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Abstract We use observations from the Southern Ocean (SO) biogeochemical profiling float array to
quantify the meridional pattern of particle export efficiency (PEeff) during the austral productive season. Float
estimates reveal a pronounced latitudinal gradient of PEeff, which is quantitatively supported by a compilation of
existing ship‐based measurements. Relying on complementary float‐based estimates of distinct carbon pools
produced through biological activity, we find that PEeff peaks near the region of maximum particulate inorganic
carbon sinking flux in the polar antarctic zone, where net primary production (NPP) is the lowest. Regions
characterized by intermediate NPP and low PEeff, primarily in the subtropical and seasonal ice zones, are
generally associated with a higher fraction of dissolved organic carbon production. Our study reveals the critical
role of distinct biogenic carbon pool production in driving the latitudinal pattern of PEeff in the SO.

Plain Language Summary Microbial organisms in seawater transform carbon dioxide into different
types of carbon through photosynthesis and food web cycling. These carbon types include particulate and
dissolved phases, with particles being more efficiently transferred out of the sunlit ocean via gravitational
sinking. The ratio of sinking particulate organic carbon to total organic carbon production, commonly referred
to as the particle export efficiency, is a metric used to describe how efficiently carbon moves from the surface to
the deep ocean. Using observations from a large array of robots in the Southern Ocean, we find that the different
types of biogenic carbon produced control the latitudinal gradient in particle export efficiency, which is highest
in regions where particulate inorganic carbon export is greatest, even when photosynthetically fixed carbon is
minimal. In other areas where phytoplankton carbon production is moderate but largely comprised of dissolved
organic carbon, the particle export efficiency is lower.

1. Introduction
The biologically mediated production of carbon and its subsequent transfer into the ocean interior, known as the
biological carbon pump, is a critical mechanism that sustains natural ocean carbon sequestration (Boyd
et al., 2019; Siegel et al., 2022; Volk & Hoffert, 1985). Particulate organic carbon (POC) export efficiency (PEeff),
defined as the sinking flux of POC (FPOC) divided by the net primary production (NPP) (Buesseler, 1998; Henson
et al., 2011), represents the fraction of photosynthetically fixed carbon exported out of the euphotic zone after
food‐web cycling. PEeff is a critical metric for assessing the efficiency of the biological pump (Henson
et al., 2019; Laws et al., 2000).

Due to the well‐recognized importance of PEeff, numerous studies have focused on estimating PEeff using
empirical models, food‐web models, or numerical models (as summarized in Siegel et al. (2022)). Estimates of
PEeff and NPP based on remote‐sensing observations have been used to estimate global ocean carbon export and
its impact on air‐sea carbon dioxide (CO2) exchange (Arteaga et al., 2018; Emerson, 2014; Pittman et al., 2022;
Siegel et al., 2022). However, current estimates of annual global carbon export vary widely (5–12 Pg C yr− 1), with
the uncertainty exceeding the magnitude of annual global ocean CO2 uptake (2–4 Pg C yr− 1) (Fay et al., 2021;
Friedlingstein et al., 2022; Landschützer et al., 2014), challenging our ability to detect changes in the natural
carbon cycle. Uncertainty in projections of the biological carbon pump magnitude and variability may arise from
shortcomings in model parameterizations, the complexity of marine ecosystems, or the limited observational data
sets available for model refinement.

The production of POC, dissolved organic carbon (DOC), and particulate inorganic carbon (PIC) in seawater
reflects the integrated imprint of ecosystem dynamics. For example, sinking particles can be comprised of dead
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phytoplankton, zooplankton fecal pellets, and aggregate material (i.e., marine snow) (Iversen, 2023). DOC
primarily originates from phytoplankton excretion, zooplankton sloppy feeding, and bacterial activity (Moran
et al., 2022). PIC formation in the open ocean is predominantly attributed to calcifying organisms such as
coccolithophores and foraminifera (Sulpis et al., 2021). Consequently, community structure and interactions
across trophic levels (i.e., grazing pressure on phytoplankton, the partitioning of carbon between classical and
microbial food webs), as well as other factors such as phytoplankton physiology and bacterial activity, can
significantly influence how carbon is partitioned between POC and other carbon pools (i.e., DOC and PIC),
thereby impacting PEeff.

