
1. Introduction

The transfer of organic carbon produced in the upper ocean to the deep sea, commonly referred to as the biolog-

ical pump, is a critical part of the global carbon cycle that helps to regulate earth's climate (Boyd et al., 2019; 

Friedlingstein et al., 2020; Volk & Hoffert, 1985). Organic carbon is operationally differentiated into particulate 

organic carbon (POC; typically defined as particles >0.7 μm) and dissolved organic carbon (DOC; matter passing 

through a filter of either 0.7 or 0.22 μm). The gravitational sinking of algal cells, detritus, aggregates, and fecal 

matter from zooplankton grazing are thought to be the main pathways for POC export (Buesseler et al., 2020; 

Passow, 2002; Siegel et al., 2014). Downward mixing is thought to be the primary pathway for DOC export, 

accounting for approximately 20% of the total carbon export globally, but with large regional variability (Bif 

& Hansell, 2019; Hansell et al., 2009; Romera-Castillo et al., 2016; Roshan & DeVries, 2017). Global organic 

carbon export estimates range from 5 to 12 Pg C yr−1 (DeVries & Weber, 2017; Dunne et al., 2007; Henson 

et al., 2011; Laws et al., 2011; Siegel et al., 2014), while the air-to-sea transfer of carbon dioxide gas (CO2) is 

presently estimated at 2.5 Pg C yr−1 (Friedlingstein et al., 2020; Takahashi et al., 2002). Thus, just a 10% reduc-

tion in the efficiency of the biological pump could impose a 20%–50% reduction in the ocean carbon sink.

The transfer of particulate inorganic carbon (PIC) produced in the upper ocean to the deep sea, namely the cal-

cium carbonate counter pump, is another critical part of the global carbon cycle (Balch et al., 2007; Macreadie 

et al., 2017). PIC production reduces the local ocean uptake of atmospheric CO2 while the dissolution of PIC at 

depth helps to buffer changes in ocean pH (Adkins et al., 2021; Feely et al., 2004). Additionally, PIC can act as 

ballast, augmenting the sinking rate and transfer efficiency of organic matter (Klaas & Archer, 2002). The relative 

contribution of each carbon pool and export pathway depends on many factors, such as phytoplankton community 

structure, ecosystem food webs, the strength of microbial loop, and environmental conditions. At a global scale, 
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the characterization of carbon pool dynamics and tighter constraint on the magnitude of the biological pump 

remain critical knowledge gaps. A small shift in the ratio of PIC, POC, and DOC production or export could have 

important implications for the depth of carbon remineralization (Carlson et al., 2010; Klaas & Archer, 2002), 

mesopelagic food webs (Legendre et al., 2015), the efficiency of the biological pump (Passow & Carlson, 2012), 

and the duration of carbon storage in the ocean (Boudreau et al., 2018; Kwon et al., 2009).

Despite the importance of this topic, the contribution of different biogenic pools to the total carbon export remains 

a challenge to quantify due to methodological and observational limitations. POC export is commonly estimated 

by measuring the 234Th/238U ratios of POC (Amiel et al., 2002; Coale & Bruland, 1985) or by using sediment 

traps (Buesseler, 1991; Martin et al., 1987). DOC export is almost exclusively estimated from the seasonal change 

in DOC inventory based on monthly or seasonally collected hydrographic data (Bif & Hansell, 2019; Carlson 

et al., 1994; Hansell & Carlson, 1998). PIC export is less commonly measured, but has been estimated using sedi-

ment traps (Timothy et al., 2013) and a combination of chemical tracer budgets (Fassbender et al., 2016; Williams 

et al., 2018). However, temporally and spatially limited measurements are not sufficient to capture the dynamic 

and heterogeneous nature of biogenic carbon export processes.

Autonomous platforms equipped with chemical and bio-optical sensors now make it possible to quantify carbon 

export at more ideal temporal and spatial scales (Bushinsky & Emerson, 2015; Plant et al., 2016; Riser & John-

son, 2008; Yang et al., 2017). However, most studies to date have focused on the evolution of bulk organic matter 

export and only a few have attempted to differentiate carbon pools (Alkire et al., 2012; Bif & Hansell, 2019; Fass-

bender et al., 2016, 2017; Haskell et al., 2020; Williams et al., 2018). For example, Alkire et al. (2012) combined 

simultaneous measurements of oxygen (O2), nitrate (NO3
−), and backscatter from a biogeochemical (BGC) pro-

filing float in the North Atlantic Ocean to isolate the export of POC and DOC over approximately 1 month during 

the spring bloom. Fassbender et al. (2016) and Fassbender et al. (2017) used dissolved inorganic carbon (DIC) 

and total alkalinity (TA) budgets based on multiple years of mooring observations to quantify the climatological 

total organic carbon (POC + DOC) and PIC export production at two locations in the North Pacific Ocean; an ap-

proach subsequently applied by Williams et al. (2018) to BGC floats in the Southern Ocean. Haskell et al. (2020) 

were the first to characterize the climatological export of all three carbon pools (PIC, POC, and DOC) using both 

BGC float and mooring observations in the Northeast Pacific Ocean.

In addition to a conductivity-temperature-depth sensor, BGC profiling floats are now capable of carrying sensors 

that measure O2, NO3
−, pH, and bio-optical parameters (including chlorophyll fluorescence, particle backscatter, 

and color dissolved organic matter); hereafter referred to as 5-sensor floats. The addition of a pH sensor makes 

it possible to pair pH measurements with TA estimates to calculate DIC throughout the water column. This cir-

cumvents the need of mooring pCO2 data to calculate mixed layer DIC concentrations, as was done in Haskell 

et al. (2020). Here, we rely solely on water column observations from one 5-sensor BGC float deployed near 

Ocean Station Papa (OSP; 50°N, −145°E; Figure 1) to quantify the euphotic-zone cycling and export potential of 

PIC, POC, and DOC. Using both chemical and bio-optical tracers of POC cycling, we constrain the instantaneous 

sinking particle flux (FPOCsinking
 ) and quantify the real-time export ratio (e-ratio) by combining float estimates of 

net primary production (NPP) and FPOCsinking
 (e-ratio = [FPOCsinking

 /NPP] × 100%).

2. Methods

2.1. Study Domain

Our study region is located near OSP (Figure 1), a well-characterized time-series site in the subarctic northeast 

Pacific (Freeland, 2007; Harrison, 2002). Seasonal cruises (generally during February, June, and August) extend-

ing from the Canadian west coast to OSP have occurred since 1949, providing a long-term record of physical 

and biochemical ocean conditions. This region is a CO2 sink over the course of the year (Ayers & Lozier, 2012; 

Takahashi et al., 2002). Alleviation of seasonal light limitation during spring triggers bloom initiation, resulting 

in a pronounced drawdown of macronutrients (Harrison, 2002). However, the summer exhaustion of NO3
− is gen-

erally precluded by iron limitation, rendering this a typical high-nutrient-low-chlorophyll region (Harrison, 2002; 

Martin & Fitzwater, 1988).

