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Abstract The biological pump, a fundamental process governing atmospheric CO,, rapidly transfers
particulate inorganic and organic carbon (PIC and POC) from surface waters to the deep sea but is inherently
highly variable in space and time, and thus poorly observed. Here we synthesize PIC and POC data from
satellites, CTD-profiled optical sensors (birefringence and transmissometer), and from in situ pumps samples
from GEOTRACES transects spanning 20,000 km from the North Pacific to Southern Ocean. High resolution
profile data from PIC sensors revealed strong subsurface maxima in the deepest euphotic zone waters of
oligotrophic gyres; furthermore, data showed high concentrations of PIC penetrating to >500 m south of the
Subarctic Front (45°N-35°N), at the equator, and north of the Antarctic Polar Front (45°S-55°S) indicating high
carbon export in these regions. We developed a new temporal/spatial interpolation scheme for satellite data that
improved matchups with ship observations. North of the Antarctic Polar Front (APF), PIC sensor data was
generally well aligned with sample PIC; however, a positive bias of satellite PIC was found in poor retrieval
regions. South of the APF, both satellite and birefringence sensor greatly overestimated PIC by factors of >25
and 12, respectively, compared to sample PIC which averaged 15 nM. The unanticipated discovery of a non-
carbonate particle birefringence source coupled with a microscopic investigation of pump samples leads us to
hypothesize that internal reflection within bubbles and/or cellular structures of heavily silicified colony-forming
diatoms (Fragilariopsis and Pseudo-nitzschia) is the cause for anomalous birefringence and adds to
backscattered satellite radiances.

Plain Language Summary Atmospheric CO, levels are influenced by fast biological processes in
the ocean. Prediction requires an understanding of how biological processes create and transfer particulate
inorganic and organic carbon (PIC and POC) to depth, yet observations are sparse. Here we synthesize satellite
and GEOTRACES ship observations from Adak, Alaska to the frigid waters near 67°S in the Southern Ocean.
Along the transect north of the Antarctic Polar Front (APF) near 55°S, PIC and POC concentrations —
measured surface to 500 m depth — using novel particle birefringence sensors and transmissometers yielded
data consistent with analyses of simultaneously collected samples in most cases; satellite PIC data were based
high in cloudy areas. The new PIC sensor revealed unseen detail of deep dwelling coccolithophore populations
in subtropical gyres and mid-latitude and equatorial zones of enhanced particle transfer to depth. An
unanticipated discovery was a strong overestimation of PIC by sensor (and even more so by satellites) south of
the Antarctic Polar Front in surface waters colder than 1°C. We hypothesize that buoyancy promoting voids
formed by some members of living colony-forming Fragilariopsis and Pseudo-nitzschia diatoms are the source
of biases found. In contrast, satellite and sensor POC data were little affected across the APF transition.

1. Introduction

The ocean biological carbon pump (OBCP) (Volk & Hoffert, 1985), is both fast and dynamic and is an important
factor governing the uptake of atmospheric CO, by the ocean; yet it is poorly observed. Globally, 1-2 Pg of
oceanic photo synthesizers produce organic carbon at a rate of ~50 Pg C yr~' (Falkowski & Raven, 2007; Field
et al., 1998), with actions of consumers leading to an export of carbon —primarily by sinking particles (Boyd
et al., 2019) — at uncertain rates from 5 to 12 Pg C yr~! (Boyd & Trull, 2007; Clements et al., 2023; Henson
et al., 2011; Siegel et al., 2014; Yao & Schlitzer, 2013). This process leads to a pH increase in surface waters
which favors the uptake of atmospheric CO,.
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Calcareous phytoplankton synthesize particulate inorganic carbon (PIC) as a byproduct of photosynthesis at rates
between 0.4 and 1.8 Pg C yr~' (Balch et al., 2016; Berelson et al., 2007; Feely et al., 2004). Calcification plays
two roles in the OBCP. First, the packaging of PIC within sinking aggregates enhances their sinking rate and leads
to reduced remineralization of particulate organic carbon (POC) in the mesopelagic zone (Armstrong et al., 2001).
Second, the production of calcium carbonate lowers surface water alkalinity, which lowers pH and increases
pCO, countering the effects of photosynthesis. Furthermore, the decreasing pH and calcium carbonate saturation
state of surface waters from the uptake of anthropogenic CO, (Feely et al., 2009; Sabine et al., 2004) may short-
circuit the OBCP by reducing calcification rates and aggregate sinking rates.

Remote sensing has provided a novel view of the global distributions of PIC within the first optical depth (37%
light level, Gordon & McCluney, 1975) of the euphotic zone (Balch et al., 2005, 2018; Gordon et al., 2001;
Mitchell et al., 2017). However, a large fraction of PIC in the euphotic zone is missed, and in the case of tropical
and subtropical waters, coccolithophores can be found as deep as the 0.1% light level (Bishop et al., 2022; Okada
& Honjo, 1973; Poulton et al., 2017).

Methods to measure PIC concentrations and fluxes are still limited. There are fewer than 150 PIC profiles
extending from surface waters through the mesopelagic zone (Lam & Xiang, 2025; Lam et al., 2011, 2018)
because large volume in situ filtration sampling is required for accurate measure of low PIC concentration waters
(Bishop et al., 2022). Many such observations are temporally restricted to fair weather conditions and are spatially
sparse due to their dependence on ships.

To understand the water column dynamics of PIC (and POC) and its role in carbon export, we have developed an
autonomous float, the Ocean Carbon Observer (OCO, Bishop & Wood, 2024), equipped with both an optical
sedimentation recorder (OSR, Bishop, 2009; Bourne et al., 2021) and particle concentration sensors that measure
both transmissometer beam attenuation coefficient as a proxy for POC (Bishop et al., 1998) and particle bire-
fringence as an optical proxy for PIC (Bishop et al., 2022). The OCO profiles and drifts between 0 and 1,000 m to
yield diurnal variations of PIC and POC concentrations and fluxes with depth.

The optical sensors for PIC and POC were profiled surface to bottom along two GEOTRACES transects: GP15
from Adak Alaska to Tahiti (2018, 152°W, 56°N to 20°S), and GP17-OCE (Hereafter: GP17) from Tahiti to the
Southern Ocean (20°S to 67°S). Together, the expeditions sampled biologically diverse regimes, including the
subarctic north Pacific, oligotrophic north and south Pacific gyres, the Pacific equatorial regime, the Subantarctic
Frontal Zone (“The Great Calcite Belt”; Balch et al., 2011, 2016; Patil et al., 2017), the circumpolar current, and
the coldest waters of the Southern Ocean (Figure 1).

Resulting data for 77 stations has enabled a comprehensive synthesis and analysis of PIC and POC from remote
sensing, CTD (Conductivity Temperature Depth) deployed optical sensors, and from samples collected by large
volume in situ filtration, the latter which serve as both “surface truth” and “in situ truth” for both sets of optical
proxies.

2. Materials and Methods

PIC and POC data were obtained in three ways during this study. First, CTD interfaced sensors for particle
birefringence and particle beam attenuation coefficient were deployed to full water column depth (Section 2.1).
Second, PIC and POC samples were collected by McLane large volume in situ pump deployments at the same
stations and analyzed ashore at the University of California, Santa Cruz (Section 2.2). Third, we matched ship
observations with satellite retrieved values PIC and POC (Section 2.3).

