read zero digital counts with the beam blocked but generate a constant small positive analog voltage (0.007 V for both PIC010 and PIC011) as Seabird CTDs do not detect negative voltages. Vdark is measured with the sensor interfaced to the CTD with beam blocked. Vcross is the primary beam signal that is detected with no particles in the beam. Vstray is negligible as the primary beam is columnated and the detector receiver angle is small.
We calculate photon yield of the sensor as follows: 1) Vdark is read with the beam blocked; 2) signal is read with polarizers removed but with a high extinction neutral density (OD 4.3) filter placed in the beam, which reduces the beam energy by a factor of 20,000. Net readings were 0.8421 V for PIC010 meaning that the primary beam would generate a signal equivalent to 16,800 V; 3) with the source polarizer reinstalled and aligned with the source, the net signal was 0.6136 V; thus, the polarizer transmission efficiency is 72.9%. Installation of the detector polarizer if aligned with the beam would further attenuate the signal by another 72.9%, implying that 0.4471 V would be measured at the detector. This means that the maximum beam energy that could pass to the detector would be equivalent to an 8921 V signal. 4) The detector polarizer is installed and the crossing blank measured. For PIC010, we measured Vcross = 0.0476 V. Thus, the crossing blank expressed in terms of beam energy is the ratio 0.0476 V: 8,921 V or 5.34 × 10−6. The sensitivity of the instrument is calculated to be 112.1 × 10−6 V−1. As the instrument pathlength is 0.25 m, we calculate a scaling factor (SF) of 448.4 ppm V−1 m−1. Similar measurements with PIC011 yielded similar factors; however, a defect in the orientation of the detector polarizer meant that the source polarizer had to be rotated away from optimum alignment to achieve crossing. This reduced the primary beam by 30% on this instrument. The derived scaling factor (SF) for PIC011 was calculated to be 644.7 ppm V−1 m−1.
In our present instrument prototype, there is no compensation for thermal variations in beam intensity. We used a thermal cycling chamber (Tenney Environmental, Columbia, PA, United States) at Lawrence Berkeley National Laboratory to investigate both static and transient thermal responses of both PIC010 and PIC011, respectively (Figures 4, 5), with polarizers installed. The chamber was purged with dry air, and the chamber temperature and instrument data (signal counts and internal instrument temperature near the laser source) were acquired (Figures 4A,5A). The data were segregated into periods of warming, cooling, and zero change and normalized to readings at 20°C. In the case of PIC010, beam energy normalized at 20°C ranged as a function of instrument temperature from ∼0.90 near 0°C to 1.02 at 30°C (Figure 4B); similarly, data from PIC011 ranged from 0.84 to 1.03. The static trend was removed from the data, and the residual response of the two sensors was calculated (Figures 4C, 5C). The transient response of the instrument for warming and cooling was plotted as a function of the rate of instrument temperature change. The transient response of PIC010 showed a negative trend on warming, while that for PIC011 showed a positive trend. Both sensors demonstrated a temperature-dependent transient response on cooling. The magnitude of the transient response for PIC010 decreased in magnitude with temperature (Figure 4E), while PIC011 exhibited an increased response with decreasing temperature (Figure 5E).
[image: Figure 4]FIGURE 4 | (A) Time series of the digital output from PIC010 during a thermal cycling experiment over 14 h. During the experiment, chamber temperature was cycled over a temperature range from 32 to 2°C. Instrument temperature lagged chamber temperature. During periods of strong cooling, the sensor displays a positive transient; similarly, during periods of warming, there is a negative transient. (B) The normalized signal counts for periods of warming, cooling, and during periods of static temperature. The regression data are fit to the data during thermal equilibrium of chamber and instrument. (C) Data from (B) after removal of the static thermal trend. (D) Plots of residual anomaly vs rate of instrument temperature change. In (B–D), red and blue colors denote data during instrument warming and cooling. Data during thermal equilibrium are shown in black. (E) Temperature dependence of transient response.
[image: Figure 5]FIGURE 5 | Thermal cycling response of sensor PIC011. Figure elements (A–E) are the same as described in Figure 4.
In our data reduction scheme for both sensors, we calculate instrument temperature and the rate of change of instrument temperature per minute. The full expression for the calculation of birefringent photon yield is given by a complete formulation of Eq. 1:
[image: image]
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Tr is the transmission measured by C-Star transmissometer 650 nm over its 25 cm path length; and Vcross × Tr compensates for attenuation of the crossing blank due to particles. R is the static thermal response correction calculated using instrument temperature. Vdrift is a small compensation for sensor drift during pumping between the time of down and upcasts (often <1 mV), and Vtransient is derived from thermal cycling experiment data.