A variety of geochemical approaches have been used to estimate regional carbon export revealing a seasonal 

shift between autotrophy (when gross primary production exceeds community respiration) and heterotrophy (the 
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opposite) with annual export hovering around 2  mol C m−2  yr−1 (Bif & Hansell,  2019; Bushinsky & Emer-

son, 2015; Emerson & Stump, 2010; Fassbender et al., 2016; Giesbrecht et al., 2012; Haskell et al., 2020; Timo-

thy et al., 2013; Wong et al., 1999). Calcium carbonate (CaCO3) particles are thought to play an important role in 

this region, accounting for up to ∼30% of total carbon export (Fassbender et al., 2016; Timothy et al., 2013; Wong 

et al., 2002). Over the past decade, the study region has endured two marine heatwaves: from 2013 to 2015 (Bond 

et al., 2015) and from mid-2018 throughout early 2020 (Amaya et al., 2020; Scannell et al., 2020). Prior research 

on the first marine heatwave emphasized marine ecosystem impacts within the study domain caused by signifi-

cant shifts in the phytoplankton community structure (Peña et al., 2018) and fish larva (Nielsen et al., 2021), as 

well as a decline in carbon export (Bif et al., 2019; Yang et al., 2018). Our study period is coincident with the 

second marine heatwave, characterized by anomalously high temperatures and low salinities (Amaya et al., 2020; 

Scannell et al., 2020).

2.2. Data Sources

2.2.1. Float Platform and Sensor Information

The Sea-Bird Scientific (SBS) Navis BGC float (WMO ID: 5905988) used in this study was deployed in Au-

gust 2018 near OSP (Figure 1). The raw and quality-controlled float data files were retrieved from https://www.

mbari.org/science/upper-ocean-systems/chemical-sensor-group/floatviz/. The float was equipped with an SBE41 

conductivity-temperature-depth (CTD) sensor, SBE63 optical dissolved oxygen sensor, Satlantic Deep SUNA 

nitrate sensor (Johnson & Coletti, 2002), Deep-Sea DuraFET pH sensor (Johnson et al., 2016), and a WETLabs 

three-channel MCOMS bio-optical sensor with chlorophyll fluorescence at 470/685 nm, CDOM at 370/460 nm, 

and backscattering (bbp) at 700  nm with a scattering angle of 150°. The float profiled every ∼10  days from 

2,000 m to the surface with 2 m resolution sampling in the top 200 m.

The SBE63 oxygen sensor is not capable of air calibration, so oxygen data were calibrated using the 2018 World 

Ocean Atlas monthly oxygen climatology. This calibration approach typically constrains float oxygen accuracy 

to within ±3% at the surface (Takeshita et al., 2013), which is not adequate to determine the air-sea oxygen gas 

flux. We re-calibrated the oxygen sensor data (i.e., values retrieved after using only the manufacturer calibration 

information) using high-accuracy Winker oxygen samples collected during regional Canadian Line P Program 

cruises to better constrain the oxygen sensor gain (Figure S1 in Supporting Information S1). This calibration 

approach yielded an accuracy of ∼0.35%, which is comparable to the accuracy achieved by optodes capable of air 

calibration (Bushinsky et al., 2016). Quality control of float pH and nitrate sensor data was conducted following 

the standard procedures proposed by the international Biogeochemical Argo program (Johnson et al., 2017).

Figure 1. (left) Study domain and (right) float trajectory (line). Nearby Canadian Line P Program sampling stations (triangles), including Ocean Station Papa (OSP; 

star), are also shown.

https://www.mbari.org/science/upper-ocean-systems/chemical-sensor-group/floatviz/
https://www.mbari.org/science/upper-ocean-systems/chemical-sensor-group/floatviz/
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The quality control of bbp data and partitioning of big (>100 μm in size) and small particles (<100 μm in size) 

followed the methods described in Briggs et al. (2020). Briefly, blank values (corresponding to mean wintertime 

bbp values between 850 and 900 m each year) were subtracted from each bbp profile before a 11-point maximum 

filter was applied to remove outliers caused by large particles and background noise. Small and big particles were 

separated by a 11-point minimum filter. bbp data were converted to POC concentration using a global, empirical 

relationship: POC (mg m−3) = 31,200 × bbp_700nm (1/m) + 3.04 (Johnson et al., 2017). Raw float fluorescence 

data were corrected for non-photochemical quenching before a background signal (minimum Chl-a between 100 

and 300 m) was removed. To obtain the best possible Chl-a estimate, fluorescence-to-chlorophyll-concentration 

relationships derived from Line P cruise discrete Chl-a samples and CTD fluorescence data were applied to the 

BGC float observations as described in Long et al. (2021).

Float profile data were interpolated to a 1-m vertical resolution and smoothed over time with a 5-point moving 

mean to filter out the short-term fluctuations. A salinity data quality issue was identified when the salinity quality 

control (QC) flag switched from 1 (equivalent to good data) to 4 (equivalent to bad data) in the delayed-mode 

file after profile 101 (March 2020) as a result of sensor drift (Bittig et al., 2019). Chemical sensor output (for O2, 

pH, and NO3
− sensors) requires salinity information to compute the chemical quantities of interest and to perform 

various calibration (O2) and adjustment (pH and NO3
−) procedures (Johnson et al., 2017; Maurer et al., 2021). As 

a result, the QC flags for chemical tracers were also assigned values of 4 once the salinity issue presented. Thus, 

our analysis was confined to the first 100 float profiles.

2.2.2. Carbonate System Calculations

TA was calculated from float temperature, salinity, and oxygen measurements using the CANYON-B neural 

network algorithm (Bittig et al., 2018). TA estimates were paired with float pH observations to calculate the 

partial pressure of CO2 (pCO2) and DIC using “seacarb” package in R (Gattuso et al., 2020). Near-surface pCO2 

estimates from the float show excellent agreement with preliminary pCO2 observations from the OSP mooring 

(Figure S2 in Supporting Information S1). While previous studies have demonstrated the ability of CANYON-B 

to reproduce the magnitude and seasonal cycle of historical, ship-board TA measurements from the region (with 

the estimated error <1%, ±13 μmol kg−1; Haskell et al., 2020), it should be noted that these empirical TA esti-

mates integrate the influence of CaCO3 processes rather than independently resolving calcification in real time. 

Therefore, PIC production solved from the TA budget should be interpreted with some degree of caution. DIC 

estimates herein are more robust due to the inclusion of float-measured pH.