2.1. CTD Data

During both GP15 and GP17, birefringence sensor PICO11, and transmissometer CST1450 were interfaced to the
Seabird 19-plus logging CTD and deployed during McLane pump casts; data were recorded at 14-bit resolution at
4 Hz; similarly, sensors PIC010 and CST1035 were deployed interfaced to a SBE 911 CTD on the GEOTRACES
Trace Element Sampling Carousel (GTC) and recorded at 12-bit resolution at 24 Hz. Transmissometer CST1874
was deployed on the Ocean Data Facility (ODF) CTD/rosette system during GP17 (12-bit, 24 Hz).

Optical data obtained during CTD deployments were despiked by iteratively computing the mean and standard
deviation (s.d.) of data over 10 s intervals and excluding data that fall outside of £3 s.d. Limits (Bishop et al., 2022).

LIET AL.

2 0f 22



F ¥ ed )
M\ Earth and Space Science 10.1029/2024EA004070
160°W 140°W 120°W 100°W 80°W
60°N *‘s—-L_.--J~~l______a______h__ 60°
e Subarctlc ’ |
- ' ' ‘ Equatorlal!
40°N g - ‘ = SPG 40°N
STF
SAZ

PFZ

20°N .| 20°N

w
o

0°

N
o

Sea Surface Temperature

20°S = e e IPIES

1
1
40°S C --_-JJ--’___'." 40°S

=
o

o

1

1

I T G=a

12 1

-t 9-—--o-|---—-- 60°S
1

[ |

e e 1
°W 100°W 80°W

Figure 1. Spatial distribution of stations occupied during GP15 from Adak, Alaska to Tahiti in 2018 (triangles) and GP17-
OCE from Tahiti to the Southern Ocean in 2022/2023 (circles). Colored legend symbols and acronyms for biogeochemical
regimes and front positions are defined in Table 2. Locations overlay MODIS AQUA sea surface temperature maps for Oct
2018 (from 60°N to 20°S) and for 19 Dec 2022, to 19 Jan 2023 (South of 20°S). The Antarctic Polar Front lies between GP17
stations 16 and 18.

In discussions of transects of optically derived PIC and POC concentrations to 500 m, we use the average of all
profiles at each station. In describing profile details at each station and match ups with McLane data, we use data
from separate CTD casts. We note that sensor data are robust to full water column depth but we limit discussion to
the upper 500 m in this paper.

2.1.1. PIC Sensor

The two PIC sensors (PIC010, and PICO11) used in this study have been extensively documented (Bishop
et al., 2022). Briefly, the sensors are built on a digital WETLabs C-star 25 cm pathlength 6,000 m rated trans-
missometer. A 660 nm laser replaced the transmissometer's light emitting diode (LED) light source. High crossing
efficiency polarizers were externally mounted to both source and receiver windows; the source polarizer is
aligned with the plane of polarization of the laser and the receiver polarizer is crossed to minimize transmission of
the direct beam. When light from the primary beam encounters birefringent particles, its plane of polarization is
rotated, and the sensor receives a signal. Although detailed methodology is published (Bishop et al., 2022) an
abbreviated description is included in supplemental materials (Text S1 in Supporting Information S1) which
describes the transformation of raw sensor voltages read by the CTD into the sensor independent quantity,
birefringent photon yield, B, with units of ppm m™". p_,, is converted to PIC (in nM) by multiplying by 15 (in
units - nM ppm~" m; Bishop et al., 2022); we refer to this quantity as “birefringence PIC” or “PIC,.”
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2.1.2. Transmissometer POC

During GP15, transmissometer CST1450 was the standard for beam attenuation coefficient (c,,) for the entire
section as it was both stable and air calibrated prior to each deployment; the other transmissometers were adjusted
to this standard. CST1874 on the ODF-CTD was used as a standard for GP17. GP15 and GP17 ¢, values are
accurate to better than 0.01 m™", and systematically precise to better than 0.003 m™'. Additional detail is found in
Text S2 in Supporting Information S1.

Transmissometer POC (in pM) is calculated by multiplying ¢, by 27 (Bishop & Wood, 2008), derived from
regression of the sum of POC in three nominal size fractions (0.8-1.2, 1.2-51 um, and >51 pM) sampled using the
Multiple Unit Large Volume in situ Filtration System (MULVES), against ¢,. We refer to this Proxy as
“POC.po5."

cp0.8

2.1.3. First Attenuation Depth Averaging of PIC; and POC, 5

Averaged diffuse attenuation coefficient (Kd,q,) from AQUA, TERRA, and SNPP satellites was used to compute
the first attenuation depths representative of satellite data (Gordon & McCluney, 1975); these attenuation depths
(z = 1/Kdyg) ranged from 9 to 49 m. At each station, PIC; and POC,,, 3 data were averaged over the corre-
sponding depth in order to compare with satellite results.

2.2. In Situ Particle Sampling and Analysis

McLane pumps deployed during GEOTRACES filtered several hundred liters in surface waters to 1,000 L in deep
waters. Dried samples were analyzed ashore. The deployment procedures for the McLane Research in situ Water
Transfer System (WTS) Large Volume (LV) pumps are described by Xiang and Lam (2020). Typically, eight
pumps were deployed with alogging CTD to confirm sampling depths. At GP17 S16 (55°S, 145.66°W) on 25 Dec
2022, the R/V Revelle was hit by a rogue wave. Extreme ship roll led to the loss of eight McLane pumps, the CTD,
and sensors PICO11 and CST1450. Contemporaneous data PIC; from PICO11 and samples are available at S1, S3,
S6, S12, and S14. Stations GP17 S8 and S10 had pump samples but had no useful CTD recorded sensor data.
Thus, profile comparisons with McLane samples at GP17 S8, S10, S20, S22, S25, S27, S29, S35 and S37 rely on
non-contemporaneous data from PIC010 onboard the GTC CTD.

Each pump carried two 142 mm diameter filter holders, each with two separate filter stages with multiple baffles
upstream of the filters to ensure even particle distribution and to prevent particle loss (Bishop et al., 2012). One
filter holder was configured with a 51 pm Sefar polyester mesh prefilter followed by paired Whatman QMA
quartz fiber filters. The second filter holder was configured with the same Sefar 51 um prefilter but followed by
paired 0.8 pm Pall Supor polyether sulfone filters. These holders are referred to as the “QMA” and “SUPOR”
holders, respectively. Particle analyses reported in this paper are primarily from the QMA holder. In some cases,
we refer to analyses of subsamples from the “SUPOR” holder.

Sample analytical results and methodology for GP15 are documented by Lam et al. (2024a, 2024b). Identical
methods were used during GP17. Here we report Particulate inorganic carbon (PIC) as measured by coulometry.
We refer to PIC determined in 1-51 pm and >51 pm fractions as PICg and PIC; , respectively and the sum of these
fractions as PICg .

