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ARTICLE INFO ABSTRACT

Handling Editor: Prof. J Aristegui Quantifying the relative contributions of the export of particulate organic carbon (POC), dissolved organic
carbon (DOC) and active fluxes by migrating organisms is essential to understand the functioning and vulner-
ability of the ocean’s biological pump. However, these fluxes are rarely measured at the same time. Here we
provide a first simultaneous comparison of these biological pump components in the region of South Georgia. We
use a combination of in-situ data and an inverse model to calculate the DOC export and the suspended POC
export and compare them to the sinking POC and active export. We find that, in this region, the DOC total export
contributes about 6.6% (23.0-37.5 mg C m™~2 day ) to the total export flux, the active flux has no discernible
contribution, and the sinking POC flux is dominant with a mean value of 409 mg C m2 day . Diapycnal fluxes
of DOG obtained from the cruise data constitute only a minor fraction (0.05-1.28 mg C m~2 day 1) of the total
DOC export estimated by the inverse model and are exceeded on average by the diapycnal flux of suspended
POC. Our results also indicate that the total export of DOC is driven by isopycnal transport. Future fieldwork in
the region of South Georgia should focus on quantifying the isopycnal flux of DOC. Future measurement cam-
paigns should also aim to simultaneously measure the particulate, dissolved and active components of the
biological pump at contrasting locations and at different times to resolve the variability of their relative
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contribution.

1. Introduction

The export of carbon from the surface ocean to the ocean’s interior is
a key component of the global carbon cycle as it exerts a fundamental
control on atmospheric CO, concentrations (Kwon et al., 2009; Lam
et al., 2011). Biological activity significantly contributes to this export
via a set of processes commonly known as the “biological pump”, which
can be summarised by the cycle of production, export and reminerali-
zation of the organic carbon (Sarmiento and Gruber, 2006). Photosyn-
thetic production by phytoplankton draws down dissolved inorganic
carbon (DIC) concentrations in the near-surface, sun-lit layer of the
ocean, storing carbon in its organic form. A portion of this organic
carbon escapes the near-surface via a variety of processes such as
gravitational sinking, mixing, and advection, as well as active transport
by vertically migrating organisms, and is transferred deeper into the
ocean before being remineralised back into its inorganic constituents,
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potentially resulting in the long-term sequestration and storage of car-
bon in the ocean.

Organic carbon accumulates in the ocean in the form of a variety of
compounds, which can be roughly classified as either particulate organic
carbon (POC, which is retained on a filter with a poresize of 0.2-0.7 pm)
or dissolved organic carbon (DOC, which passes a filter with a poresize
of 0.2-0.7 pm). The bulk of the POC concentration is in the suspended
fraction (>94%; Baker et al., 2017) with the remainder comprising
sinking particles. In terms of export fluxes, the vertical sinking flux of
POC has been traditionally assumed to dominate the export flux of
organic carbon and to be, therefore, the main driver of carbon seques-
tration (Ducklow et al., 2001; Suess, 1980; Turner, 2015). Sinking POC -
which may comprise alive and dead cells, faecal pellets and aggregates -
sinks vertically at speeds that range from 1 m per day to several hundred
metres per day. This sinking flux is the most studied component of the
biological pump, and is often used as a proxy to assess the global
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magnitude and evolution of the organic carbon export (Bisson et al.,
2020; Henson et al., 2022).

Another important contribution to the export of organic material
from the surface is that associated with vertically migrating organisms
such as zooplankton and fish, which is termed ‘active flux’. These or-
ganisms graze living and non-living POC in the near-surface, typically at
night-time, and retreat to the deep ocean during the remainder of the
day, in a process known as ‘diurnal vertical migration’ (DVM). Respi-
ration and excretion at depth contribute to the vertical pumping of
carbon to the deep ocean (Steinberg and Landry, 2017; Saba et al.,
2021).