2.2.3. Ancillary Data

Publicly available ancillary data used in this study include daily averages of three-hourly air pressure, 10-m wind 

speed, and atmospheric pCO2 from the NOAA OSP mooring (https://www.pmel.noaa.gov/ocs/data/disdel/ and 

https://www.pmel.noaa.gov/co2/story/Papa/); daily euphotic zone depth (Zeu, https://oceandata.sci.gsfc.nasa.gov/

directaccess/MODIS-Aqua/Mapped/8-Day/9km/Zeu_lee) and surface photosynthetically active radiation (PAR; 

https://oceandata.sci.gsfc.nasa.gov/directaccess/MODIS-Aqua/Mapped/8-Day/9km/par/) at 0. 083° resolution; 

daily wind stress at 0.25° resolution from the Advanced Scatterometer product (https://manati.star.nesdis.noaa.

gov/datasets/ASCATData.php); a monthly climatology of diapycnal diffusivity at the base of mixed layer from 

Cronin et al. (2015); seasonal discrete samples of NO3
− and O2 collected by the Canadian Line P Program (https://

www.waterproperties.ca/linep/cruises.php); and ship-board measurements of DIC and TA collected during the 

August 2018 NASA EXPORTS cruise near OSP (https://seabass.gsfc.nasa.gov/experiment/EXPORTS; https://

doi.org/10.5067/SeaBASS/EXPORTS/DATA001). Additional discrete samples of DIC, TA, pH, DOC, POC, and 

particulate organic nitrogen (PON) collected during Canadian Line P Program cruises from February 2019 through 

February 2020 are also used (https://www.bco-dmo.org/dataset/865829; https://doi.org/10.26008/1912/bco-

dmo.865829.1; https://www.bco-dmo.org/dataset/865893; https://doi.org/10.26008/1912/bco-dmo.865893.1; 

https://www.ncei.noaa.gov/access/metadata/landing-page/bin/iso?id=gov.noaa.nodc:0234342). The sources and 

detailed usage of the ancillary data are summarized in Table S1 of Supporting Information S1. Observations from 

the closest (in space and time) satellite grid or Line P cruise station were matched to float profiles for calculations 

and parameter comparisons.

https://www.pmel.noaa.gov/ocs/data/disdel/
https://www.pmel.noaa.gov/co2/story/Papa/
https://oceandata.sci.gsfc.nasa.gov/directaccess/MODIS-Aqua/Mapped/8-Day/9km/Zeu_lee
https://oceandata.sci.gsfc.nasa.gov/directaccess/MODIS-Aqua/Mapped/8-Day/9km/Zeu_lee
https://oceandata.sci.gsfc.nasa.gov/directaccess/MODIS-Aqua/Mapped/8-Day/9km/par/
https://manati.star.nesdis.noaa.gov/datasets/ASCATData.php
https://manati.star.nesdis.noaa.gov/datasets/ASCATData.php
https://www.waterproperties.ca/linep/cruises.php
https://www.waterproperties.ca/linep/cruises.php
https://seabass.gsfc.nasa.gov/experiment/EXPORTS
https://doi.org/10.5067/SeaBASS/EXPORTS/DATA001
https://doi.org/10.5067/SeaBASS/EXPORTS/DATA001
https://www.bco-dmo.org/dataset/865829
https://doi.org/10.26008/1912/bco-dmo.865829.1
https://doi.org/10.26008/1912/bco-dmo.865829.1
https://www.bco-dmo.org/dataset/865893
https://doi.org/10.26008/1912/bco-dmo.865893.1
https://www.ncei.noaa.gov/access/metadata/landing-page/bin/iso?id=gov.noaa.nodc:0234342
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2.3. Net Biological Metabolism Estimated From Chemical and Bio-Optical Tracer Budgets

2.3.1. Mass Balance Model

The overarching goal of our study is to characterize the cycling and export potential of distinct biogenic carbon 

pools using a 5-sensor BGC float and to diagnose the underlying mechanisms governing these processes. Bioge-

ochemical tracers record the imprint of physical and biological processes in seawater. By combining O2, NO3
−, 

DIC, TA, and POCbbp
 (suspended POC derived from the bbp signal) observations and estimates from the float, we 

can close an upper-layer budget to estimate the residual, net biological metabolism in the water column over time. 

We focus our analysis on the euphotic zone to evaluate differences in the net production of POM, DOM, and PIC. 

Given the near constancy of Zeu during the study period (white line in Figure 2), we closed the tracer budgets to 

a fixed depth of 56 m.

By assuming a negligible role of horizontal advection in this region, similar to prior studies near OSP (Bushinsky 

& Emerson, 2015; Emerson & Stump, 2010; Haskell et al., 2020; Yang et al., 2018), the vertically integrated time 

rate of change for a given tracer (dT(tracer)/dt, mmol m−2 d−1) can be expressed as Equation 1:

��(DIC,TA,O2 ,NO−
3
,POCbbp

)

��
=

��(DIC,O2)

��
|Gas +

��(DIC,TA,O2 ,NO−
3
,POCbbp

)

��
|Phys

+
��(DIC,TA,NO−

3
,POCbbp

)

��
|EP +

��(DIC,TA,O2 ,NO−
3
,POCbbp

)

��
|Bio

 (1)

The right-hand side of Equation 1 accounts for the influence of air-sea gas exchange (Gas), evaporation and 

precipitation (EP), physical transport and mixing (Phys), and net biological processes (Bio). The Bio term is 

calculated as a residual after accounting for all abiotic processes. The rationale for omitting horizontal advection 

in the upper layer tracer budget is supported by the weak horizontal advection of surface layer oxygen resolved 

from repeat Seaglider measurements near OSP (Pelland et al., 2018).

The DIC gas exchange term was calculated using Equation 2:

Figure 2. Time series of biogeochemical properties from float observations. Colored circles, with “×” symbols behind them, show discreet sample values from the 

Canadian Line P cruise station (noted above the panel) closest to the float at the time of collection. The black and white lines represent the mixed layer and euphotic 

zone depths, respectively.
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𝜕𝜕DIC

𝜕𝜕𝜕𝜕
|Gas = 𝑘𝑘 ×𝐾𝐾H × Δ𝑝𝑝CO2 (2)

where k is the wind-speed dependent gas exchange velocity parameterized by Wanninkhof (2014), KH is the CO2 

solubility (Weiss, 1974), and ∆pCO2 is the difference in pCO2 between surface seawater and the atmospheric 

boundary layer. Since oxygen is less soluble than CO2, bubbles play an important role in mediating the bulk O2 

air-sea flux. As a result, many recent studies have adopted the gas model developed by Liang et al. (2013) to 

better constrain bubble processes in O2 gas exchange (Bushinsky & Emerson, 2015; Pelland et al., 2018; Yang 

et al., 2017). This gas model explicitly incorporates the air-sea flux contributed by large bubbles that exchange 

gas with the water as they resurface and small bubbles that collapse and inject gas into the seawater as follows 

(Equation 3):

�O2

��
|Gas = ��(O2 − O2sat

)
⏟⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏟
Diffusive exchange

+��

{
(1 + Δ� )O2sat

− O2

}

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
Large bubble

+ ���O2

⏟⏟⏟
Small bubble

 (3)

where subscripted K values represent the gas exchange velocity for different air-sea processes (s = exchange 

diffusion; p = large bubble; C = small bubble); O2 is the average O2 concentration within the mixed layer; ΔP is 

the elevated bubble pressure; O2sat
 is oxygen saturation concentration calculated from temperature, salinity, and 

air pressure (Garcia & Gordon, 1992); 𝐴𝐴 𝐴𝐴O2
 is the mole fraction of oxygen in air.