Tr0.5 is from the study by Guay and Bishop (2002) and compensates for attenuation of the birefringent photon signal resulting from scattering and absorption effects of other particles in the beam.
We empirically found pressure coefficients that allowed the best fit of Vβcorrfinal and measured PIC in the midwater column (2,000–4,000 m) according to Eq. 4. These adjustments had minimal effects in the upper 500 m. Vcross for PIC011 during shallow and midwater casts at station 39 was anomalously high, indicating that the polarizers had been disturbed prior to the shallow cast; data from these casts were not used. The deep cast at station 39 was normal. Apart from this anomaly, the two parameters varied consistently over time.
Figure 6 shows Vcross, and coefftpress over time for PIC011 and PIC010. The Vcross value for PIC011 drifted from 0.04 to 0.10 V over the 280 h of sensor use (0.14 for casts 39 s and 39 m). As sensor Vcross increased, its pressure coefficient also increased. In contrast, the Vcross value for PIC010 drifted from 0.035 to 0.055 V, but its pressure coefficient was negative but not regularly behaved. We do not currently understand the reason for the upward trend in crossing blank.
[image: Figure 6]FIGURE 6 | Variation of crossing blank (Vcross) and profile pressure coefficient (coefftpress) as a function of cumulative sensor hours over the GP15 transect. PIC010 and PIC011 showed different pressure coefficient behavior over time.
Finally, scaling for birefringent photon yield is computed using the scaling factor, SF, derived earlier:
[image: image]
We provide this insight into sensor behavior as this is the first detailed description of long-term sensor performance in an operational context. Many details of the calibration, drift behavior, and transient response to thermal shock are different for the two sensors. We examine below the consistency of the corrected data.
Satellite Data
The GP15 transect spanned September 24, 2018 through November 22, 2018 (year days 267–326) from 55°N to 20°S, centered on 152°W. Satellite retrievals of sea surface chlorophyll (Hu et al., 2012), PIC (Balch et al., 2005), and POC (Stramski et al., 2007) at 4-km 8-day temporal resolution from MODIS Aqua and Terra and SNPP VIIRS (Visible Infrared Imaging Radiometer Suite) were downloaded in July 2019 and December 2021 from the NASA ocean color archive for latitudes 60°N to 25°S, and for longitudes from 147°W to 157°W (https://oceancolor.gsfc.nasa.gov/l3/); no differences in property retrievals for MODIS Aqua data from the two time periods were detected. No data are available from the improved (Mitchell et al. (2017)) algorithm for the periods of this investigation.
Zonal transect mean and standard deviation were computed for each of the ten 8-day composites. Data were excluded from the zonal trend when the ratio of standard deviation to mean exceeded 2.0. Transect segments corresponding to the time and location of GP15 stations (Figure 2A) were combined to complete a synthetic transect of retrieved properties from 60°N to 20°S.
The June 1 to July 2 2017 CCE-LTER expedition studied a filament of biologically productive upwelled water that was moving offshore in the vicinity of Morro Bay, CA. Our use of daily resolved 4-km satellite data was described by Bourne et al. (2021). In this study, we used Ocean Data View (Schlitzer, 2021) to extract data within 5 km of the transect from SNPP VIIRS, and MODIS Aqua imagery on ordinal days 168 and 169 which bracketed the times of CTD Transect 2 stations 37 (day 169.118) through 47 (day 169.803). The times of satellite over passes were at 21:40 UTC; thus, images corresponded to ordinal days 168.9 and 169.9. As features in the vicinity of Transect 2 stations were moving at a rate of 5–15 km d−1, a synthetic retrieval of properties was achieved using a time-weighted sum of retrieved properties from the two images (Figure 3).
RESULTS
Hydrographic Context for GP15
The GEOTRACES GP15 section is notable as it transited waters of the Aleutian shelf, Alaska gyre, subarctic front, north Pacific gyre, the complex current regime of the equatorial Pacific, and into the south Pacific Gyre. It is further notable by the fact that particle concentrations were very low. The hydrographic context for the GP15 meridional section in the upper 500 m is provided by distributions of temperature, salinity, and oxygen (Figure 7). Cool low-salinity waters present in the upper 50–100 m north of 42°N are characteristic of the subarctic north Pacific. The subarctic front is present from 40°N to 32°N. North Pacific gyre influence is seen from 30°N to approximately 17°N. The properties in the equatorial zone from 17°N through 20°S closely follow the descriptions of Wyrtki and Kilonsky (1984). The core of the westward flowing North Equatorial Current (NEC) which completes the circulation of the north Pacific gyre is found at ∼14°N; the front demarking the North Equatorial Counter Current (NECC) is denoted by strong upward displacement of isotherms and oxygen-depleted waters extending from 100 to 350 m at 11°N. This feature was strongly oxygen deficient with concentrations below 5 µM compared to 20 µM concentrations reported by Wyrtki and Kilonsky (1984). The zone from 4°N to the equator is the northern branch of the westward flowing South Equatorial Current (SEC). Centered at the equator and 150 m depth is the easterly flowing Equatorial under current. The strongest flows of the southern branch of the SEC extend to approximately 8°S, and its influence trails off further south. The signature of the south Pacific Gyre is established at 20°S. There is a second lobe of low oxygen water from 200 to 400 m at approximately 2°S where O2 values are below 20 µM.