In this study, we use NPP estimates derived from 113 seasonal cycles of biogeochemical (BGC) variables made
by 63 profiling floats in combination with previous estimates of POC, DOC, and PIC export potential and the
sinking fluxes of particle organic carbon (Huang et al., 2023), to quantify the meridional pattern of PEeff in the
Southern Ocean (SO). To evaluate the float estimates, we compile historical shipboard data sets of NPP
(measured by 14C incubation) as well as FPOC and FPIC (measured by 234Th‐238U disequilibrium). Interpreting our
results in the context of biogenic PIC and DOC production provides new insight into the mechanisms driving the
meridional pattern of PEeff in the SO.

2. Methods
2.1. Data Sources

BGC‐float data used in this study are archived at https://www.seanoe.org/data/00311/42182/. Float profiles made
prior to September 2021 from floats simultaneously equipped with pH, dissolved oxygen, nitrate, and bio‐optical
sensors are used herein. Only floats with more than six profiles having sufficient data quality during each pro-
ductive season are included to ensure adequate seasonal coverage. Following these criteria, a total of 63 BGC
floats, covering 113 seasonal cycles, are included in the analysis (Figure 1, Figure S1 and Table S1 in Supporting
Information S1). Float data quality control follows the procedures outlined in Maurer et al. (2021), with further
details provided in Text S1 in Supporting Information S1.

2.2. Float‐Based Estimates of Net Primary Production

NPP is calculated using depth‐resolved float profiles of chlorophyll‐fluorescence (Chl) observations and phyto-
plankton carbon (Cphy) estimates (Text S1 in Supporting Information S1) as inputs to the Carbon‐based Produc-
tivityModel (CbPM;Westberry et al., 2008), following the methods ofArteaga et al. (2022) and Long, Fassbender,
and Estapa (2021). Float‐based NPP estimates assimilate subsurface properties directly from float measurements,
circumventing the need for depth extrapolation that is required when using remotely sensed parameters to estimate
NPP. NPP at a specific depth (z) can be expressed as a product of Cphy and growth rate (μ, Equation 1).

NPP (z) = Cphy (z) × μ (z) (1)

μ can be parameterized as a function of photosynthetically available radiation (PAR) and the Chl:C ratio, which
capture the impact of light (f(light)) and nutrient and temperature stresses (f(nut, T)) on growth rate, respectively
(Equation 2):

μ (z) = 2
⏟⏞⏞⏟

μmax

× (1 − e− 5×PAR(Z))
⏟̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅⏟

f(light)

×
Chl(z):Cphy(z) − 0.0003

(0.022 + 0.023 × e− 3×PAR(Z)) − 0.0003
⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟

f(nut,T)

(2)

where μmax is the maximum theoretical growth rate in the absence of environmental stresses. When compu-
tating μ, we use the median PAR value within the mixed layer, as recommended by Westberry et al. (2008), and
depth‐resolved PAR values at depths below the mixed layer, under the assumption that phytoplankton acclimate
to ambient light levels. We estimate PAR at each depth horizon using remotely sensed surface PAR and a
depth‐resolved light attenuation coefficient inferred from float‐measured Chl profiles (Morel et al., 2007). We

Geophysical Research Letters 10.1029/2023GL107511

HUANG AND FASSBENDER 2 of 12

 19448007, 2024, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

L
107511, W

iley O
nline L

ibrary on [15/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.seanoe.org/data/00311/42182/


then integrate the depth‐resolved NPP values through the euphotic zone (Figure S2e in Supporting Informa-
tion S1), defined herein as the 1% light level.