2.3. Satellite OBCP Proxies
2.3.1. Data Sources and Calculation of PIC;,

Satellite retrievals of sea surface chlorophyll-a (Hu et al., 2012), PIC (2B/3B algorithm, Balch et al., 2005;
Gordon et al., 2001), and POC (Stramski et al., 2008) at 4 km 8 day temporal resolution from AQUA MODIS
(Moderate Resolution Imaging Spectroradiometer) and TERRA MODIS and SNPP VIIRS (Visible Infrared
Imaging Radiometer Suite) were downloaded in June 2023 from the NASA ocean color level 3 (L3) data browser
(https://oceancolor.gsfc.nasa.gov/13/). Standard Satellite POC and PIC products are referred to as POCg, 1 and
PIC,p/38.

Level 3 Color Index 2-band (CI2, Mitchell et al., 2017) PIC products derived from level 2 data are available but
are not contemporaneous with GEOTRACES. For this reason, we produced our own CI2 PIC product (hereafter,
PIC,) using level 3 (L3) reflectance data (Rrs547 and Rrs667 for MODIS, Rrs551 and Rrs671 for VIIRS). We
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Table 1
Definition of Terms Used in This Paper for PIC and POC as Optical Proxies and Analyzed Quantities
Abbreviation Units Definition
PIC, nM PIC from CTD birefringence sensors (Bishop et al., 2022)
POC 05 pM POC from CTD beam attenuation coefficient (>0.8 pm) (Bishop
& Wood, 2008)
PICg, nM PIC concentration from McLane samples (sum of 1-51 pm (S)
and >51 pm (L) particle size fractions).
PIC 5,35 nM PIC concentration from remote sensing: 2 band/3 band algorithm
(Balch et al., 2005; Gordon et al., 2001)
PIC, nM PIC concentration from remote sensing: band difference
algorithm (Color Index, Mitchell et al., 2017)
POCg 1 uM POC concentration from remote sensing: (Stramski et al., 2008)
believe this calculation is reasonable in the case of GEOTRACES match ups (Text S3 in Supporting
Information S1).
2.3.2. Satellite Data Reprocessing
For this study, we have developed an improved scheme using 8-day composite data that achieves a more complete
and more accurate spatial and temporal match up of ship and satellite data (Text S4 in Supporting Information S1).
The scheme was validated against matchups calculated using daily imagery over 3 days which bracket the time of
ship observations (Text S5 in Supporting Information S1). The spatial-temporal scheme is tested by linear
regression of 3-versus 8-day SST, chlorophyll-a, PIC, and POC (Text S6 in Supporting Information S1), all of
which showed high correlation and slopes close to 1.
Table 2 2.3.3. Summary of Optics Terms Used in This Manuscript
Grouping for Stations Along in GP15 and GP17-OCE Cruises
See Table 1.
Cruise Position Station(s) Region/Fronts
GP15 55°N-37°N 3-9 Subarctic 3. Results
10-12 Subarctic Frontal Zone
32°N-_17.5°N 14-19 North Pacific Gyre (NPG) 3.1. Hydrographic Context and Grouping Logic for GP15 and GP17
11°N=5°S 21-33  Equatorial Regime Transect
10.5°S-20.0°S 35-39 South Pacific Gyre (SPG) The Pacific GP15 transect from 56°N to 20°S along 152°W started in Alaskan
GP17 20.0°S-27.5°S 1-8 shelf and subarctic high-nutrient low-chlorophyll (HNLC) waters, crossed the
9 Subtropical Front (STF) oldest deep water in the North Pacific gyre and the equatorial upwelling re-
3750552 3°S 10-14 SilimEte i (A7) gion, and ended in the ultra-oligotrophic waters in the South Pacific Gyre. The
Subantarctic Front (SAF) GP17 transect (Figure 1) consisted of three legs: from 20°S to 67°S along
g o Polar Frontal Zone (PFZ) ~152—135‘_’W, azonal transect at 67°S from 135°W to 100°W, and a northeast
bound section (100°W-75°W, 55°S). GP17 sampled waters from the strongly
NS IS ATETE ST () oligotrophic South Pacific gyre to the highly productive Antarctic polar re-
Southern ACC front (SACCF) gion crossing several Antarctic Frontal Zones. Together, the transects
56.3°S 18 Southern Zone (SZ) sampled surface waters ranging in temperature from —0.5°C to 29°C. Stations
ACC Southern Boundary (SB) are classified into groups based on their hydrographic and biogeochemical
57.6°S-67°S, 20-30 Subpolar Region (SPZ) characteristics which are summarized in Table 2 (Orsi et al., 1995; Talley
144.9°W-92.5°W et al., 2011; Twining et al., 2023).
ACC Southern Boundary (SB)
Southern ACC front (sSACCF) 3.2. Validation of Satellite 8 Day Composite Match-Up Scheme
Antarctic Polar Front (APF) Figure 2 shows SST from three satellites and shipboard CTD casts along both
SIEbEBEFSE [FFoi (SALF) transects. We confirmed consistency of shipboard along-track continuous
60°S-52.5°S, 32-38 Subantarctic Zone (SAZ) flow SST data and CTD data which showed agreement to better than 0.1°C.
LN Diurnal SST variations on station were less than 0.3°C.
LIET AL. 5 of 22
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Figure 2. Retrievals of sea surface temperature (SST) from AQUA, TERRA, and SNPP using the improved 8 day composite are compared to in situ SST from CTD casts
at stations along both transects. Left and right panels are GP17 and GP15, respectively. Ship track distance uses the equator as reference. Latitude and station numbers
are at the top of the plot. The average of the along-track SST trend is used to provide a hydrographic reference in our discussion.

Figure 3 shows the statistics of SST anomaly computed using data derived from the continuously recording
shipboard meteorological system (MET). Sea surface temperature was the most variable (>2°C) at GP17 S14,
reflecting strong physical variability near the Subantarctic Front. For most stations, the difference between sat-
ellite SST, in situ SST, and CTD SST is less than 0.5°C. Where departures exceed a 0.5°C difference, results
frequently showed satellite SST values colder than observations, suggesting the effects of clouds at sub pixel
scale.

3.3. PIC Profiles During GP17

Comparisons of birefringence PIC (PICg) from sensors PICO10 and PICO11 with PIC analyzed in samples from
McLane pumps (PICg,; ) during GP15 have already been reported (Bishop et al., 2022), and for this reason we
focus on profile comparisons during GP17.
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Figure 3. Sea surface temperature (SST) anomaly at GP15 and GP17 stations. Box plots show SST anomaly referenced to the mean of 6 min averaged data from the
shipboard meteorological system (MET). Each box shows the 25, 50, 75 percentiles with error bars representing 0 and 100 percentiles; crosses mark the outliers.
Similarly calculated are satellite SST anomaly and CTD SST anomaly.
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Figure 4. (a) Comparison of sensor PIC; and sample PICg; at station 1. McLane cast CTD (PICO11), and sample data are
highlighted as filled cyan and open blue symbols. PIC010 data from the GTC CTD are also shown; red symbols denote casts
closest to the time of McLane sampling. Also shown are the particulate organic carbon proxy beam attenuation coefficient
(Cp m~") and fluorometer data (in relative units), (b), (c), and (d) data for GP17 stations 3, 14, and 27. Hydrographic data are
presented at the right side of each row of plots. The 25 m PIC value at S14 is based on analysis of material from the Supor
sample.

Figure 4 shows PIC;; and PICg ; with profiles for beam attenuation coefficient and fluorescence at GP17 stations
1, 3, 14, and 27 (here after “station 1” will be “S1”, etc.).