[image: Figure 7]FIGURE 7 | GEOTRACES GP15 Meridional Transect distributions of (A) temperature, (B) salinity, and (C) oxygen from surface to 500 m from the GTC CTD.
GEOTRACES stations 3 through 10 are in subarctic waters; station 12 is in the subarctic front; stations 14, 16, and 18 are in the oligotrophic north Pacific gyre; station 19 is situated in the NEC; and station 21 is at the NEC/NECC front and underlain by strongly oxygen-deficient waters. Station 23 is in the NECC; stations 25 and 27 lie in the SEC; station 29 sampled the equatorial under current; stations 31 and 33 were in the southern branch of the SEC and underlain by low oxygen waters; stations 35 and 37 were in the frontal waters of the south Pacific gyre; and station 39 is in the south Pacific gyre. The low oxygen waters at stations 21 and 31/33 will be relevant to the interpretation of PIC sensor datasets.
GP15 McLane Pump Profiles of Birefringence-Derived and Sampled PIC
Figures 8A,B compare PIC concentrations derived from birefringent photon yield (PIC011) and analytical values determined in McLane pump samples during the same casts, respectively. We note that sensor data are the results of down and upcast profiles each representing a 10–20 min snapshot of the upper 500 m of the water column, while the pump samples represent averages over the 3–5 h of sample filtration at depth. We also note that sensor data are adjusted for crossing blank drift and using empirically determined pressure coefficients derived from empirical fits of sensor data to measure PIC in waters from 2,000 to 4,000 m with the further constraint that the samples must be shallower than 1,000 m above bottom (mab). The features seen in the upper 2,000 m should be a valid reflection of the performance of the sensors. These results are the first comprehensive ocean-scale validation of the birefringence-derived optical proxy.
[image: Figure 8]FIGURE 8 | (A) GP15 transect section of calculated PIC concentration [nM] from birefringent photon yield measured by PIC011. In panel (A) the white line denotes mixed layer depth. The broad yellow/green curve denote the depth of maximum chlorophyll fluorescence. The lower broad curve denotes the base of the euphotic zone (defined by fluorescence readings <10% of maximum values, from Kenyon, pers. communication). The upper panels show an expanded 0–500 m depth range; lower panel shows the complete water column. White circles denote McLane pump sampling depths where measurements of PIC have been performed. (B) Transect sections for pump PIC [nM]. Color scales and contouring settings for all panels are identical.
The sensor data contoured in Figure 8A are averages over 10 m intervals of all profiles at the same station. Figure 8B shows contours of pump data that have been linearly interpolated at 10 m depth intervals between sample depths; concentrations in the surface layer were assumed constant to the surface. In the subarctic north Pacific, near-surface concentrations for sample PIC peaked at 500 nM at station 8; there was a general factor of two to three underestimation of near-surface PIC derived from PIC011. South of the subarctic front, sensor PIC concentrations in surface waters covary well with measured PIC. Relative minima for PIC from both sensor and samples were found at stations 21 and 33 in the low oxygen zones. A subsurface maximum feature near 120 m is present in sensor data at stations 16 through 19 and is not sampled by the pumps due to sample spacing. The profile shape is very similar to observations made at station ALOHA during the VERTIGO program (Figure 1C). A similar subsurface maximum was seen in sensor data between 150 and 225 m at stations 33 to 39. The relative highs in PIC concentration at depths below 200 m at stations 10 and 12 near the subarctic front and at equatorial station 29 were well reproduced by both sensor and samples.
In deeper waters from 500 m to depths of 1,000 m above bottom (mab), the trends of the data were similar in the sensor and pump data. Relatively high PIC values extended to depth at station 12 near the subarctic front and at equatorial station 29. In the depth interval between the bottom and 1,000 mab, there were cases where sensor and sampled PIC diverged, with sensor data increasing to the seafloor, while measured PIC decreased.