2.3. Float‐Based Estimates of Export Potential and Particle Sinking Flux

Our analysis is based on existing productive period estimates of POC, DOC, and PIC export potential derived
from the same float data set used to estimate NPP (Huang et al., 2023). Here we briefly summarize the meth-
odology used to make these estimates (see Haskell et al. (2020) and Huang et al. (2023) for details). A one‐
dimensional mass balance model is applied to four biologically‐relevant tracers (T), including: dissolved inor-
ganic carbon (DIC), total alkalinity (TA), nitrate (NO3

− ), and suspended POC ( POCbbp
). This allows us to isolate,

as a residual, the tracer change induced by biological activity (Bio, Equation 3):

Figure 1. Float‐based estimates and ship‐based measurements of net primary production (NPP), export potential of distinct carbon pools, and particle sinking fluxes in
the Southern Ocean during the austral productive season. Left panels show locations of (a) float‐based estimates of NPP, (b) float‐based estimates of total carbon export
potential (EPTC: biological term solved from the dissolved inorganic carbon budget representing the sum of particulate organic carbon (POC), particulate inorganic
carbon (PIC), and dissolved organic carbon (DOC) export potential components) integrated over the euphotic zone, and (c) compilations of ship‐based measurements of
NPP and particle sinking fluxes (FPOC and FPIC). Right panels show the meridional patterns of float‐ and ship‐based (d) NPP, (e) export potential (EP) of distinct carbon
pools (EPPOC, EPDOC, EPPIC) and particle sinking fluxes, and (f) export efficiency of sinking POC (PEeff = 100% × FPOC/NPP). Shading in panels (d–f) reflects the
propagated error. Circles in panels (a, b) show the mean float location during each productive season. Black lines in panels (a–c) show the climatological locations
(mean of 2004–2014) of Southern Ocean fronts determined using an Argo‐based climatology of temperature and salinity (Roemmich & Gilson, 2009). Labels above
panel d indicate the approximate locations of frontal regions, with more precise locations found in left panel. STF: subtropical front; STZ: subtropical zone; SAZ:
subantarctic zone; PF: polar front; PAZ: polar antarctic zone; SIF: seasonal ice zone; SIZ: sea ice zone.
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∂T(DIC,TA,NO−
3 , POCbbp )

∂t

⃒
⃒
⃒
⃒
Bio
=

dT(DIC,TA, NO−
3 ,POCbbp )

dt

⃒
⃒
⃒
⃒
Obs
−

∂T(DIC)

∂t

⃒
⃒
⃒
⃒
Gas
−

∂T(DIC,TA, NO−
3 , POCbbp )

∂t

⃒
⃒
⃒
⃒
Phys

−
∂T(DIC,TA,NO−

3 , POCbbp )

∂t

⃒
⃒
⃒
⃒
EP

(3)

where the subscripts on the right‐hand side denote float observations (Obs), gas exchange (Gas), physical
transport (Phys), and evaporation and precipitation (EP). The biological term for suspended PIC (

∂T(PIC)
∂t |Bio) is

inferred from
∂T( POCbbp )

∂t

⃒
⃒
Bio

using the satellite‐retrieved PIC:POC ratio as a scalar.

The biological term solved from the DIC tracer budget, ∂DIC
∂t

⃒
⃒
Bio, represents the export potential of total carbon

(EPTC), encompassing POC, DOC, and PIC fractions. The contributions of the total organic carbon (EPTOC) and
PIC (EPPIC) to EPTC are differentiated by relating the DIC and TA budget biological terms (∂DIC

∂t

⃒
⃒
Bio;

∂TA
∂t

⃒
⃒
Bio) using

well‐constrained end‐member nutrient ratios following the equations below (Equations 4 and 5):