At South Pacific Gyre S1 and S3 (Figures 4a and 4b) PIC; and PICs,, are in good agreement at McLane depths
sampled. Also in agreement are profile and sample data from S6, S8 and S12. The subsurface maximum in PIC at
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S1 was found approximately 40 m deeper than the fluorescence maximum at 190 m. At S3, PIC;; near 150 m
averaged 20 nM during McLane sampling but shifted to 240 nM in later profiles which reflected the intrusion of a
lower oxygen (195 vs. 225 pmol O, kg™") water mass.

Near the Subantarctic Front, at S14 (Figure 4¢) PICg and PICg, are in excellent agreement at depths 70 m and
deeper but a failure of the pump at 25 m to collect samples in the “QMA” filter holder meant that archival
subsamples from the Supor filter holder were analyzed. This sample at 25 m yielded PICg,; value of 83 nM,
approximately 50% of the PIC; concentrations. S14 was remarkable for having strong temperature variability
(Figure 3) and factor-of-two shifts of beam attenuation coefficient and fluorescence.

In the subpolar zone S27 (Figure 4d) is a clear-cut case where PIC; and PICg,, were far different. There,
Scanning Electron Microscope (SEM) and X-ray fluorescence (XRF) imaging of the QMA sample showed
abundant diatoms and no evidence of carbonate particles. PICg,; was lower than 4 nM at all depths sampled
while PIC;; exceeded 50 nM at depths sampled and peaked to 150 nM at 50 m. Stations S20, S22, S25 and S29
showed similar disagreements in near surface waters. There must be a signal independent from carbonate particle
birefringence in the coldest of Antarctic waters.

3.4. Transmitted and Polarized Light Microscopy of Prefilter Samples at Stations 14 and 25

To understand the birefringence PIC signals at high latitudes in the Southern Ocean, we microscopically
examined and imaged dried material from prefilter samples collected from 25 m at GP17 S14 and S25 under
parallel and cross-polarized transmitted light (Figures 5a and 5b). We used available sample from S25 as it is
hydrographically similar to S27 (Figure 4d). The sample from the Subantarctic Zone at S14 shows strongly
birefringent foraminifera, coccolithophores. Also in the image are weakly birefringent dinoflagellates. At S25,
there is a scant visible evidence for carbonate particles, consistent with McLane sample results, yet there is a
birefringence signal arising from non-carbonate particles. Figure 5c shows attenuance and birefringence in the
two samples as cumulative area weighted distributions summed from high to low. While attenuance loading of the
two samples is nearly identical, S14 stands out in terms of its cumulative birefringence distribution, in other
words, carbonates are a dominant source of birefringence in the samples.

Figure 6 shows a magnified view of the attenuance and birefringence (at longer exposure times) images of a
sample from S25 under collimated (condenser out) and non-collimated (divergent, condenser in) light. What
stands out in the cross polarized light imagery is that some of the diatoms appear to yield a polarization
signal. We also noticed that this interference decreased over a period of 10 days (Figure S8 in Supporting
Information S1) suggesting that immersion oil had slowly filled cavities in the diatoms. We hypothesize
below that the anomalous PICy profiles at stations 20 through 29 arise due to forward internal reflections
within such cavities.

3.5. Ship and Satellite Transect Comparison

Figure 7a compares PIC from the three approaches along both GP15 and GP17: PIC,p 55 retrieved from satellites
and both McLane sample PICg,; and sensor PICO10 PICy averaged over one attenuation depth. PIC;, POC_ ¢
and potential temperature sections to 500 m are shown in Figures 7b and 7d, respectively. These sections are
overlaid with lines depicting mixed layer depth, fluorescence maximum, and euphotic zone depth to provide a
hydrographic context.

In our plots, euphotic zone depth is defined as the depth below the fluorescence maximum where fluorescence
falls to 10% of the maximum value and corresponds to the 1% light level (Owens et al., 2015). Mixed layer depth
is calculated assuming a potential density anomaly difference of 0.05 units.

3.5.1. Water Column Systematics

In the euphotic zone, highest birefringent PICy occurs in waters shallower than 50 m in subarctic waters north of
47°N; south of the subarctic front, a subsurface maximum developed reaching depths near 120 m in the North
Pacific Gyre (12.5°N-27.5°N). The Equatorial Zone showed highest values in near surface waters. In the South
Pacific Gyre a PIC; maximum was found between 150 and 225 m at GP15 stations S33 to S39 and at GP17 S1 to
S5 (5°S-30°S). Distributions at crossover stations at 20°S (GP15 S39 and GP17 S1), reproduce each other both in
concentration systematics and in the fact that the PIC; maximum was found 40 m deeper than the fluorescence
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Figure 5. Comparison of Attenuance and Polarization Photon Yield images from GP17 Stations (a) 14, and (b) 25.
Transmitted and cross polarized collimated illumination of the samples was used. Cumulative distributions of Attenuance
(Log,, of transmission) and Polarization Yield for the same samples are shown in (c). Scale bars are 100 pm.

maximum. Lowest PIC; values were observed at GP17 stations S6 to S8. Beginning at GP17 S9 the PIC
maximum and fluorescence maximum became superimposed and progressively shallowed to near surface waters.
PIC; concentrations exceeding 1,000 nM were observed near 75 m at stations 15 and 16 in the Polar Frontal Zone.
In the frigid waters of the Subpolar Region, a PIC; maximum was found in the upper 50 m with values ranging as
high as 400 nM (S29); but concentrations strongly attenuated with depth to near zero values by 100 m. We noted
above in Section 3.3 (Figure 4d) that PICg ,; was less than 2 nM in shallow waters while PIC; ranged between 100
and 140 nM at S27. We will show below that PICB also overestimates PICg,; values at GP17 S22, S25, S27, and
S$29. We have no samples to compare with at stations 15 through 20, nor any at stations 30 and 32.

In sub euphotic zone waters, PIC; distributions had relative minima at GP15 stations 6 and 7 (north of 50°N), at
stations 21 and 22 (near 11°N) and at S33 (at 5°S) all reflecting oxygen depleted waters. Highest PIC; con-
centrations were found extending from the base of the euphotic zone to 500 m near 40°N just south of the
subarctic front, at the equator, and just north of the Antarctic Polar Front suggesting strong PIC export at these
latitudes.

Figure 7c shows the POC,_ g transect to depths of 500 m. POC is highest in waters from 45°N to 55°N, near the
equator, and south of 40°S. Enhanced concentrations of POC in sub euphotic zone waters is indicative of
enhanced POC export (Bishop, 2009). In the Southern Zone at stations 18 and 20 both PIC; and POC,, 3 show
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Figure 6. Comparison of Attenuance and Polarization Photon Yield images from GP17 Station 25 under (a) collimated, and
(b) non-collimated (divergent) illumination. Much longer exposure times were used for images under cross-polarized
illumination. Cumulative distributions of Attenuance (Log10 of transmission) and Polarization Yield for the same conditions
are shown in (c). Scale Bar of 80 pm is shown.

relative minima in surface waters probably due to strong divergence of flow between the Southern Antarctic
Circumpolar Current Front (SACCF) and SB.