We used 10-m averaged CTD datasets to interpolate sensor data to depths sampled during pumping. Figure 9 shows the relationship between sample PIC and birefringent photon yield from the sensor. The data from the surface to the base of the euphotic layer (PPZ depth, 10% of fluorescence maximum, Buesseler et al., 2020) span a range of slopes from 1:50 to ∼1:7. In the subarctic north Pacific, the near-surface sample PIC values are closer to the 1:50 trend. The data from PPZ depth to 2,000 m are consistently correlated, with fitted trend line of 1:15.4 (R2 = 0.677, n = 130); data from PPZ depth to 1,000 mab yield a trendline of 1:14.5 (R2 = 0.774, n = 190). Data from within 1,000 m of the seafloor follow the midwater trend or trend anomalously to high birefringence. These anomalous results are likely due to the effects of resuspended clays.
[image: Figure 9]FIGURE 9 | Plots of birefringent photon yield [ppm m-1] from PIC011 vs. PIC measured in pump samples from the same depth. Upper plot denotes the full range of data; the lower plot is magnified. Data from the surface to the depth of the euphotic zone (PPZ – defined as depth where fluorescence is 10% of maximum value) show a scatter in birefringence and PIC data with trends bracketed by slopes ranging from 1:7 to 1:50. Data for the water column below the PPZ depth extending to 2000 m are correlated with a slope of 1:15.4 and R2 = 0.677. The regression excluded the region from 2000 m to 1000 m above seafloor as these data were used to set the pressure coefficient of the sensor. Data within 1000 m of the seafloor both follow the midwater trend but also diverge to high positive birefringence values. Cases of individual profiles are shown in Figure 10.
Detailed Profile Comparisons From GP15
Figure 10A contrasts sensor and pump PIC profiles and other particle data at stations 19 and 21. Station 19 showed a birefringence maximum near 125 m for both McLane CTD (PIC011) and GTC CTD (PIC010). Sample spacing missed the maximum. Both beam attenuation coefficient and scattering registered a small secondary maximum at the depth of the fluorescence maximum at ∼110 m but were distinctly different from that of PIC birefringence. At both stations 19 and 21, PIC from samples and sensors agreed within 10–30 nM in shallow waters. Trends in the strongly oxygen-deficient waters below 100 m for both samples and sensors reproduced well.
[image: Figure 10]FIGURE 10 | (A) Stations 19 and 21 profile data for birefringent photon yield converted to PIC from sensors PIC010 and PIC011 are shown with measured PIC values. Also shown are chlorophyll fluorescence, turbidity, POC calculated from beam attenuation coefficient, oxygen, and temperature. Upper panel is an expanded 0–500 m interval; the lower panel shows 500 m to the seafloor. Lowest PIC concentrations were found in strongly oxygen deficient waters the upper water column at station 21. The sharp peak near 120 m at station 19 is reproduced by both sensors and was not sampled by the pumps. The sensor PIC diverges from pump PIC within 1000 m of the seafloor which we infer is due to resuspended clay particles. (B) Regression of non-PIC birefringent photon yield versus particulate aluminum contrasts stations 19 and 21 with Stations 3 to 10. The latter stations are found in a sedimentary regime dominated by chlorite clays. Stations 19 and 21 are in a regime dominated by illite clays (Griffin, Windom, and Goldberg; 1968). (C) Data from stations 14 and 29, where sensors and measured PIC covary strongly from 500 m to the seafloor. In the upper 150m of the water column at station 14, both sensors indicate higher PIC levels than measured. At station 29, both sensors agree with measured PIC throughout the entire water column.
In waters deeper than 500 m, data from PIC011 were often high by ∼10 nM relative to PIC010 near 1,000 m. As mentioned above, sensor and samples diverged in the zone within 1,000 m of the seafloor. The small +5 nM excursion of data from PIC010 in the deepest waters is likely an artifact of single bit shifts of the 12 bit analog to digital conversion of the sensor data (1.25 mV is equivalent to a PIC value of ∼8 nM; the 0.3 mV analog resolution of PIC011 is equivalent to a PIC value of ∼3 nM).
We noted earlier that PIC estimated from sensor birefringent photon yield and measured PIC can diverge in waters within 1,000 m of the seafloor. The anomaly, or “non-PIC birefringence,” is calculated by subtracting sample PIC divided by 15.4 (nM ppm−1 m−1) from the birefringence measured by PIC011. We performed these calculations at stations 19 and 21 and also at stations 3–10 in the subarctic north Pacific, and plotted the results against particulate Al. Different but highly correlated trends were found for the two station groups (Figure 10B). This is consistent with Griffin, Windom, and Goldberg (1984) who showed that chlorite clays, with birefringence of 0.009, dominate marine sediments in the subarctic regime, while illite clays, with birefringence of 0.03, dominate sediments in the tropics. The two regression slopes 0.15 vs 0.052 (ppm m−1 nMAl−1) in Figure 10B are close to this ratio.