EPTOC =

∂TA
∂t

⃒
⃒
Bio − (

1
DIC:TAPIC

× ∂DIC
∂t

⃒
⃒
⃒
Bio
)

( 1
DIC:TATOM

− 1
DIC:TAPIC

)
(4)

EPPIC =
∂DIC

∂t

⃒
⃒
⃒
⃒
Bio
− EPTOC (5)

where DIC:TATOM (− 117/17) and DIC:TAPIC (0.5) are the stoichiometric ratios of total organic matter and PIC

production, respectively (Anderson & Sarmiento, 1994). After solving for EPTOC, we combine it with ∂NO−
3

∂t

⃒
⃒
⃒
Bio

to

differentiate the export potential of particulate organic matter (EPPOC) and dissolved organic matter (EPDOC,
Equations 6 and 7):

EPDOC =

∂NO−
3

∂t

⃒
⃒
⃒
Bio

− ( 1
C:NPOM

× EP
TOC

)

1
C:NDOM

− 1
C:NPOM

(6)

EPPOC = EPTOC − EPDOC (7)

where C:NDOM and C:NPOM are the nutrient ratios of DOM and POM production, respectively.

EPPOC and EPPIC, as determined from the DIC chemical tracer budget, represent the total seasonal production of
particles that can either be retained within the euphotic zone, leading to a seasonal increase in the upper ocean
POC and PIC inventory, or lost from the euphotic zone, which we refer to as the sinking flux (FPOC and FPIC).
Thus, EPPOC (EPPIC) may not necessarily be equivalent to FPOC (FPIC), which is traditionally measured by
234Th‐239U disequilibrium and sediment traps (Mouw et al., 2016). By contrast, the biological terms derived from

the POCbbp
and PICbbp

bio‐optical tracer budgets (
∂POCbbp

∂t

⃒
⃒
⃒
Bio

and ∂PIC
∂t |Bio), track biologically‐mediated changes in

the suspended particle inventory, which reflects the total particle production (i.e., EPPOC and EPPIC) minus the

particles lost from the euphotic zone. By differencing EPPOC (EPPIC) and
∂POCbbp

∂t

⃒
⃒
⃒
Bio

(∂PIC
∂t

⃒
⃒
Bio), we estimate the

sinking flux of particles, with an example for FPOC shown here (Equation 8):

FPOC = EPPOC −
∂POCbbp

∂t

⃒
⃒
⃒
⃒
Bio

(8)

2.4. Ship‐Based Estimates of Net Primary Production and Particle Sinking Flux

We compile historical ship‐based NPP and particle sinking flux data to verify our float estimates. The archived
NPP measurements typically reflect values integrated to the euphotic depth whereas compiled FPOC and FPIC data
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set are often evaluated at fixed depths other than the euphotic depth. To account for this discrepancy, we apply the
Martin Curve and a global empirical attenuation factor of 0.858 (Martin et al., 1987) to interpolate the ship‐based
FPOC and FPIC values to the euphotic depth at each location (Figure S2e in Supporting Information S1). As the
Martin Curve is based on the vertical attenuation of FPOC below the euphotic zone, we exclude FPOC data from
depths shallower than the euphotic zone before interpolation.

Ship‐based FPOC, FPIC, and euphotic‐depth‐integrated NPP rates are multiplied by the number of days in the
productive season at each location to estimate the cumulative productive season sinking fluxes and NPP (Figure
S2a in Supporting Information S1). We define the austral productive season as the period between the euphotic‐
zone DIC inventory maximum (ranging from September to November) and minimum (ranging from January to
March of the subsequent year) (Huang et al., 2023) (Figure S2b in Supporting Information S1).

2.5. Uncertainty Estimates

We average NPP, export potential, and particle sinking flux results into 5‐degree latitude bands to assess their
meridional patterns. Uncertainty in the float‐based estimates at each latitude band represents the error attributed to
spatial and inter‐annual variability (σS, calculated as standard error) combined with the aggregated uncertainty
(σA) associated with each seasonal estimate derived from a Monte Carlo simulation (Table S2 in Supporting
Information S1). Uncertainty in the compiled ship data set reflects σS.