3.5.2. Intercomparison of PICg,, PIC; and PIC;y/3,

Figure 7a compares McLane sample PICg | data and birefringent PICg averaged over one attenuation depth along
with the PIC,p,55 from three different satellites. In the subarctic, PICg from sensor PIC010 and PICO11 is lower
than McLane PICg,; and PIC,p,35. We found good agreement between PICg, PICg,, and PIC,p35 in the
oligotrophic gyre waters and equatorial regions where PIC concentration is below 50 nM. In the regions with
suboptimal satellite coverage, there are a few cases (e.g., GP15 stations 19, 25 and 35; GP17 stations 3 and 5)
where satellite PIC deviates well above 100 nM while sensor and sample PIC stay low. In GP17, PICg,,; , and
PIC,y,3p increase south of the Subtropical Front, followed by an elevation of upper layer PIC concentration.

Sensor PIC; generally agrees with sample PICg,,, and satellite PIC,p /3 in the Subantarctic Zone. There is an
anomaly at GP17 S10, where PICj profiles underestimate PICg,; but in trends paralleling each other (Figure S9
in Supporting Information S1). GP17 S12 shows PICg,; and PIC; in agreement. The highest PIC concentration
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was seen in the Polar Frontal Zone at GP17 S15 and S16 where PIC; reached 400 nM. Here, PIC,p35 exceeds
PIC, by a factor of 2-3. No sample data are available at GP17 S16. In the Subpolar Region, PICg, is largely
absent (averaging ~20 nM). Satellite derived PIC,g,55 averages 20 times higher than sample PICg,; . Sensor
derived PIC; averages ~10 times higher than PICg, suggesting that non-carbonate particles in the Subpolar
Region somehow produce a birefringence signal. In the Subantarctic Zone on the northeast bound transect of
GP17 McLane PICg | , PIC; and PIC, 35 are generally aligned, as was found in the Subantarctic Zone during the
southbound transect.

3.5.3. Systematics of PIC PIC,p/35, PIC(y, Versus PICg,

To understand how well sensor birefringent PIC;; and satellite PIC,/35 compare with the in situ PICg,, directly
measured in the pump samples, Figures 8a-8c show plots of PIC; minus PICg,, PIC,5/35 minus PICg,,, and
PIC¢y, minus PICg,; , respectively along the GEOTRACES transects. PIC; is lower than sample PIC by between
200 and 300 nM in subarctic waters at GP 15 S8 and at GP17 S10 and S35; we will discuss these stations below.
PIC averages 200 nM higher than PICg, in the near freezing waters of the Subpolar Region (S20 through S29)
confirming unknown birefringence sources in these waters.

The trend of satellite PIC, /35 minus PICg_; (Figure 8b) is like the trend for PIC;, minus PICg_; (Figure 8c), but
the latter is positively offset. PIC,g/35 is closer to the sample PICg,; in the Pacific Gyres while PIC;, agrees
better with sample PIC in the subarctic north Pacific. The two algorithms strongly overestimate PIC in the
Subpolar Region where SST is below 0°C; the bias of PIC, exceeds 700 nM at S27 and is approximately 30%
higher than the bias of PIC,g/35.

3.6. Relationships Between PICg, PIC,y/3;,, and PICg,

The regression analysis for match-ups of sensor PICg, satellite PIC, /35, and McLane sample PICs,, is shown in
Figure 9. North of the APF, all properties are correlated. Satellite PIC,p,35 versus PIC; show the highest cor-
relation (Figure 9a, R* = 0.71; Slope = 2.6 + 0.3) compared with PIC,p35 versus PICg,; (Figure 9c; R*=0.49,
Slope = 0.8 + 0.2), and PIC; versus PICg,, (Figure 9e, R* = 0.46; Slope = 0.28 + 0.13); PIC, in near surface
waters underestimates PICg,; by a factor of 3.

South of the APF, no correlation was found for either PIC,p35 versus PICg (Figure 9b, R*=0.12) or PIC, /35
versus PICg,; (Figure 9d, R* = 0.02); in these waters, PIC,p,55 far exceeds PICg +L- We did find significant
correlation of PICy versus PICg,; (Figure 9f, R*=0.71, Slope 4.3 + 1.6), but that PIC; overestimates PICg .

3.7. Surface Trends in Satellite and Sensor POC Proxies and Trends in Pigment Biomarkers

Figure 10a shows the intercomparison of satellite POCg,+ with McLane sample POC 3¢, (only GP15) and
POC,, 3 averaged to the 37% light level. POC, g from multiple transmissometers closely track one another
across both GP15 and GP17 sections. POCg 1 overestimates POC, g5, north of 50°N in the subarctic, while
POC, s and sample POC g agree with each other. POC,, g and POC g5, follow one another in the Pacific
gyres and equatorial Pacific while POCg 1 has a similar trend but is positively offset by 1.4 uM in the North
Pacific Gyre. Similar offsets were found in the South Pacific Gyre. Such offsets are expected as a major fraction of
photosynthetic biomass is in smaller than 0.8 pm in oligotrophic waters. POC,, g converges with POCg,r in the
Subantarctic Zone and rises to approximately 30% higher than POCg, 1 in the Subpolar Region. POC maxima
(10-12 pM) are found at S15 and S16 in the Polar Frontal Zone and in the Southern Zone.

Figures 10b and 10c show averaged and integrated inventories of diatom, coccolithophore, and dinoflagellate
biomarkers within the euphotic zone to the first attenuation depth, respectively. For all GP15 and for GP17 to S11
(45°S), coccolithophore pigments trend higher than diatoms. Notable peaks in diatom biomarkers occur at S16

Figure 7. (a) Comparison of AQUA, TERRA, and SNPP satellite retrievals of surface layer PIC concentrations, PIC from one attenuation depth averaged McLane
samples, and one attenuation depth averaged PIC, from sensor PIC010 (GP15&GP17) and from PICO11(GP15 only), (b) PIC section from sensor PIC010,

(¢) POC, 3, and (d) Potential temperature section. Left and Right Panels are from GP17 and GP15, respectively. The distance coordinate is track distance relative to the
equator. Blue bars over top of Figure 8a mark regions with poor satellite retrieval. White line: mixed layer depth. Green solid and dashed lines: fluorescence maximum
and base of euphotic zone depths, respectively.

LIET AL.