The physical transport and mixing terms at the base of Zeu consist of diapycnal diffusion and Ekman pumping, 

shown here for NO3
− (Equation 4):

�NO−

3

��
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= ��_���
×
�NO−

3

��
|���

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
Diapycnal diffusion

+����
× (NO−

3
− NO−

3���
)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
Ekman pumping

 (4)

where 𝐴𝐴 𝐴𝐴𝑧𝑧_𝑍𝑍𝑒𝑒𝑒𝑒
 is the diapycnal coefficient, 𝐴𝐴 𝐴𝐴NO

−
3 ∕𝐴𝐴𝜕𝜕|𝑍𝑍𝑒𝑒𝑒𝑒

 is the vertical nitrate gradient, 𝐴𝐴 𝐴𝐴𝑍𝑍𝑒𝑒𝑒𝑒
 is the Ekman pumping 

velocity derived from wind stress fields following Signorini et al. (2001), and NO
−

3𝑍𝑍𝑒𝑒𝑒𝑒

 is the nitrate concentration, 

all evaluated at the base of the euphotic layer. NO
−

3
 is the averaged nitrate concentration within the euphotic zone. 

At OSP, Kz at the base of the mixed layer (MLD) is well constrained by prior heat and salt budget calculations 

(Cronin et al., 2015) and microstructure measurements from Sun et al. (2013) that suggest an exponential decay 

in Kz beyond the base of the MLD to its background value (10−5 m2 s−1) over a 20 m length scale. The depth of the 

MLD was determined as a density increase of 0.03 relative to the 10 m density (de Boyer Montégut et al., 2004). 

To estimate Kz at the base of the euphotic zone, we scaled climatological Kz values at the base of the MLD using 

a 1/e scaling (Bushinsky & Emerson, 2015; Yang et al., 2018). This approach only works when the euphotic depth 

is deeper than the MLD. When the euphotic depth is shallower than the MLD, the physical transport and mixing 

terms computed for the full MLD are scaled as follows (Equation 5):

𝑍𝑍𝑒𝑒𝑒𝑒 < MLD ∶
𝜕𝜕NO−

3

𝜕𝜕𝜕𝜕
|Phys𝑍𝑍𝑒𝑒𝑒𝑒

=
𝜕𝜕NO−

3

𝜕𝜕𝜕𝜕
|PhysMLD

×
𝑍𝑍𝑒𝑒𝑒𝑒

MLD
 (5)

This approach assumes that the impacts of physical transport and mixing occurring at the base of the MLD will 

be equally distributed throughout the mixed water column and requires that entrainment or detrainment be con-

sidered (Equation 6):

�NO−
3

��
|PhysMLD

= ��MLD
×

�NO−
3

��
|MLD

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
Diapycnal diffusion

+�MLD × (NO−
3 − NO−

3MLD
)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
Ekman pumping

+
�MLD

��
× (NO−

3 − NO−
3MLD

)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
Entrainment∕Detrainment

 (6)

where dMLD/dt is the MLD time rate of change.

The EP term for each tracer was estimated by using the ratio of the tracer to salinity at the start of the study 

period (t1) and multiplying by the net EP salinity changes based on the salinity budget (𝐴𝐴 𝐴𝐴Sal∕𝐴𝐴𝜕𝜕|EP , Equation 7), 

following Fassbender et al. (2016):
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𝜕𝜕𝜕𝜕(DIC,TA,NO−
3
,POCbbp

)

𝜕𝜕𝜕𝜕
|EP =

𝜕𝜕Sal

𝜕𝜕𝜕𝜕
|EP ×

𝜕𝜕(DIC,TA,NO−
3
,POCbbp

)

Sal
|𝜕𝜕1 (7)

𝐴𝐴 𝐴𝐴Sal ∕𝐴𝐴𝜕𝜕|EP is computed as the difference between observed salinity changes and estimates of the physical term 

(Equation 8, Figure S3 in Supporting Information S1):

𝜕𝜕Sal

𝜕𝜕𝜕𝜕
|EP =

dSal

dt
−

𝜕𝜕Sal

𝜕𝜕𝜕𝜕
|Phys (8)

Having accounted for all abiotic processes, the net biological term can be quantified as the residual. When inte-

grated over different depth horizons, the biological term has different meanings. Mixed layer integrations provide 

information about how biological processes drive air-sea gas fluxes (Körtzinger et al., 2008). Integrating to the 

deepest winter ventilation depth provides an estimate of carbon that is exported from the upper layer by fully ac-

counting for the productivity below the MLD during summer as well as the entrainment of remineralized carbon 

during winter mixing (Palevsky & Doney, 2018). The euphotic zone integration sets an upper limit on the organic 

matter available for export to depth (i.e., the export potential) and reflects the overall balance of autotrophic and 

heterotrophic processes in the sunlit ocean.

2.3.2. Partitioning Export Potential Into Distinct Biogenic Pools

The net biological terms estimated from DIC and TA budgets encompass the production of total organic matter 

(TOM = POM + DOM) and PIC, whereas net biological terms estimated from NO3
− and O2 budgets include only 

TOM production (Equation 9):

Bulk production =

𝜕𝜕𝜕𝜕(NO−
3
,O2)

𝜕𝜕𝜕𝜕
|Bio

⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞
POM + DOM +PIC
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

𝜕𝜕𝜕𝜕(DIC,TA)

𝜕𝜕𝜕𝜕
|Bio

 (9)

The biological terms in the DIC and TA budgets can be broken down into the TOM and PIC components using 

the DIC:TA: ratios of 1:2 for calcification and −117:17 for TOM production (Anderson & Sarmiento, 1994), 

following Fassbender et al. (2016) (Equations 10 and 11):

�DIC

��
|TOM =

�TA

��
|Bio −

(
1

DIC∶TAPIC

×
�DIC

��
|Bio

)

(
1

DIC∶TATOM

−
1

DIC∶TAPIC

) (10)

𝜕𝜕DIC

𝜕𝜕𝜕𝜕
|PIC =

𝜕𝜕DIC

𝜕𝜕𝜕𝜕
|Bio −

𝜕𝜕DIC

𝜕𝜕𝜕𝜕
|TOM (11)

After isolating the PIC term, we have four independent estimates of the TOM term from the DIC, TA, NO3
−, 

and O2 budgets. In principle, the DOM and POM portions of TOM can be partitioned by using two of the TOM 

terms with their corresponding stoichiometric ratios for dissolved and particulate organic matter. Given the more 

consistent time-integrated signals and error sources in the biological terms estimated from DIC and NO3
− (see 

Section 3.2), we used the DIC and NO3
− budget biological terms to isolate POM and DOM components following 

Haskell et al. (2020) (Equations 12 and 13):

�DIC

��
|DOM =

�NO
−

3

��
|Bio −

(
1

C∶NPOM

×
�DIC

��
|TOM

)

1

C∶NDOM

−
1

C∶NPOM

 (12)

𝜕𝜕DIC

𝜕𝜕𝜕𝜕
|POM =

𝜕𝜕DIC

𝜕𝜕𝜕𝜕
|TOM −

𝜕𝜕DIC

𝜕𝜕𝜕𝜕
|DOM (13)

where C:NPOM and C:NDOM represent the end-member nutrient ratios for particulate and dissolved organic matter, 

respectively.
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We use a C:NDOM ratio of 14 ± 1 based on the seasonal DOC and dissolved organic nitrogen inventory changes in 

our study region (Bif & Hansell, 2019) and a C:NPOM ratio of 5.5 ± 1 based on the mean C:N ratio of suspended 

particles within the euphotic zone derived from the three Canadian Line P cruises occupied in August 2018, Feb-

ruary 2019, and June 2019. A C:NPOM of 6.6 ± 1 was applied in Haskell et al. (2020), which was calculated by 

averaging the C:N ratio for suspended particles (∼5.5) and sinking particles (∼8.8; Timothy et al., 2013; Wong 

et al., 1999), which were collected by sediment traps at 100–200 m depth. A higher C:N ratio in sinking particles 

is caused by the preferential remineralization of nitrogen over carbon by heterotrophs (Wong et al., 2002).