The meridional pattern of PEeff is computed as the ratio of zonal mean FPOC to zonal mean NPP values. This
calculation approach, rather than computing PEeff before averaging zonally, maximizes the amount of shipboard
FPOC observations that can be used, as not all ship‐board FPOC measurements are accompanied by NPP mea-
surements. It also helps to minimize issues associated with temporal mismatches between the two measurement
approaches, as the incubation‐based 14C‐NPP measurements reflect instantaneous production while FPOC mea-
surements typically reflect export several weeks prior to the sampling date (Maiti et al., 2013).

3. Results and Discussion
3.1. Meridional Patterns of NPP, Export Potential, and Particle Sinking Flux

Before interpreting our results, we first evaluate how well SO meridional patterns are represented by averages of
patchy float‐based estimates using 1° × 1° horizontal resolution B‐SOSE model output (Verdy & Mazloff, 2017).
We find excellent agreement between the meridional NPP and EPTOC patterns determined by averaging B‐SOSE
output values (a) from grids corresponding to float locations and (b) from all grids in the SO (Figure S3 in Sup-
porting Information S1). Thus, it is unlikely that our results are significantly biased by the float sampling distri-
bution. Our compiled ship data set (Figure 1c) provides complementary verification of the meridional NPP and
particle sinking flux patterns estimated from floats (R2 = 0.91, p < 0.01 for NPP, R2 = 0.78, p < 0.01 for FPOC).

NPP exhibits relatively high values in the subtropical zone (STZ) and seasonal ice zone (SIZ), with a minimum
between these domains in the polar antarctic zone (PAZ), around 57°S (Figure 1d). The decrease in float NPP
estimates between 40°S and 57°S is primarily driven by a decrease in the CbPM‐modeled growth rate of
phytoplankton (Equation 2, Figure S4 in Supporting Information S1). Reduced light availability (Figure S2d in
Supporting Information S1) in addition to trace metal limitation (Martin, 1990; Silsbe et al., 2016; Tagliabue
et al., 2017) in the subpolar region may be contributing to the depressed phytoplankton growth rates.

The mechanisms supporting elevated NPP in the STZ and SIZ appear to be distinct. In the STZ, elevated NPP is
mainly driven by relatively high growth rates despite this region having the lowest biomass (Figure S4 in Sup-
porting Information S1). A recent study by Silsbe et al. (2016), using a light‐absorption‐based satellite produc-
tivity model (CAFE) to back‐calculate the growth rate, also found a relatively high growth rate in the subtropical
ocean when compared with high‐latitude regions. While it is noteworthy that estimated growth rates are higher in
the subtropical regions (∼0.6 days− 1) than in the subpolar regions (∼0.2 days− 1), when compared to growth rates
near the equator or in coastal regions (∼1.2–1.5 days− 1) (Westberry et al., 2008), it is clear that these rates are still
low in a broader ocean context. Relatively high growth rates in the subtropical ocean are primarily fueled by
ample light availability (Figure S2d in Supporting Information S1). Additionally, the low nutrient half‐saturation
constants of Prochlorococcus and Synechococcus (the dominant phytoplankton species in the STZ) enable high
growth rates in nutrient‐depleted areas (Biller et al., 2015; Moore et al., 1995). Despite having high growth rates in
the subtropical ocean, phytoplankton struggle to efficiently accumulate cell biomass. Instead, a significant
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fraction of photosynthetically‐fixed carbon is released into the ambient water as DOC, serving as an adaptive
mechanism to mitigate photochemical damage (Carlson & Hansell, 2015). High grazing pressure in the oligo-
trophic ocean also likely contributes to maintaining the low biomass levels (Chen et al., 2013).