12 of 22



A7

M\I Earth and Space Science 10.1029/2024EA004070
AND SPACE SCIENCES
PR >
P S PG 8 8P LR PP RPN RPN 56O R DR D PP P
1000 e e 30
= 27
Z 800 24
= 121
5 -
2 6001 r18 ©
: s 2
» 400 12 »
o g @
5 o)
2 2001 6
& 13 O
£ 07 ---5-—5-ﬁ-——[;-A—AM—A--ﬁ—A-—A—-é-—é ------------- -0
= A
© + A -3
Q 200 . 2
D— O L A
—400 ; : : : : : : : ,
-10000 -8000  —6000  —4000 —2000 0 2000 4000 6000
> © % PO Y
L N SR A S R R I I I S - S SR S SR NEPAC S R I I I IR
1000 1 1 1 1 1 § A 1 E ES = 1 1 1 1 1 1 1 1 1 L 1 1 1 1 1 8 1 L 1 1 30
27
s r24
= r21
) r18 9
Q. | —
£ 15
[ 12
® g @
= o)
< 6 -
@ L3 O
= 3
£ S 5 gm0
) A & -3
s § IS
o
-400 , : : : : . : : :
-10000 -8000  —6000  —4000 —2000 0 2000 4000 6000
1000 e e 3
3 L27
T 800 ] 24
= 21
S 6001 1 SENS)
S F15
o =
l"_.’ 400 1 F12 8
& 2 2 a
9 200 3 } 6
= i & II‘ { A % a A 3 (@)
S a 5 5z 1A
o ° 510
T - -3
o —2001 - -
O L
-400 - : : , : : : : :
-10000 -8000  —6000  —4000 —2000 0 2000 4000 6000

Track Distance (km)

Figure 8. Differences (a) between sensor PIC; and McLane sample PICg,; , (b) between satellite PIC,5/35 (averaged from 3 satellites) and PICg,, and (c) between
PIC;, (averaged from 3 satellites) and PICg, ; . The datapoints are colored by their biogeochemical regions (Table 2). The red line marks the sea surface temperature
(SST) from CTD. Error bars mark +1 standard deviation. Track Distance is computed referenced to the equator. GP17 and GP15 are plotted in left and right panels. The
measurement bias for both sensor PIC and satellite PIC increases as the SST drops below 1°C.
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Figure 9. Regression and statistics between satellite PIC,p/35 (median of three satellites), PIC,, (from PIC010), and McLane
sample PICq,; along the GP15 and GP17-OCE cruise track. Data are classified into north of APF (a, c, e) and the south of
APF (b, d, f). The red line denotes a 1:1 relationship.

and S29 and high values are seen at S15, and at stations S22 through S30. Dinoflagellate-sourced pigment
peridinin peaked at GP17 S13.

4. Discussion
4.1. Spatial Temporal Match Up

Our interpolation scheme improved the satellite data retrieval matchups where fractional clouds are present (Text
S5 and S6 in Supporting Information S1, Figures S5, S6, and S7 in Supporting Information S1). The strong
correlation between 8 day interpolated satellite SST and ship SST (Figures 2 and 3) indicates that our spatial-
temporal interpolation scheme is robust across the entire section from 29°C strongly stratified waters to
—0.5°C waters south of the Antarctic Polar Front. For OBCP parameters in the subarctic north Pacific, retrieval
percentages were near 100% in original 8 day composites; however visual inspection of images shows strong
disagreement among satellites and with the sample data (Figure S10 in Supporting Information S1). There,
retrieved PIC,p,35 and POCg, were noisy and exceed samples by 4 and 3 times, respectively (Figures 7a and
10a). By looking at the statistics of how multiple satellites agree with one another we conclude that there was a
breakdown of retrievals at these latitudes at the time of GP15. At mid-latitudes, in low retrieval areas, there were
100-200 nM PIC,, ;5 differences among satellites and results similarly exceed sample data. Such a multi-satellite
statistical approach would flag bad PIC data; POCg, was far less affected.

4.2. Comparison Between PIC,g,35 and PIC;,

Currently, the 2B/3B algorithm is the standard product for PIC provided by NASA Ocean Color Level 3 browser.
The 2B/3B is a combination of two-band (blue-green) algorithm optimized for non-bloom concentrations of
coccolithophores (Balch et al., 2005) and three-band red/near-infrared (NIR) algorithm optimized for turbid, high
reflectance coccolithophore blooms (Gordon et al., 2001). The algorithm was combined into a switching algo-
rithm (NASA Ocean Color PIC algorithm; link: https://oceancolor.gsfc.nasa.gov/resources/atbd/pic/). In version
R2022, which we are using, PIC,5,;5 was adjusted to account for the packaging effect of different coccolitho-
phore classes versus coccoliths. The adjustment makes low PIC,y,55 values lower and high PIC,g/35 values
higher, with a null shift at around 80 nM.
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Figure 10. (a) Comparison of AQUA, TERRA, and SNPP satellite retrievals of surface layer POCg 1, POCy g5 (GP15 only), and POC 5. POC g5, and POC, g
are averaged over one light attenuation depth. The blue bars denote areas of low satellite retrievals, (b) euphotic zone integrated pigment biomarker stocks for
fucoxanthin+diadinoxanthin (diatoms), for 19’-hexanoyloxyfucoxanthin (coccolithophores) and peridinin (dinoflagellates), and (c) average pigment concentrations
over the first light attenuation depth. 19’-hex signals south of the APF are from the haptophyte Phaeocystis.

The two-band color index algorithm (PIC(,, Mitchell et al., 2017) estimates PIC concentrations using the
reflectance difference between 547 and 667 nm. This algorithm is improved over the 2B/3B algorithm as it is
more resistant to both atmospheric correction errors and residual errors in sun glint corrections. Mitchell
et al. (2017) also compared the PIC, to the PIC,5/35 and in situ PIC along a meridional transect (from ~50°N to
~50°S) in the Atlantic Ocean. They found that PIC,, is consistently higher than PIC,g 55, but in better agreement
with the in situ observations except in the vicinity of dust impacted areas near the equator.

In our study, PIC, has slightly better coverage than the PIC, 35 (Figure S6 in Supporting Information S1). For
example, at GP17 S20, the PIC,p,35 algorithm failed to retrieve any data from three satellites, but the PIC,
algorithm was completely successful. Similar to Mitchell et al. (2017), PICy, is consistently higher than PIC,g/35
(Figure S1 in Supporting Information S1). For GP15 observations in the subarctic north Pacific, PIC, is better
aligned with in situ data (Figure 8) while PIC,y,;5 underestimates; however, from the North Pacific Gyre to the
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APF, PIC,p,3p is in close agreement with both McLane sample PICg,; and PIC; whereas PICcy, is 100-200 nM
higher than PICg ;. We hypothesize that overestimation of PIC;, arises because it was calibrated using a dataset
predominantly from the Atlantic without representation of waters from the oligotrophic Pacific Ocean.

4.3. Particle Birefringence in Waters Near the Antarctic Polar Front

The source of particle birefringence in waters north and south of the Antarctic Polar Front may be different. South
of the APF, stations S20 through S29 clearly show a strong non-carbonate source of particle birefringence.

North of the APF, at GP17 S14 (52.3°S), polarized microscope analysis of the material on the prefilter of the 25 m
sample did confirm the dominance of coccolithophores and foraminifera carbonate particles as the source of
measured birefringence (Figure 5); Although there was no “QMA” holder sample from 25 m, analysis of material
from the McLane “SUPOR” holder yielded a PICg,; concentration of 83 nM at 25 m. This value is 100 nM lower
than the upcast PIC; value of 195 nM and we cannot completely rule out the possibility that there was some
additive non-carbonate signal at S14; Satellite PIC,5,35 and PIC(, were 350 and 520 nM higher than PICg_,,
respectively at the same location. Below 70 m, PICy and PICs,, concentrations were elevated throughout the
water column compared to other stations and both PIC and PICg,; rose to 150 nM in the near bottom nepheloid
layer near 3,800 m. This deep value was the highest recorded at any station in the combined GP15 (see, e.g.
Bishop et al., 2022) and GP17 transects.