Ship-based DOC observations were averaged across three Line P stations (P24, P25, and P26) near the float 

trajectory path for each cruise (Figure 1). The coarse temporal (seasonal) and vertical (∼25 m) resolution of ship-

board DOC measurements made it difficult to parameterize the role of physical mixing on the DOC inventory. 

Therefore, seasonal changes in the average euphotic zone DOC inventory provide only a first-order constraint in 

the float DOC production estimate. With this constraint, we find that a C:NPOM of 6.6 cannot reproduce the DOC 

production observed during summer 2020 (Figure S4 in Supporting Information S1 and Section 3.3.2). Since 

suspended particles in the euphotic zone mainly consists of living organisms (and a small fraction of detrital 

components), the C:N ratio of suspended particles (5.5 ± 1) likely provides a more realistic constraint on the 

C:NPOM for newly produced particles. Other processes, including N2 fixation (Wang et al., 2019), denitrification 

(Tyrrell & Lucas, 2002), anthropogenic carbon accumulation (Sabine & Tanhua, 2010), and ocean mixing (Carter 

et al., 2021) can also alter C:N ratios inferred from the tracer budget. However, there is no evidence that these 

processes contribute significantly at the study site (Deutsch et al., 2001; Harrison, 2002; Tang et al., 2019) or over 

the duration of our 2019 analysis. Good agreement between float estimates of DOC production and ship-board 

measurements of seasonal DOC accumulation and removal rates (see Section 3.3.2 and Figure 6) supports our 

choice of endmember C:N ratios.

Solving the DIC tracer budget for POM production (𝜕𝜕DIC∕𝜕𝜕𝜕𝜕|POM) yields the chemical signature of net POM pro-

duction. These particles could be accumulating within the euphotic zone, sinking through the water column, or 

a combination of both processes. Therefore, this term can only be interpreted as particle export when integrated 

over a sufficient time scale, which is generally 1 year. The net biological term in the bio-optical, POC tracer budg-

ets (𝜕𝜕POCbbp
∕𝜕𝜕t|Bio) reflects the near real-time change in euphotic zone particle inventory and is equivalent to the 

total net POC production minus the loss of POC via gravitational sinking (Alkire et al., 2012). By combining the 

DIC and POCbbp
 tracer budget terms, we can compute the export of sinking particles (Equation 14):

FPOCsinking
=

𝜕𝜕DIC

𝜕𝜕𝜕𝜕
|POM −

𝜕𝜕POCbbp

𝜕𝜕𝜕𝜕
|Bio (14)

2.3.3. Error Estimates

A Monte Carlo approach was used to propagate and quantify uncertainty in the tracer budgets. Multiple sources 

of error (including sensor uncertainty, parameterizations of abiotic processes, end-member nutrient ratios, and 

mixed layer and euphotic zone depth criteria) were considered. Randomly distributed errors for each budget term 

were generated according to the error assignments presented in Table 1 and 10,000 simulations in which these 

errors were varied within their standard deviations.

2.4. Net Primary Production and Export Ratio Estimates

Estimates of in situ NPP were computed by applying the Carbon-based Productivity Model (CbPM; Westberry 

et al., 2008; Behrenfeld et al., 2005) to simultaneous satellite observations (PAR) and depth-resolved float ob-

servations (bbp, Chl-a) that have been rigorously calibrated against Canadian Line P Cruise observations (Long 

et al., 2021). Briefly, NPP is a product of phytoplankton carbon biomass (Cphytoplankon) and growth rate (μ), the 

former corresponding to POC concentration computed from the float bbp observations and the latter being an 

empirical function of bbp, Chl-a (from float observations), and PAR (from satellite observations, Equation 15):

NPP = Cphytoplankton (bbp) × 𝜇𝜇(bbp, Chl𝑎𝑎, PAR) (15)

The carbon export ratio (e-ratio) was calculated as FPOCsinking
 divided by NPP (Equation 16):

𝑒𝑒-ratio =
FPOCsinking

NPP
× 100% (16)
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3. Results and Discussion

3.1. Seasonal Tracer Evolution

O2, DIC, NO3
−, TA, POCbbp

 , and Chl-a displayed pronounced seasonality within the euphotic zone (Figure 2) 

with the temporal evolution of the inventory integrated over the upper 56 m shown in Figure S5 of Supporting 

Information S1. The float observations and estimates agree well with near-contemporaneous ship-board observa-

tions that occurred in the vicinity of the float profile (Figure 2 and Figures S6–S8 in Supporting Information S1); 

however, these comparisons are somewhat confounded by spatiotemporal mismatches. The mechanisms govern-

ing seasonal tracer changes within the euphotic zone were revealed by closing the biogeochemical tracer budgets 

(Figure 3). The drawdown of DIC and NO3
− during spring and summer was caused by biological productivity, 

whereas the elevation of DIC and NO3
− during fall and winter was caused by the combined effect of physical 

mixing and net heterotrophic activity (Figures 3b and 3c). Gas exchange resulted in the net transfer of CO2 from 

the atmosphere to the ocean at a relatively low but constant rate that contributed significantly to the annual DIC 

budget (Figure S9 in Supporting Information S1). Biological activity and physical transport are the primary pro-

cesses influencing the TA budget (Figure 3d). The production of organic matter causes TA to increase (Brewer & 

Goldman, 1976) such that the observed seasonal pattern of TA has the opposite phase to that of DIC and NO3
−. 

The study region is typically characterized with net precipitation over the annual cycle (Fassbender et al., 2016; 

Timothy et al., 2013); however, evaporation and precipitation term was insignificant during our study period. O2 

showed a seasonal pattern with a higher values in the winter and a lower value in the summer (Figure 3a), follow-

ing expectations associated with temperature-induced solubility changes (Garcia & Gordon, 1992). The summer 

decline in O2 was a result of O2 gas exchange efflux outpacing the rate of biological O2 generation. During early 

spring, we observed an increase in the POCbbp
 inventory dominated by biological processes (Figure 3e). During 

fall and winter, the POCbbp
 inventory was mediated by biological consumption and physical transport out of the 

euphotic zone.