In the SIZ, elevated NPP results from high biomass and intermediate growth rates (Figure S4 in Supporting
Information S1). Growth rates are higher in the SIZ than the adjacent PAZ due to greater light intensity, which is
caused by shallower mixed layers and the polar day effect during the productive season (Figures S2d and S2e in
Supporting Information S1). Additionally, sea ice melting may inject dissolved iron into the seawater, reducing
iron limitation and promoting phytoplankton growth (Laufkötter et al., 2018).

Float estimates of total carbon export potential (Figure 1e) exhibit high values predominantly in the SAZ and PAZ
where POC accounts for >70% of the signal. In the SIZ and STZ, where export potential is intermediate, DOC
accounts for a considerable fraction of the total carbon export potential, exceeding 75% in the STZ. The maximum
PIC export potential is found in PAZ. Most of the POC and PIC produced during the growing season is lost via
sinking during the growing season (Figure S5 in Supporting Information S1); therefore, FPIC and FPOC closely
track the patterns of EPPIC and EPPOC, respectively (Figure 1e).

3.2. Relationships Between Particle Export Efficiency and Carbon Pool Production

PEeff peaks in the PAZ, reaching up to ∼60% where NPP reaches its minimum, and decreases to around 10% in
STZ and SIZ (Figure 1f). Like prior investigators (Britten et al., 2017; Laurenceau‐Cornec et al., 2015; Maiti
et al., 2013), we find that PEeff is inversely correlated with NPP across the SO (R2 = 0.85, p < 0.05, Figure 2a),
with elevated PEeff values in the PAZ and SAZ where NPP is low. This relationship could simply be due to self‐
correlation of NPP, since NPP is the denominator in the PEeff calculation (Kenney, 1982). However, we also find
an inverse relationship between NPP and FPOC (R2= 0.50, p< 0.05, Figure 2b), which suggests that the latitudinal
PEeff pattern is indeed caused by an inverse relationship between phytoplankton carbon fixation and POC export.
Additionally, PEeff increases with decreasing SST in waters >2°C (Figure 2c), aligning with prior studies (Britten
et al., 2017; Maiti et al., 2013). The elevated DOC fraction in waters colder than 2°C (Figure 2c) helps to explain
the seeming reversal in temperature sensitivity of PEeff near the pole.

Regions with relatively high NPP and low PEeff, most notably the SIZ, STZ, and northern part of the SAZ, exhibit
an outsized DOC contribution to the total organic carbon export potential (>40%; bar plot in Figure 2). The
elevated fraction of DOC export potential in low‐latitude regions results from the combined effects of nutrient
limitation and high light intensity (Huang et al., 2023). In addition to phytoplankton releasing excess fixed carbon
as DOC to mitigate photochemical damage in high light conditions (Carlson & Hansell, 2015), nutrient limitation
in the STZ hinders the bacterial degradation of DOC leading to a larger seasonal accumulation of DOC in the
euphotic zone (Huang et al., 2019; Liu et al., 2014). For the SIZ, elevated light levels caused by shallow mixed
layers and long polar days during summer (Figure S1d in Supporting Information S1), may be driving the elevated
DOC contribution to total carbon production (DeVries & Deutsch, 2014).

PEeff is negatively correlated with the fraction of total export potential attributed to DOC (Figure 2d, R2 = 0.62,
p < 0.01), suggesting a central role of DOC production in shaping the large‐scale pattern of PEeff in the SO. This
finding contrasts with the study of Moigne et al. (2016) who propose a negligible impact of DOC production in
modulating the PEeff. However, Moigne et al. (2016) estimate biological DOC export by taking the product of
diapycnal diffusivity (Kz) and the vertical DOC gradient, which represents the downward transport of DOC
through diapycnal diffusion rather than the seasonal biological production of DOC. During the austral growth
season when the water is stratified, diapycnal diffusion of DOC is relatively weak. Most biologically produced
DOC will either accumulate in the upper layer, thereby elevating the upper ocean DOC inventory, or be respired,
converting back to DIC. By misattributing the physically‐mediated downward transport of DOC to biological
production, Moigne et al. (2016) may underestimate the role of biological DOC production in driving PEeff.