Transmitted and cross-polarized light microscopy of 1-51 pm samples from S25 (67°S) and >51 pm material
from S25 and S29 (Figures 5 and 6) confirmed the dominance of diatoms and a complete absence of coccoli-
thophores and coccoliths. Interestingly, our microscopy found that calcareous foraminifera and pteropods were
present in samples from S25 and S29: few at S25 and relatively high numbers at S29, consistent with trends of
sample PICg,; values. It is unreasonable to assume that the PIC sensor is 4-5 times more sensitive to foraminifera
and pteropod PIC. For this reason, there must an additive interference from another source. Phytoplankton
pigment data from GP15 and GP17 show that coccolithophores are a major species compared to diatoms
everywhere north of 45°S (Figure 10c). Diatom markers peaked at stations S16 and S29.

4.4. Interference of OBCP Optical Proxies in the Southern Ocean

In the coldest waters of the Southern Ocean, the low PIC measured in size-fractionated pump samples is
consistent with previous observations in the Subpolar Region, including both size-fractionated large volume
particle samples (PICg,; <20 nM, Lam & Bishop, 2007) and PIC measured using the acid-labile backscattering
method (Balch et al., 2016). However, both satellite PIC,p/35 and sensor PIC; are far higher than sample PICg .
(Figure 8) with sensor PICg overestimating PICs; by up to 350 nM and PIC,p,35 and PIC(, overestimating in the
same waters by up to 500 nM and >700 nM, respectively. Are there unidentified or under-appreciated bire-
fringence sources in Southern Ocean surface waters? Is there overlap between these birefringent effects and
uncorrected sources of error in the satellite algorithms for this critical region?

4.4.1. Anomalous PIC; Data

Clay minerals are birefringent particles but are only abundant in the surface ocean near continental margins and
thus are ruled out. SrSO, (celestite, Acantharia), another birefringent biomineral, was observed at concentrations
higher than 1 nM in the upper 100 m at 66°S during the Southern Ocean Iron Experiment (SOFeX) (Lam &
Bishop, 2007) but its birefringence is 10 times lower than both calcite or aragonite (Guay & Bishop, 2002) and
concentrations are nearly 2 orders of magnitude lower than our birefringence PIC signal. Birefringent fragments
of fish scales (CaPO,) are large and would be rejected as spikes in our profiles. It has been also suggested that
there are birefringent chromosomes in some dinoflagellate taxa (Cachon et al., 1989). Our microscopic analysis
confirmed that dinoflagellates were present in surface waters at S14 but also that calcareous organisms were far
more abundant.

Biogenic silica occurs in high concentrations in the >51 pm size fraction at 66°S in SOFeX samples, consistent
with abundant chain forming diatoms (Lam & Bishop, 2007), however, biogenic silica has no birefringence (Guay
& Bishop, 2002). During the GP17 cruise, the continuous in-line flow cyto-bot (IFCB) imagery of surface water
indicated that lightly silicified diatoms become present in the Subantarctic Zone, and heavily silicified diatom
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Figure 11. Analysis of the relationship between Polarization Yield and Attenuance in images of prefilter material taken from Stations 14, 25, and 29. Two illumination
conditions were used, condenser out (collimated illumination) of the sample and condenser in (non-collimated, a cone shaped illumination of the sample, ~30° angle).
Aperture setting was 0.5. Results show that polarization yield and attenuance were not correleated in either sample from S14 and S25. These properties were correlated
in the sample from S29, dominated with heavily silicified colony-forming diatoms. The Polarization Yield scale is magnified 10X for samples from S25, and S29.

taxa such as Fragilariopsis (a chain-forming diatom) and Coscinodiscus were observed in the Polar Frontal Zone
(Twining et al., 2023).

All light reflecting from particle surfaces takes on polarization, but in the case of the PIC sensor most of reflected
light should be scattered away from its collimated beam and thus not detected. The only way for a signal to arise is
through multiple scattering which would direct the reflected light in the forward direction. We argue that forward
internal reflections of light by voids or cellular structures within frustules of some members of heavily silicified
colony-forming diatoms are the source of the anomalous PIC; signal (Figures 5 and 6). Indeed, at GP17 S29
(67°S) we found very high abundances of Fragilariopsis and Pseudo-nitzschia diatom colonies (Figures S12 and
S13 in Supporting Information S1) exactly where the highest anomalous euphotic zone PICy concentrations were
found; S29 was also the station which had the deepest mixed layer (sigma-theta difference of 0.05 at 65 m,
Figure 8d). All stations with surface waters colder than 1°C were anomalous.

Figure 11 shows heat maps of polarization yield against attenuance derived from calibrated transmitted and cross-
polarized transmitted light images of McLane Prefilter samples at 0.5 pm resolution. Waters for all three samples
had nearly identical measures of beam attenuation coefficient, and fluorescence.

Given the above findings, we hypothesize that heavily silicified colony-forming diatoms form micro-bubbles
within some colony members to achieve positive buoyancy in the weakly stratified environment in which they
live. Alternatively, the packing arrangement of some diatom species may enable bubble entrapment and thus a
buoyancy gain.

4.4.2. Anomalous Satellite Data

Can the anomalously high satellite PIC,g,35 and PIC;, concentrations retrieved south of the polar front also be
explained? This interference arises from non-carbonate backscattering sources. In the Antarctic waters, PIC was
only 1% of bSi on a molar basis (Lam & Bishop, 2007; Trull et al., 2018). Although having a lower refractive
index than calcium carbonate, literature suggests biogenic silica can produce abnormally high backscattering
when diatoms are present in high abundance (Broerse et al., 2003). We hypothesize that direct bubble formation/
entrapment by colonial diatoms to enhance buoyancy would further enhance backscattering. Bubble injection
from breaking waves could be another scattering source. Wind speed data during the GP17 expedition indicated
relatively high wind speeds (>10 m/s) from 56 to 65°S, which would lead to a surface water air bubble void
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fraction ranging from 2 X 107 to 4 x 107>, In the Southern Ocean where chlorophyll-a concentration is around
0.5 mg m™>, such bubble void fractions can produce 50%-100% of optical scatter compared to that from chlo-
rophyll (Terrill et al., 2001).

4.5. Southern Boundary of Coccolithophores as the Key to Improve Satellite Estimated PIC

A frequently used rule of thumb is that coccolithophores with calcium carbonate architecture, that is, high PIC, are
rarely found in waters colder than 5°C. Most studies of plankton assemblages in different sectors of the southern
hemisphere have proved the southern boundary of coccolithophores is usually between the Antarctic Polar Front
and Southern ACC Front (Beaufort et al., 2011; Eynaud et al., 1999; Mohan et al., 2008; Nishida, 1986).
Furthermore, the decline of coccolithophores leads to a sharp transition of biominerals from PIC to biogenic silica
(bSi), that is, low PIC, south of the polar frontal zone (Balch et al., 2011, 2016; Lam & Bishop, 2007); The
increasing abundance of diatoms is suggested to be associated with the poleward rise in iron availability and
nutrient supply (Balch et al., 2016), as well as the decrease in SST, which is unfavorable for E. huxleyi, the most
common species of coccolithophores in high latitude seas. In our data, we found little or no coccolithophore PIC
present south of the APF, consistent with other studies above.