3.2. Net Biological Production Estimated From Multiple Tracers

The multiple sensors on the BGC float provided a unique opportunity to compare the net biological terms es-

timated from different tracers. To facilitate comparisons, organic matter stoichiometries were used to convert 

NO3
−, O2, and TA terms to carbon units (Figure 4a). Among the four chemical tracers, DIC, TA, and NO3

− 

showed the best synchronicity of elevated production during July and depressed production, including occasional 

heterotrophy, during winter, consistent with previously reported seasonal patterns (Bushinsky & Emerson, 2015; 

Sources Error Reference

O2 measurement ±0.5% Bushinsky et al. (2016)

pH measurement ±0.005 Johnson et al. (2016)

NO3
− measurement ±0.5 μmol kg−1 Johnson and Coletti (2002)

TA estimates ±13 μmol kg−1 Bittig et al. (2018)

POCbbp
 estimates ±30% Graff et al. (2015)

CO2 gas model ±30% Bender et al. (2011) and Wanninkhof (2014)

O2 gas model ±10% for Ks and ±30% for Kc and Kp Emerson et al. (2019)

Eddy diffusivity coefficient ±30% Cronin et al. (2015)

Ekman pumping velocity ±50% Haskell et al. (2020)

Thickness of MLD ±0.5 m Vertical resolution/4

Thickness of euphotic zone ±5 m Seasonal deviation from annual mean

C:N ratio for POM/DOM production ±1 Haskell et al. (2020)

Note. NO3
−, nitrate; TA, total alkalinity; Ks, gas exchange velocity for O2 at the air-sea interface; Kc, gas exchange velocity for the large O2 bubble; Kp, gas exchange 

velocity for the small O2 bubble; MLD, mixed layer depth; POCbbp
 , particulate organic carbon estimated from the backscatter signal; POM, particulate organic matter; 

DOM, dissolved organic matter.

Table 1 

Summary of Errors Used in the Monte Carlo Calculations
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Fassbender et al., 2016; Plant et al., 2016). The 2019 annual net organic carbon production estimates from these 

tracers (DIC budget: 2.7 ± 0.6 mol C m−2 yr−1; TA budget: 2.5 ± 0.8 mol C m−2 yr−1; NO3
− budget: 2.6 ± 0.6 mol 

C m−2 yr−1; Figure S9 in Supporting Information S1) also fall within the bounds of prior estimates that range from 

1-3 mol C m−2 yr−1. The 2019 annual net organic carbon production derived from O2 (4.5 ± 1.5 mol C m−2 yr−1; 

C:O = 1.45) is nearly double the estimates from other tracers (Figure S9 in Supporting Information S1). Possible 

reasons for this discrepancy are discussed below.

The biological term estimated from POCbbp
 reflects the near real-time change in POC inventory, which is a bal-

ance between the total net POC production and POC removal by gravitational sinking (Alkire et al., 2012). Weak 

seasonality in POCbbp
|Bio relative to chemical tracer budget biological terms (Figure 4a) implies that the major-

ity of newly produced POC is rapidly exported from, rather than accumulated within, the euphotic zone. Such 

efficient particle export via sinking aligns with the high sinking rates for particles (100–350 m d−1) previously 

inferred from sediment trap measurements in the study region (Timothy et al., 2013).

A key assumption in our methodology for partitioning biogenic carbon pools is that biological budget terms re-

flect processes that are related through well-known stoichiometries. In practice, a variety of factors can interfere 

with the decomposition, including uncaptured processes, errors in the biological term estimates, variability in 

organic matter stoichiometries, and different timescales captured by the tracers based on their residence times. 

Since the biological term is solved as a budget residual, its uncertainty is largely dependent on how accurately 

the abiotic processes can be estimated. Physical transport (primarily through diapycnal diffusion) is the dominant 

Figure 3. The temporal evolution of processes acting on biogeochemical tracers (T) in the euphotic zone. Positive values represent fluxes that cause an increase in the 

tracer inventory. Shading represents the uncertainty associated with each term. The evaporation and precipitation (EP) term was multiplied by 50 to improve visibility in 

the NO3
− budget panel. Notably, the biological production of organic matter results in the consumption of DIC and NO3

− but the generation of O2, TA, and POC, while 

calcification results in the consumption of DIC and TA. dT/dt, time rate of change of the tracer; Gas, air-sea gas exchange; Phys, physical transport and mixing; Bio, 

biological process.

10
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abiotic process in the DIC, TA, and NO3
− budgets. The climatological diapycnal diffusion in our study region 

was previously quantified by Cronin et al. (2015) using Station Papa mooring data to close mixed layer heat and 

salt budgets. Elevated diapycnal diffusion of NO3
−, TA, and DIC during the fall and winter (Figure 3) is primar-

ily caused by stronger winds, rapid heat loss, and more frequent storms that reduce water column stability and 

enhance the vertical mixing, resulting in 3–10 times higher diapycnal coefficients than those in summer (Alford 

et al., 2012; Cronin et al., 2015). However, wintertime diapycnal coefficient estimates have considerable uncer-

tainty due to the existence of an isothermal “barrier” layer below the mixed layer that prevents diffusive mixing 

and makes it challenging to estimate the diapycnal coefficient (Cronin et al., 2015). Recent studies have shown 

promise in measuring diapycnal diffusivity in situ by attaching a microstructure profiler to Argo floats (Roem-

mich et al., 2019; Shroyer et al., 2016). We anticipate that future extensions of such work to BGC floats would 

help to further refine physical transport terms and reduce tracer budget uncertainties.

Gas exchange is paramount among the abiotic processes in the O2 budget (Figure 3b). In our study region, prior 

efforts have been made to optimize the gas model for air-sea O2 exchange. For example, Plant et al. (2016) used 

𝐴𝐴 𝐴𝐴NO
−
3 ∕𝐴𝐴𝜕𝜕|Bio estimates to tune existing O2 gas models and force 𝐴𝐴 𝐴𝐴O2∕𝐴𝐴t|Bio to reproduce the seasonal 𝐴𝐴 𝐴𝐴NO

−
3 ∕𝐴𝐴𝜕𝜕Bio 

results (using the Redfield ratio for NO3
−:O2 conversion). However, it is worth noting that Plant et al. (2016) used 

a constant, low diffusivity coefficient (10−5 m−2 s−1) to parameterize diapycnal diffusion, which likely underes-

timates winter mixing and may bias 𝐴𝐴 𝐴𝐴NO
−
3 ∕𝐴𝐴𝜕𝜕|Bio low. This could cause the gas models to be incorrectly tuned. 

More recently, Emerson et al. (2019) used in situ measurements of N2 gas at OSP to revise the bubble term in the 

gas model of Liang et al. (2013). To explore whether using different gas parameterizations can narrow the gap 

between O2 and the other three chemical tracer biological terms, we recomputed 𝐴𝐴 𝐴𝐴O2∕𝐴𝐴𝜕𝜕|Bio using multiple gas 

exchange parameterizations (Figure S10a in Supporting Information S1). The annual organic carbon production 

derived from the multiple O2 gas models varied between 2.1 and 4.5 mol C m−2 yr−1 but none were able to repro-

duce the temporal pattern of 𝐴𝐴 𝐴𝐴NO
−
3 ∕𝐴𝐴𝜕𝜕|Bio and 𝐴𝐴 𝐴𝐴DIC∕𝐴𝐴𝜕𝜕|Bio (Figure S10b in Supporting Information S1).