PEeff is positively correlated with FPIC (Figure 2e, R2= 0.81, p< 0.01), with both reaching maximum values in the
PAZ where NPP is the lowest (Figures 1 and 2). FPIC production is associated with calcifying plankton groups
(i.e., coccolithophores), which are thought to act as ballast material that enhances PEeff (Klaas & Archer, 2002).
This hypothesis is reinforced by a strong positive relationship between FPIC and PEeff observed from upper ocean
discrete samples during a prior field study in the SO (Balch et al., 2016). It is also worth mentioning that the PAZ
is characterized by a strong meridional silicate (Si) gradient (Figure S2g in Supporting Information S1) that
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reflects thriving diatom production that consumes Si equatorward of the upwelled source waters (Sarmiento
et al., 2004). Diatoms are thought to disproportionately enhance particle transfer efficiency due to their high
density and large size (Armstrong et al., 2001; Boyd & Newton, 1995); however, this paradigm is challenged by
some recent studies, which have found that the highest carbon fluxes are not always associated with an increase in
biomineral content (Henson et al., 2012; Lam et al., 2011). Other mechanisms, such as elevated zooplankton
activity that repackages phytoplankton into aggregates and fecal pellets, are also invoked to explain higher PEeff

values in the subpolar SO (Laurenceau‐Cornec et al., 2015; Rosengard et al., 2015). A comprehensive study
integrating phytoplankton community structure, trophic interactions, and sinking particle composition is needed
to confirm the mechanisms driving elevated PEeff in subpolar regions.

3.3. Comparison of PEeff Estimates From Float Observation and Models

To evaluate our results in the context of widely used model estimates of PEeff (summarized in Table S3 in
Supporting Information S1), we carefully consider how each model estimate is derived. The observationally
constrained empirical models are constructed using either global or SO training and validation data sets and often
consider different combinations of carbon pools contributing to export. For example, the export efficiency models
developed by Britten et al. (2017), Arteaga et al. (2018), and Henson et al. (2011) are trained on FPOC data sets,
whereas the model developed by Laws et al. (2000) is trained using l5N‐labeled nitrate uptake to account for both
POC and DOC export (e.g., EPTOC; Figure 2e). The models developed by Dunne et al. (2005) and Laws

Figure 2. Relationships between (a) particulate organic carbon (POC) export efficiency (PEeff) and net primary production (NPP), (b) sinking flux of POC (FPOC) and
NPP, and (c) PEeff and sea surface temperature (SST), with the fractional contribution of dissolved organic carbon (DOC) to the total carbon export potential (from
floats) shown with gray bars and the sinking flux of particulate inorganic carbon (FPIC; from floats) shown with red shading. Relationships between PEeff and (d) the
fractional contribution of DOC to the total carbon export potential and (e) FPIC, respectively.
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et al. (2011) rely on combined data sets of FPOC and new production, resulting in a complex export efficiency
estimate that reflects something in between the particulate and total organic carbon contributions. The B‐SOSE
process‐based numerical model of Verdy and Mazloff (2017) provides output for the total organic carbon export
efficiency, while the global inverse model used by Nowicki et al. (2022b) provides output for particulate and total
organic carbon export efficiency. For comparison purposes, we include float‐based estimates of both particulate
(PEeff) and total organic carbon export efficiency (TOCeff = 100% × EPTOC/NPP).