Figure 10C shows detailed profile data at super stations 14 and 29. In the upper 150 m at station 14, there was a tendency for the sensor PIC to exceed sample PIC by approximately 30 nM (PIC011) to 60 nM (PIC010). At station 29 at the equator, there was a near-perfect matchup of sensor and sample results. In waters from 500 m to the seafloor, the sensor and sample data were almost perfectly correlated.
Comparison of Satellite PIC, Pump PIC, and Sensor Birefringent Photon Yield for GP15
Figure 11A compares PIC retrieved from MODIS AQUA, MODIS TERRA, and VIIRS SNPP satellites—time interpolated to the GP15 transect (Satellite Data), near-surface McLane pump sample values, and birefringent photon yield from sensors PIC011 and PIC010. The left and right axis scales are in the ratio of ∼15:1 PIC:photon yield. In the subarctic north Pacific, measured PIC exceeds both sensor and satellite PIC by factors of 2–3. From the 37°N subarctic front (station 12) to 11°N (station 21), measured PIC and the lowest values of satellite-retrieved PIC follow each other well (VIIRS SNPP data seem high). South of 10°N satellite and sensor trends diverge in trend with satellite PIC consistently low at the equator, while sample PIC registers a high. South of 10°S, satellite retrievals exceed sample PIC by a factor of 2–3.
[image: Figure 11]FIGURE 11 | (A) Comparison of MODIS AQUA, TERRA, and VIRRS SNPP satellite retrievals of surface layer PIC concentrations, PIC from shallow McLane samples, and birefringent photon yield from sensors PIC010 and PIC011. (B) Transect section to 500 m of PIC calculated from PIC011 at McLane pump stations. The white line denotes mixed layer depth, the broad yellow/green curve denote the depth of maximum chlorophyll fluorescence. The lower broad curve denotes the base of the euphotic zone. Stations numbers are at the top axis of the section. (C) Transect section to 500 m from PIC010 deployed during GTC CTD casts. GTC casts were done at almost all of the 39 stations along the transect and thus the section has finer spatial resolution than (B). Both PIC010 and PIC011 display PIC minimum values in the low O2 zone at station 21.
Birefringent photon yield from both PIC011 and PIC010 matched satellite trends in the subarctic north Pacific (stations 3–10) but underestimated measured PIC. From the subarctic front into the north Pacific gyre (stations 12 and 14), sensor values exceeded sampled PIC by factors of 2–3. There was an excellent matchup at station 16 of all properties. From station 19 near 17°N to station 39 at 20°S, the sensors followed a trend of sampled PIC. PIC010 results generally are higher than those from PIC011.
Figure 11B shows the upper 500 m transect from PIC011 with additional detail of mixed layer depth, chlorophyll maximum depth, and estimated base of the euphotic zone. The subsurface birefringence maximum lies just above euphotic zone depths. Figure 11C shows 0–500 m transect data for PIC010 deployed during the GTC CTD profiling. The systematics of the section repeats Figure 11B but adds spatial resolution due to the more frequent sampling along the transect; PIC concentrations derived from PIC010 are generally 10–20 nM higher than values shown in Figure 11C. The minimum at station 21 is reproduced as is the relative minimum in the low oxygen waters at station 33.
CCE-LTER Process Study Transects of an Upwelled Filament
We deployed PIC011, transmissometer CST1450, and Seapoint turbidity sensors during 90 CTD casts during the June 2017, California Current Ecosystem Long-Term Ecological Research (CCE-LTER) process study of an offshore-flowing biologically productive filament of recently upwelled water. Here, we focus on data from three spatial transects across the filament during different stages of its evolution (Figure 3). Transects T1, T2, and T3 were occupied on year days (January 1 = 1) 159, 169, and 174, respectively, and thus represent early to late views of the filament during its evolution. Figure 12A shows sections of PIC derived by multiplying birefringent photon yield by the 15.4 multiplier from the GEOTRACES midwater calibration relationship; Figure 12B shows POC derived from transmissometer beam attenuation coefficient—scaled by 27. Figure 12C demonstrates that birefringent photon yield is largely independent of the beam attenuation coefficient (and turbidity, data not shown).