The shorter residence time of oxygen relative to the other chemical tracers may also be a source of discrepancy 

in the residual biological terms. The estimated residence time for O2 in our study is on the order of a few weeks 

to a month, whereas the residence time for DIC with respect to air-sea gas exchange spans several months to 1 

year (Figure S11 in Supporting Information S1). The relatively short O2 residence time means that this tracer can 

only record very recent biologically induced saturation anomalies before they are eroded by air-sea exchange. In 

Figure 4. (a) Net biological terms estimated from the chemical and bio-optical tracer budgets, (b) partitioning of distinct biogenic carbon pools, (c) POC fluxes, 

including the in situ sinking flux determined by combining chemical and bio-optical tracer budgets, and (d) the annually integrated euphotic zone export potential of 

distinct biogenic carbon pools for the year 2019. For comparison, O2, NO3
−, and TA-based fluxes were converted to carbon units using organic matter stoichiometries. 

Shading in panels (a–c) and black lines in panel (d) represent uncertainties.
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summer and early fall, the residence time of O2 is often less than the float profiling frequency (∼10 days; Figure 

S11a in Supporting Information S1), which means that episodic, biologically induced oxygen signals may not 

be observed. This helps to explain the more pronounced discrepancy in net biological terms between O2 and the 

other tracer estimates during this time of the year. In contrast, the mechanism that erodes biologically generated 

signals in DIC, TA, and NO3
− is vertical mixing or horizontal advection, which generally occurs seasonally (Chou 

et al., 2005; Quay & Stutsman, 2003; Wong et al., 1999). Therefore, estimates of the net biological term based on 

DIC, TA, and NO3
− tracers reflect a more consistent, accumulated biological signal. This is the primary reason 

we use DIC and NO3
− to partition the biological term into distinct carbon pools.

3.3. Export Potential of Distinct Biogenic Carbon Pools

3.3.1. Seasonal Dynamics

The year-round partitioning of distinct biogenic carbon pools revealed complex carbon cycle dynamics (Fig-

ures 4b and 4c). Bloom initiation occurred in spring as reflected by the gradual increase in Chl-a and NPP (Fig-

ures 2f and 5a). DOC production increased with bloom development and reached a peak in May, coincident with 

the peak in NPP. The synchronicity between DOC production and NPP implies that changes in DOC production 

during this period are likely associated with the phytoplankton release of DOC during photosynthesis (Regaud-

ie-de-Gioux et al., 2014; Myklestad, 2000; Teira et al., 2001). With a progressive increase in light availability, 

the bloom continued to develop into the summer with sustained NPP, high POC production, high POC sinking 

Figure 5. Temporal evolution of (a) sinking POC flux (FPOCsinking
 ) and net primary production (NPP), (b) the carbon export 

ratio (FPOCsinking
 /NPP × 100%), and (c) the fraction of large (>100 μm) particles. The shading in panels (a and b) represents 

uncertainty. The black and white lines in panel (c) represent the mixed layer and euphotic zone depths, respectively.
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flux, and slightly negative PIC production (Figure 4b). Negative PIC production suggests dissolution of CaCO3 

within the euphotic zone. This is unexpected because the saturation horizons for aragonite (∼300 m) and calcite 

(∼700 m) are much deeper than the euphotic zone in our study region (Feely et al., 2004; Sulpis et al., 2021). 

However, late spring through summer often coincides with vigorous bacterial and zooplankton activity (Goldblatt 

et al., 1999; Landry et al., 1993; Sherry et al., 1999, 2002), which could mean that CaCO3 dissolution was occur-

ring in acidic microenvironments within particles and aggregates or within zooplankton guts (Carter et al., 2021; 

Sulpis et al., 2021).

The vigorous summertime POC sinking flux aligns with historical sediment trap records from the region that 

shows a summer maximum in particle flux (Timothy et al., 2013; Wong et al., 1999). Combining the export flux 

with the contemporaneous float estimate of NPP, a high summertime export ratio (30 ± 15%, mean ± error) was 

observed (Figures 5a and 5b). During this period, the backscatter sensor revealed an increasing fraction of large 

particles (>100 μm) above the Zeu (Figure 5c). This may suggest a shift in the phytoplankton community (Har-

rison, 2002; Peña et al., 2018) that led to faster sinking rates and elevated export efficiency. Alternatively, the 

gradual decline in NPP over this period could suggest that the increase in large particles may be attributed to an 

increase in zooplankton abundance (Haentjens et al., 2020; Lacour et al., 2019). The top-down control exerted by 

zooplankton grazing would lower NPP but also facilitate the formation of dense fecal pellets and aggregates with 

faster sinking rates, giving rise to the higher carbon export efficiency (Cavan et al., 2017).

Elevated large particle fractions were found to occur at depths in the water column that covary with the MLD 

throughout the year (Figure 5c). Such synchrony implies that the summer increase in large particle fraction within 

the Zeu may be induced by a passive, physically mediated isopycnal uplift of the community (Ma et al., 2020) 

or active vertical migration of the community in response to the changing environmental conditions (i.e., light, 

nutrient availability, and buoyancy). DOC production in summer was lower than that in spring, which is likely re-

lated to enhanced DOC consumption by the microbial loop since peak bacterial abundance and production in this 

region generally occur during summer (Sherry et al., 1999, 2002). As the bloom subsided into the fall (reflected 

by a significant reduction in NPP), DOC exhibited a late August maxima (Figure 4b) possibly caused by excretion 

or phytoplankton cell lysis during zooplankton grazing (Hygum et al., 1997; Lampert, 1978).

A lingering puzzle in this study region is the persistent flux of particles year round, as observed by sediment traps 

(Timothy et al., 2013), in conjunction with oscillating autotrophic and heterotrophic seasons. In order to exhibit 

heterotrophy while carbon export is occurring, Fassbender et al. (2016) posited that heterotrophy is caused by 

Figure 6. (a) Vertical profiles of dissolved organic carbon (DOC) collected during five Line P cruises. The shading for each profile represents the average 

concentration across three neighboring stations (P24, P25, and P26) and the associated standard deviation. (b) Comparison of seasonal DOC production estimates from 

float and ship-board observations in the upper 56 m.
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the respiration of previously produced DOC outcompeting the effect of simultaneous POC production on the net 

metabolic balance. This hypothesis is difficult to test with field observations due to inclement fall and winter 

conditions. However, float observations now make it possible to confirm that seasonal DOC consumption occurs 

simultaneously with POC and PIC production and positive FPOCsinking
 during fall and winter (Figures 4b and 4c), 

aligning with the recent finding by Haskell et al. (2020) associated with the long-term climatology. This implies 

that DOC consumption can sustain the observed heterotrophy and the heterotrophic state does not equate to a 

lack of POC export. The observational evidence presented here lends insight to the ongoing debate regarding the 

metabolic state of the oligotrophic ocean, particularly in reconciling the prevalence of heterotrophy determined 

from incubation-based approaches with positive POC fluxes measured with 234Th and sediment traps (Duarte 

et al., 2013; Williams et al., 2013).