The empirical (Arteaga et al., 2018; Britten et al., 2017) and numerical (B‐SOSE; Verdy and Mazloff (2017))
models trained on SO data sets outperform the models trained on global data sets (Figures 3a and 3c and Figure S6
in Supporting Information S1). The SO models tend to capture elevated PEeff in the PAZ, with correlation co-
efficients between these estimates and the float (and ship) estimates falling within the range of 0.4 and 0.9. The
best‐performing model is the one developed by Britten et al. (2017) that incorporates Si concentrations to account
for potential diatom ballast effects. In contrast, the globally trained models struggle to reproduce the patterns of
TOCeff and PEeff, with correlation coefficients ranging from − 0.6 to 0.3 (Figures 3a and 3c).

Our float‐based estimates of area‐weighted cumulative FPOC and EPTOC during the SO productive season are
1.57 ± 0.53 Pg C yr− 1 and 3.19 ± 0.67 Pg C yr− 1, respectively (Figure 3b). The models predict values ranging
from 1.1 Pg C yr− 1 to 5.1 Pg C yr− 1 (Figure 3b); a range larger than the annual SO air‐sea CO2 flux magnitude
(0.4–1.2 Pg C yr− 1) (Bushinsky et al., 2019; Gruber et al., 2019; Huang et al., 2023; Long, Stephens, et al., 2021).
A recent study by Huang et al. (2023) underscores the importance of the biological carbon pump in maintaining
the SO carbon sink by finding that a ∼30% decline in biological production could reverse the sign of the annual
SO air‐sea CO2 flux, making it a carbon source to the atmosphere. Uncertainty associated with the suite of models
commonly used to quantify the global biological carbon pump magnitude makes it difficult to confidently assess
the role of biology in governing inter‐annual variability in the global air‐sea CO2 flux.

Figure 3. (a) Meridional pattern of carbon export efficiency, (b) area‐weighted cumulative carbon export from the surface to the base of the euphotic zone over the
Southern Ocean productive season, and (c) a Taylor diagram where all panels include data from field observations (float and ship) and models (EM: empirical model;
PM: process‐based model; IM: inverse model). Labels above panel a indicate the approximate locations of frontal regions, with more precise locations found in Figure 1.
The vertical lines and shading in panels (a, b) represent propagated uncertainties. Carbon export estimates labeled with asterisks in the legend are obtained directly from
model output while the other estimates are computed as float net primary production multiplied by carbon export efficiency. The legend indicates which carbon pools are
included in each carbon export efficiency estimate (FPOC: particulate organic carbon; EPTOC: total organic carbon) as well as the coverage of training/validation data
used to develop the model (SO: Southern Ocean; GO: global ocean). RMS Difference: root mean standard difference.
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4. Conclusions
Our study demonstrates how autonomous platforms can be used to estimate and interpret large‐scale patterns of
PEeff in the SO. The float‐based estimates of PEeff align with traditional ship‐based observations, and estimates
from both platforms indicate an inverse relationship between NPP and FPOC. This causes PEeff to be elevated in
the subpolar region where NPP is lowest and to be depressed in the subtropical and seasonal ice‐covered zones
where NPP is intermediate. This relationship appears to be driven by the types of biogenic carbon produced
during NPP, as PEeff values are negatively correlated with the fraction of productivity attributed to dissolved
organic carbon. We also find a positive correlation between PEeff and the PIC sinking flux, suggesting potential
export enhancement by ballast material.

Our study focuses on the SO productive season because accurately estimating carbon export during winter re-
mains a challenge due to large errors in estimating turbulent vertical transport in upper ocean tracer budgets.
Environmental perturbations and food‐web dynamics in the fall and winter seasons may differ significantly from
those in the stratified seasons, which could result in different relationships between PEeff and carbon pool pro-
duction. Extending our analysis to the entire year would provide a more complete understanding of SO PEeff;
requiring advancements in upper ocean diffusivity estimation. Our findings highlight substantial limitations of
globally trained models that are commonly used to predict SO PEeff. More data are required to improve the
training and validation of global and regional PEeff (and export) models, which could be achieved through a
globally sustained BGC Argo array.
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