[image: Figure 12]FIGURE 12 | (A) PIC sections for the upper 300 m during transects T1, T2, and T3 across the biologically productive filament sampled during the June 1 to July 2 2017 CCE-LTER process study, P1706. (B) POC section calculated from transmissometer beam attenuation coefficient data for the same transects. (C) Plot of birefringent photon yield against beam attenuation coefficient for transects T1 (circles), T2 (cyan squares), and T3 (green triangles). Results indicate that particle birefringence is independent from beam attenuation coefficient.
The California Current regime is frequently cloud-covered. Temporal alignment of Transect T2 and satellites was excellent (Figure 3). Figure 13A shows PIC from VIIRS SNPP vs PIC estimated using surface layer values from PIC011. The agreement for satellite and PIC data is excellent over the first 30 km of the transect. Beyond this point, the sensor and retrieved data strongly diverge with satellite PIC dropping to less than 5% of the sensor estimate. The retrievals along the transect for days 168 and 169 (Figure 13B) and images in Figure 3 confirm the strong dropout of satellite-retrieved values. For comparison, Figures 13C,D show reasonable agreement between satellite POC and beam attenuation coefficient-derived POC estimates.
[image: Figure 13]FIGURE 13 | (A) Comparison of surface layer PIC concentrations derived from PIC011 along Transect T2 with time interpolation of PIC retrieved from VIIRS SNPP satellite data from days 168 and 169. (B) PIC retrieved from VIIRS SNPP satellite data from days 168 and 169. (C,D) similar comparisons for POC derived from transmissometer beam attenuation coefficient and satellite retrievals. In the case of PIC, the satellite retrieval of PIC agreed well along the first 30 km of the transect and then strongly diverged to near zero values while sensor PIC reached concentrations of ∼1 µM. Retrievals of POC from CTD casts and satellite data were far more in agreement.
Figure 14 shows that the relationship between PIC measured in bottle samples collected from the upper 110 m during Transect T1 and birefringent photon yield at the same depth follows a 15:1 relationship suggesting that application of the GEOTRACES 15.4 factor is a reasonable approximation and, furthermore, that the dropouts of retrieved satellite data seen at transect T2 are real.
[image: Figure 14]FIGURE 14 | (A) Regression of PIC measured in 1 L bottle samples versus birefringent photon yield for samples from Transect T1. Data from the upper 30 m are highlighted in the plot. The regression slope is 15.1. (B) Transect T1 sections for PIC and POC. Sample depths are shown as white circles on the PIC transect.
Figure 15 contrasts optical profile results from the Santa Barbara Basin during the CCE-LTER process study. CTD cast 2 was made into strongly oxygen-deficient waters where O2 was less than 2 µM deeper than 500 m. Nitrate reduction was seen in waters deeper than 450 m. It is in this zone that the PIC optical proxy decreases with depth diverging from both beam attenuation coefficient and scattering which indicate increased particle concentrations in the water column. In contrast, the systematics of birefringent photon yield, beam attenuation coefficient, and scattering were in lockstep from 50 to 450 m. In shallow waters, the three sensors all showed increases into the euphotic zone but with different magnitudes.
[image: Figure 15]FIGURE 15 | Comparisons of profiles of birefringent photon yield, turbidity, beam attenuation coefficient, oxygen, and nitrate at cast 2 in the Santa Barbara Basin. The data from the PIC sensor decreased strongly in the suboxic and nitrate-deficient layer below 500 m in contrast with both beam attenuation coefficient and turbidity which indicated higher particle concentrations in the nepheloid layer as the bottom was approached. The loss of PIC in strongly oxygen-deficient near bottom waters is consistent with behavior observed at 11°N during the GEOTRACES expedition.
DISCUSSION
Particulate inorganic carbon (PIC) synthesis, export, and transport efficiency through the mesopelagic remain a critical but poorly observed component in the ocean carbon cycle, and there are multiple poorly understood feedbacks of PIC biological dynamics on the efficiency of export and transport of photosynthetically fixed organic carbon into the deep sea. In this study, we have presented an integrated assessment (in situ pump sampling to satellite observations) of twin near commercial CTD-deployed sensors that detect birefringent particles in the water column. The results show that the sensors can detect at parts per million resolution the photon yield from birefringent particles in the water column, and their concurrent deployment with in situ filtration sampling shows that the sensors capture PIC systematics over most of the water column during operational science programs on a global scale (the 2-month long GEOTRACES GP15 meridional transect that spanned 85° of latitude) to Lagrangian studies of a newly upwelled biologically productive filament spawned in California coastal waters as it advected offshore and aged over 30 days (CCE-LTER process study P1706).