The export ratio was typically low, with elevated values near the end of summer and two dominant peaks during 

December of 2018 and 2019 (Figures 5a and 5b). These winter periods were coincident with rapid deepening of 

the mixed layer (Figure 5c) suggesting that enhanced export efficiency was likely caused by the vertical redistri-

bution of particles via seasonal physical mixing below the euphotic zone. Seasonal MLD shoaling can also lead to 

the detrainment of particles, referred to as the “mixed-layer pump”. This process has been quantified in numerous 

regions through persistent, high-temporal-resolution observing with autonomous platforms (Boyd et al., 2019; 

Lacour et al., 2019; Llort et al., 2018; Xing et al., 2020). For example, by combining Argo float and satellite 

observations, Dall'Olmo et al. (2016) estimated that the mixed-layer pump may account for ∼4% of carbon export 

globally, with larger contributions (up to 18%–30%) in high-latitude regions that experience dramatic seasonal 

MLD changes (Lacour et al., 2017, 2019). Recently, however, Xing et al. (2020) demonstrated that substantial 

underestimation of particle export can occur during winter in regions with sporadic mixed-layer pump events if 

floats are profiling as frequencies of 10, or even 5, days. This suggest that bio-optical approaches for quantifying 

carbon export from Argo floats operating on the normal 10-day profiling mission may not be accurate in some 

regions. In this study, we are able to robustly characterize carbon export potential by combining chemical and 

bio-optical sensor data, where chemical tracers convey the accumulated history and bio-optical tracers convey the 

in situ status of biological production in the upper layer.

3.3.2. Comparison of Float and Ship-Board Estimates of DOC Production

Seasonal removal and accumulation rates of DOC estimated from average ship-based euphotic zone DOC inven-

tories (P24, P25, and P26) near the float trajectory (Figure 1) provide an independent constraint in the float DOC 

production estimate. Average DOC concentrations in the euphotic zone from ship observations varied between 50 

to 75 μmol kg−1, yielding an average removal rate of 3 ± 0.5 mmol C m−2 d−1 during fall/winter and accumulation 

rate of 5.5 ± 1.2 mmol C m−2 d−1 during spring/summer (Figure 6). This seasonal accumulation rate is compara-

ble with prior estimates by Bif and Hansell (2019). If we assume that seasonal DOC accumulation and removal is 

primarily the result of biological (rather than physical) process, we find good agreement between float and ship 

estimates of DOC cycling (Figure 6b). There is a greater discrepancy between float and ship DOC production 

estimates during summer 2019, which is reflected in the C:N sensitivity analysis (Figure S4 in Supporting Infor-

mation S1). DOC estimates during this period are very sensitive to the choice in C:NPOM because the C:N ratio for 

TOM production is close to the end-member ratio of C:NPOM. Thus, small uncertainties in C:NPOM at this time can 

cause a large error in the computed DOC estimate. Future improvements could be made by considering temporal 

variability in end-member nutrient ratios.

3.3.3. Annual Integration

The 2019 annual export of POC derived from the euphotic zone DIC tracer budget (2.2 ± 0.2 mol C m−2 yr−1) 

and the FPOCsinking
 term (2.2 ± 0.7 mol C m−2 yr−1) are in excellent agreement (Figure 4d). This suggests that the 

majority of newly produced particles were exported out of the euphotic zone rather than respired or accumulated 

therein. The float-based estimates of POC flux are within the range of climatological values determined from a 

similar dual tracer budget approach (Haskell et al., 2020) and sediment trap observations (Timothy et al., 2013) 

from the same region.

Annual DOC production was 0.4 ± 0.3 mol C m−2 yr−1, accounting for roughly 16 ± 8% of total organic matter 

production (Figure 4d). This falls at the lower range of prior studies in which DOC represented 20%–30% of the 

annual export production (Bif & Hansell, 2019; Emerson, 2014; Haskell et al., 2020). DOC estimates by Bif and 
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Hansell (2019) and Emerson (2014) were based on individual cruises or a single season and extrapolated to get an 

annual estimate, the former relying on an empirical relationship with spring and summer NO3
− drawdown and the 

latter relying on May apparent unitization oxygen (AOU). The strong seasonality in DOC production presented in 

our study indicates the extrapolation from snapshot measurements to the annual cycle could be biased. By using 

a more sophisticated machining learning approach, coupled with biogeochemical models, to extrapolate discrete 

DOC production to the annual cycle, Roshan and DeVries (2017) obtained a ∼15% contribution of DOC to total 

export in the high-latitude region of North Pacific, which is very close to our estimate.

Our study region is known to be a hot spot for CaCO3 production where the contribution of PIC to annual carbon 

export can range from 18% to 30%, doubling the global average (Fassbender et al., 2016; Timothy et al., 2013). 

During our study period, PIC export was insignificant (0.12 ± 0.05 mol C m−2 yr−1), contributing less than 5% 

to annual carbon export in 2019 (Figure 4d). Emiliania huxleyi is identified as the main calcifying species that 

drives PIC export in our study region (Putland et al., 2004). A prior study on phytoplankton community structure 

reported an increase in haptophytes (a gene mainly composed by Emiliania huxleyi) near our study region during 

a marine heatwave in 2013 (Peña et al., 2018). The cause of anomalously low PIC production in 2019 remains 

unclear.

4. Conclusions

Using all chemical and bio-optical sensors carried on a 5-sensor BGC float, we partitioned the export potential 

of distinct biogenic carbon pools; a process that has historically relied on snapshot ship-board observations. 

The float-based estimates revealed complex seasonal changes in each carbon pool and highlighted the need of 

continuous observations for more nuanced assessments of carbon cycling and export. Synchronicity between 

POC production and DOC consumption during fall and winter reflects key differences between the drivers of 

autotrophic and heterotrophic processes and sheds light on the mechanisms sustaining simultaneous particle ex-

port and heterotrophy in the Northeast Pacific. By combining float NPP estimates with in situ POC sinking flux 

estimates, we captured two high export ratio periods with different underlying mechanisms. While encouraging 

agreement in net DOC production estimated from float and ship-board observations suggests that our approach is 

reasonable and robust, it should be applied with care. Prior knowledge and constraint of local physical dynamics 

is essential, as a small and systematic error in each tracer budget will be propagated and amplified in the partition-

ing of carbon pools. Appropriate selection of the end-member nutrient ratios is equally important and challenging 

due to geographic variability and the sparsity of existing information.

A 5-sensor BGC float array is expanding throughout the global ocean through continued implementation of 

the Southern Ocean Carbon and Climate Observations and Modeling (SOMCOM) project, the Global Ocean 

Biogeochemistry (GO-BGC) Array, and other BGC Argo pilot arrays and projects. The multiple tracer approach 

proposed herein is scalable and could greatly improve understanding of the biological pump at regional and ul-

timately global scales. Satellite-based e-ratio algorithms have primarily been trained with datasets lacking DOC 

and/or PIC observations and that often do not capture seasonal and higher-frequency variations. Persistent and 

spatially distributed estimates of POC, DOC, and PIC production and export from the BGC float array would 

add substantial value by serving as the training data set for new satellite algorithms that capture all components 

of biogenic carbon cycling. Such nuanced information about biological productivity is critical for establishing 

baselines from which changes in ecosystem health and function can be assessed.
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