A recent study (Winter et al., 2014) suggested E. huxleyi is more sensitive to SST and salinity than to ocean carbon
chemistry, because it is less competitive acquiring CO2(aq) due to less efficient Rubisco enzyme compared to
other algae (e.g., diatoms). Given that coccolithophores are rarely found south of the SACCF, we propose that SST
can serve as an indicator of non-PIC scattering in the Southern Ocean. In our case, 5°C remains a reasonable
threshold below which satellite PIC should be ignored. Further research and synthesis on the southern boundary
of coccolithophores in the Southern Ocean is necessary to refine the threshold of filtering algorithm for satellite
derived PIC product.

5. Conclusions

In this study, we have focused on the quantification of the biological carbon pump by synthesizing satellite and in
situ optical proxies for PIC and POC and analytical measurements in large-volume particulate samples collected
from GEOTRACES transects in the Pacific Ocean from Alaska to the Southern Ocean. To facilitate the analysis,
we have developed an improved scheme that significantly improves the temporal and spatial matchup of satellite
and shipboard data. We presented the first transect for PIC spanning latitudes from 56°N to 67°S in the Pacific
Ocean and the Pacific sector of the Southern Ocean, that is derived from in situ measurements of birefringence
photon yield.

Our findings reveal distinct patterns of PIC distribution correlating with oceanographic fronts and nutrient
availability. In the “Great Calcite Belt”, high abundance of PIC was found in the Subantarctic Zone and Polar
Frontal Zone where nitrate concentrations are elevated and where sea surface temperatures are above 5°C
(Figures 7a and 7b). Elevated concentrations of PIC well below the euphotic zone indicated enhanced export in
the region of GP17 stations 12—16 from 45°S to 55°S. Similar indications of enhanced export were seen south of
the subarctic front between 45°N and 35°N and at the equatorial divergence zone. The elevated PIC in sub-
euphotic zone waters in these regions is the result of the breakup of sinking aggregates exported from regions of
high photosynthetic calcification. In the coldest surface waters of the Southern Ocean south of the polar front,
large-volume particulate samples indicate that PIC is absent or at low levels (highest: 60 nM at S29) but that these
concentrations arise from calcified foraminifera and pteropods.

Comparison between satellite PIC and McLane samples reveals that strong biases exist in the satellite data for the
Southern Ocean. Satellite PIC algorithms appear to include interference from other scattering sources such as
highly abundant biogenic silica, diatom-entrapped air bubbles, and/or micro-bubbles caused by high wind speeds.
Particulate samples from the subtropical Pacific and the Pacific sector of the Southern Ocean are needed to
account for known factors—such as coccolith morphology and the partitioning of PIC between living coccoli-
thophores and coccoliths—and to isolate suspected non-PIC scattering sources that appear to contribute to
satellite-detected radiances.

Two prototype PIC sensors demonstrated reliable and consistent operation in profiles extending to depths as great
as 6,000 m and temperatures ranging from —1.5°C to 29°C. They exhibited strong agreement with McLane
sample measurements, particularly in oligotrophic waters where PIC concentrations were low. However, the
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sensor's accuracy in surface waters varied with latitude and PIC concentration. The birefringence sensor may
underestimate PIC in subarctic and subantarctic surface waters where a high fraction of carbonate may be in living
coccolithophores such that cellular material would block a fraction of the signal. GP17 stations 10 and 35 fell into
this category, but also lacked in contemporaneous profile and sample observations. In deeper waters sample and
sesnor PIC were aligned. Further microscopic analysis of the complete suite of near surface McLane samples from
GP15 and GP17-OCE would further illuminate these issues.

There is no doubt that the PIC sensor detected high birefringence signals in the Southern Ocean's shallow
euphotic zone, where samples suggest little PIC is present; however, the sensor matched sample data below the
euphotic zone. We have ruled out birefringent clay minerals and SrSO, phases as causes of this interference.
Microscopy has ruled out a significant birefringence from dinoflagellates whose pigment systematics were
furthermore a poor match to our anomalous trends. Multiple lines of evidence point to a false birefringence
signal arising from additive stray polarized light by colony/chain-forming diatoms when they dominate in
surface waters. This birefringence is hypothesized to result from buoyancy enhancing voids or other bire-
fringent cellular elements within some members of such colonies as an ecological adaption to the poorly
stratified near freezing environment (e.g., low light and a 65 m deep mixed layer at GP17-S29) in which they
live. Culture studies of Antarctic colony-forming diatoms at —1 to 1°C temperatures would answer the question
of buoyancy and birefringence.

Our transmissometer-derived POC proxy (POC,g) showed good agreement with large volume particle POC
samples from GP15. However, satellite-derived POCg 1 estimates exhibited systematic positive offsets in the
oligotrophic gyres (compared to both sample POC and sensor POC,, g) due to a known elevated contribution to
POC by picoplankton smaller than 0.8 pm. McLane pump sample analyses for major particle phases, including
POC, is in progress for GP17 and will further inform the understanding of these optical proxies.

Evidence presented above suggests that optical transmission and cross-polarized light proxies for POC and PIC
concentrations, respectively, are understood well enough to merit long-term deployment on autonomous plat-
forms. Given the numerous insights our prototype sensors for PIC have yielded, these results provide strong
justification for further engineering work and commercialization of the sensor. Transmissometer sensors have
indeed been deployed on Carbon Explorer floats (e.g., Bishop & Wood, 2009) in the extreme southern ocean.
Both transmissometer and birefringence sensors will be deployed on the OCOs and will enable simultaneous real
time measurement of POC and PIC concentrations and flux (including particle size-distributions and classes) to
kilometer depths on a daily basis for seasons to years. Autonomous sensor systems, such as the OCO, are ideally
suited for deployment in the dangerous regimes such as subarctic and subantarctic regions where PIC and POC
export are both strong and dynamic and time series is needed. Paired with ongoing improvements in satellite-
derived algorithms, these efforts promise continued large increases in our understanding of ocean ecology and
carbon dynamics.

Finally, there is a large community of scientists using global satellite data sets to infer ocean biological processes
and our analysis provides a unique insight to the use of such data. For example, Lacour et al. (2023) analyzed
BioARGO float data and found indications of high carbon export in the Southern Ocean which were linked to
satellite observations of a coccolithophore bloom. Our assessment of the context of the imagery is that the
anomalous coccolithophore bloom appears to be due to diatoms and not coccolithophores.

An improved estimate of global PIC stocks can be achieved through a quality controlled satellite PIC product,
synthesized from multiple satellites. Our study shows that PIC retrieved from 4 km 8 day satellite composites
are prone to subpixel-scale contamination (Figure 7a), such as from sub-pixel scale clouds; and that this can
occur at all latitudes. These contaminated data are currently composited into monthly and annual fields. We
recommend that such PIC stock estimates utilize 8 day imagery from multiple satellites, whereby inconsistent
retrievals are excluded. Furthermore we note that cloud contamination presents a major challenge in estimating
global PIC stocks, particularly in regions like the Great Calcite Belt, which accounts for 26% of global sus-
pended PIC (Balch et al., 2005). In our study, a simple 2D temporal/spatial interpolation method has doubled
retrievals in these regions. We further recommend using SST warmer than 5°C as a threshold for future
retrieval algorithms.
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