Science Results
The birefringence sensors show that PIC profiles vary spatially in the ocean far below the euphotic zone. We have documented the systematics of PIC distributions along the GP15 transect. The sensors resolved deep euphotic zone maxima of particle birefringence that almost always were missed by filtration-based sampling. We confirmed that elevated PIC concentrations penetrate to depths of thousands of meters, both near the equator and near the subarctic front in the north Pacific. These features arise from the fragmentation of sinking particles and thus are an indicator of export. We have seen clear indications of dissolution loss of PIC in strongly oxygen-deficient waters near 11°N and in similar conditions in the near-bottom waters of the Santa Barbara Basin. A detailed scientific synthesis will be reported separately.
The new sensors were tested in some of the most particle-free waters in the world’s ocean and are able to detect concentration changes to better than 10 nM. The profiles from the two sensors closely reproduced each other and were distinctly different from beam attenuation coefficient and scattering optical proxies for particle concentration. Below the surface layer and to within 1,000 m of the seafloor birefringent photon yield, PIC concentrations were highly correlated.
In the subarctic north Pacific, near-surface concentrations from the sensor underestimated measured PIC concentrations by factors of 2–3. This underestimation may be due to packaging effects of living coccolithophores. Typically, a coccolithophore has 20 coccoliths arranged in a spherical pattern around the cell. If the cell is living, then cellular contents block transmitted light from interacting with over half of the attached coccoliths. This may explain the underestimation of PIC from sensor data. This does not explain overestimation of PIC concentrations in transitional surface waters.
Alternatively, there are a multitude of coccolithophore species found along the transect (Okada and Honjo, 1973; Honjo and Okada, 1974). They were observed during the August 23 to October 8, 1969 R/V Hakuho Maru transect where 19 stations were occupied from 50°N to 15°S along 155°W. Honjo and Okada found that the coccolithophorid Emiliania huxleyi completely dominated the surface 100 m of the subarctic north Pacific; south of 40°N, the species assemblage became increasingly diverse reaching a peak in the north Pacific Gyre where E. huxleyi became a minor component of the assemblage. In the equatorial zone, E. huxleyi accounted for ∼30% of the population. In the deepest euphotic zone waters below 150 m, the species assemblage was dominated by Florisphaera profunda and Thorosphaera flabellata, and it is likely that these species may dominate the PIC maximum seen in deep euphotic zone waters in our section. For these reasons, there is also likely to be a factor of two species-dependent effects on the sensor response. There is justification for co-deployment of sensors in programs such as those described by Balch et al. (2016) where careful attention to counts of living coccolithophores vs detached coccoliths and routine measurements of the acid-labile scattering proxy for PIC are made. Alternatively, laboratory-based studies of sensor response to growing cultures of different coccolithophore species are possible.
Clay minerals are never abundant in the surface layer, except in waters recently impacted by dust. Particulate aluminum data from GP15 show little evidence of terrigenous material except near the seafloor or near continental margin sources. Other weakly birefringent particles if numerous enough may explain cases where sensors overestimate PIC compared to sample PIC in the euphotic zone. Acantharia (celestite) are rarely present in concentrations matching PIC; for example, Sr concentrations in surface waters of the Cape Basin were lower than 20 nM, compared with PIC levels exceeding 100 nM (Bishop et al., 1978). Scaled by the respective ratio of birefringence (0.009–0.172), celestite particles would contribute less than 1% to the photon yield signal. Similarly, barites with birefringence of 0.012 rarely exceed concentrations of 1 nM and contribute less than one part per thousand to the signal. This leaves some species of large dinoflagellates (e.g., Ceratium; Balch et al., 2007) to explain the observed differences. Our spike filtering of the data would remove the contributions of large organisms from the profile.
In the deep water column, we have detected birefringent clay minerals. Our aluminum data revealed that the sensor response is strongly dependent on the specific clay minerals in suspension. Illite clays which dominate in tropical waters have much higher birefringence than chlorite clays which dominate in the sediments of the subarctic north Pacific. The sensor reproduced these differences. Sutton et al. (2014) showed aluminum influence on the birefringent photon yield of our first-generation sensor (PIC001) deployed in 2012 and 2013 at Line P stations in close proximity to the continental shelf of Vancouver Island. Our results confirm these findings.
Sensor Validation of Remote Sensing Retrievals of PIC
We have cross-compared satellite retrievals of PIC along the GP15 transect with near-surface sensor data. We found systematic agreement at stations from 55 to 11°N. At latitudes south of 11°N, the sensor PIC and sampled PIC covaried consistently, but the satellite retrievals became anticorrelated. In California coastal waters, we have shown that the satellite PIC retrieval scheme can strongly underestimate PIC by more than an order of magnitude compared with PIC measured in samples or estimated from sensor results.
During review, we were asked to comment on the new methodology described by Mitchell et al. (2017) who have updated the Balch et al. (2005) algorithm and also a new analysis of Terrats et al. (2020) who described a scheme to detect coccolithophore blooms using data from Bio-ARGO floats.
The Mitchell et al. (2017) scheme is in testing rather than production mode at NASA, and data are presently unavailable for our 2018 and 2017 study periods. We will compare the datasets when they become available.
Terrats et al. (2020) described a methodology that utilizes the ratio of scattering to beam attenuation coefficient, and alternatively, the ratio of scattering to chlorophyll fluorescence to detect coccolithophore blooms (PIC levels exceeding 1 µM) in surface waters using data from Bio Argo floats. The method capitalizes on the 15% higher refractive index (and scattering efficiency) of carbonate particles compared with phytoplankton. We have explored interrelationships among birefringence, scattering and beam attenuation coefficient, and chlorophyll fluorescence in euphotic zone waters sampled during CCE-LTER and found little sensitivity of the Terrats et al. (2020) proxies to PIC. Most likely, this is because surface waters were dominated by living phytoplankton and not detached coccoliths.
An advantage of our PIC sensor is that it discriminates against all non-birefringent particles and capitalizes on the fact that calcium carbonate birefringence exceeds other common biogenic minerals (SrSO4 and barite) by more than an order of magnitude and the fact that carbonates are far more abundant than these other phases. We have further demonstrated that the sensor does detect birefringent clay minerals in the nepheloid layer. In other words, the sensor only responds to the birefringent components of the total material in suspension. We feel that there is strong justification for its further development and have demonstrated its value in the validation of remote sensing proxies for PIC and in extending knowledge of PIC in the vertical to full ocean depths. Further deployments during GEOTRACES expeditions are justified.
Sensor Implementation on Autonomous Floats
Two versions of our birefringence sensors have already been deployed on Carbon Explorer (Bishop et al., 2002) floats in 2003 and again in 2013. In the former case, the polarizing cell was lost from the float’s PIC sensor within days of deployment. The float and sensor electronics functioned for their complete lifetime. In 2013, two Carbon Explorer floats were deployed at station P16 along Line P with sensors very similar to PIC010 and PIC011 but fitted with fluid-filled pressure-compensated polarizing cells (Supplementary Figure S2). They had been successfully CTD profiled a month prior to deployment (Supplementary Figure S1), but as the ship transited to the deployment location, one of the cells leaked fluid due to ship motion, and attempts by personnel at sea to rectify the problem failed. One Carbon Explorer successfully collected 100 profiles, but fouling of protruding fixtures from the sensor led to bad data after 40 days. It was this difficulty that led to the current design of the sensors.
Our ongoing work will interface the current class of sensors to the Carbon Flux Explorer (Bishop et al., 2016; Bourne et al., 2021). This float already determines the birefringent photon yield of sinking particles as they accumulate on an imaging stage. Implementation of the PIC sensor will enable simultaneous measurement of birefringent particles present in the water column and the sinking flux of birefringent material. Further analysis of “spikes” in concentration profiles may provide insight into the occurrence of foraminifera, pteropods, and other birefringent organisms.
Sensor Status and Needs
The birefringence-based optical proxy for PIC is new. We are still learning about it and working on how to improve its fidelity. Laboratory thermal cycling experiments demonstrate that the current generation of prototype sensors requires complex treatment of profile data. In our experiments, we were able to induce instrument temperature changes at rates from −0.6 to +0.6°C per minute. During water column profiling in the tropics, the sensors can experience rates of cooling or heating up to an order of magnitude greater than that achieved in the laboratory. Our first priority is to engineer the sensor to eliminate the hysteresis that can now be readily detected. The behavior of two co-manufactured sensors shows that thermal transients can generate leads and lags in the source and detector electronics. Our second priority is to compensate for variation of beam strength with temperature. We made a deliberate choice not to adopt the beam source monitoring approach used in commercial transmissometers until the sensor behavior at its basic level was understood. A third priority is to address sensor drift during operational deployments. During the GP15 transect, both sensors showed upward drift of their crossing blank. Furthermore, as they drifted, a pressure-dependent correction had to be applied to the profile data. It is not known whether the polarizers degraded or reacted with seawater over time, and this issue is under investigation. These three steps will transition the sensor from “specialist” to “routinely” deployable.
To conclude, this study demonstrates the potential value of a fast, readily deployable polarizing sensor that is capable of deployment from ship launched CTDs and autonomous floats. Expansion and enhancement of such autonomous observations of PIC profiles below the surface are critical for understanding and projecting the role of the biological carbon pump in the global carbon cycle.
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