On the other hand, DOC and suspended POC require physical
advection and mixing to escape the near-surface and are therefore more
likely to be remineralised at shallow depths in quiescent regions,
resulting in the outgassing of DIC back into the atmosphere (Berelson,
2001; Del Giorgio and Duarte, 2002). As a result, these components of
the organic carbon pool have long been under-sampled or disregarded in
the study of the biological pump (Buesseler et al., 2007; Hansell and
Carlson, 2001, 2014). Yet, suspended POC strongly dominates POC
concentrations in the near surface (Baker et al., 2017) and DOC is by far
the most abundant type of organic carbon in the ocean (Hansell and
Orellana, 2021; Barréon and Duarte, 2015; Hansell et al., 2009). The DOC
contribution to export has been estimated to be between 10% and 30%
on a global scale (Hansell, 2002, 2009; Aristegui et al., 2002; Carlson
et al., 2010). The majority of DOC is generated in the near-surface layer
of productive waters, especially equatorial and coastal upwelling re-
gions, largely by primary production but also by a variety of other
processes such as partial (“sloppy”) feeding, viral cell lysis and the
breakage of POC (Wagner et al., 2020; Hansell and Orellana, 2021). It
can be laterally redistributed across the ocean by large- and small-scale
currents. Vertical export of DOC happens via either large- or small-scale
subduction (e.g., deep mixed layer formation and vertical transport
associated with eddies and fronts respectively) and via vertical mixing,
both isopycnal, i.e., by diffusion along density layers, and diapycnal, i.e.,
by turbulent diffusion across density layers (Hansell, 2002; Stukel and
Ducklow, 2017). The latter has been previously shown to be able to
export significant amounts of DOC in subtropical regions
(Santana-Falcon et al., 2017). Mixing may be especially important at
high latitudes, where large amounts of DOC, as well as POC, are injected
at depth during periods of low stratification, remaining trapped there
during the successive shoaling of the mixed layer (Dall’Olmo et al.,
2016; Dall’Olmo and Mork, 2014; Giering et al., 2016; Hansell and
Carlson, 2001). Subduction below the mixed layer via Ekman pumping,
isopycnal eddy diffusion and lateral transport across tilted mixed layer
depths is also an effective means of injection of dissolved tracers at depth
at high latitudes (Sallée et al., 2010; Portela et al., 2020). While
high-latitudes of the northern hemisphere receive DOC from the sub-
tropical gyres via western boundary currents and hence have relatively
high surface DOC concentrations, the Southern Ocean is characterised
by relatively low surface concentrations of DOC available for export
(Hansell and Carlson, 2001; Hansell, 2002; Hansell et al., 2009).
Furthermore, in large parts of the Southern Ocean, wind-induced deep
upwelling along the Antarctic circumpolar front potentially results in
short carbon sequestration times and the inefficient export of dissolved
tracers (DeVries and Weber, 2017; Siegel et al., 2021). The relative
contribution of the export of DOC to the total organic carbon flux in the
Southern Ocean is therefore unclear.

Quantifying the relative role of the different components of the
ocean’s biological pump to the total carbon export and sequestration is
an essential step to understand the dynamics of the global carbon cycle
and its vulnerability to perturbations. The distinct regional and seasonal
variability of each pump component add complexity to this challenge.
Recent efforts have tried to quantify such relative contributions,
although with quite different conclusions. Using a compilation of data,
Boyd et al. (2019) estimated the non-sinking components of the bio-
logical pump to contribute about 40% to the total carbon export fluxes
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and as much as 50% to the carbon storage, although with large un-
certainties. A recent study based on model-assimilated data has provided
a global estimate of the relative contribution of the sinking (70%), active
(10%) and mixing (20%) components of the export flux (Nowicki et al.,
2022). With a similar approach, Stukel et al. (2022) showed that most
organic carbon export is driven by sinking and mixing fluxes over active
fluxes, although the ratio of the contribution of the three export path-
ways is region-specific. Focusing specifically in the Southern Ocean and
using published data of vertical gradients of organic and inorganic ni-
trogen, Stukel and Ducklow (2017) estimated total mixing (diapycnal +
isopycnal) to contribute to 3-6% of the biological pump. This result
agrees with the model-based estimate of the total DOC to total carbon
export by Roshan and DeVries (2017), which is between 2 and 4% for
the Antarctic and sub-Antarctic regions as a whole. However, to our
knowledge, no observational program has yet estimated and compared
these different organic carbon flux components simultaneously, which is
essential to minimise biases in their relative contribution due to the
different interannual and seasonal fluctuations of each flux.

In this work, we use data from the COMICS cruise DY086 (Novem-
ber-December 2017) combined with output from the inverse model of
Roshan and DeVries (2017) and data from the Hansell et al. (2021)
dataset to calculate the diapycnal and total export flux of DOC and the
export of suspended POC in the region of South Georgia (Southern
Ocean). We compare these fluxes with the sinking POC and active fluxes
measured during the same field campaign (Giering et al., 2023; Cook
et al., 2023 - both this issue). This approach allows us to simultaneously
quantify the relative contribution of the dissolved, particulate and active
components of the biological pump for the first time using in-situ data
collected during the same field campaign.

2. Material and methods

The COMICS cruise DY086 collected data between mid-November
and mid-December 2017 in the region of South Georgia (Fig. 1). The
measurement station is located just south of the polar front and is
crossed by the flow of the Southern Antarctic Circumpolar Current
(SACQ), in a region of high productivity and net vertical downwelling
(Marshall and Speer, 2012; Matano et al., 2020; Sallée et al., 2010). To
carry out a comparison of the export fluxes it is important to choose a
common depth for the comparison. Giering et al. (2023) identified an
export depth of 95 m which they subsequently used for sinking particle
flux analysis. This export depth corresponds to the productive layer
depth, defined as the deepest point at which chlorophyll was higher than
10% of the maximum chlorophyll concentration in the same profile; this
depth was always deeper than both the euphotic zone (0.1% PAR) and
the seasonal mixed layer depth during the cruise period (Giering et al.,
2023; Henson et al., 2023 — both this issue). We use values of the DOC
and suspended POC export depth as close as possible to this number for
our comparison. We will discuss the impact of these small differences in
the export horizon in our discussion. This section describes the manner
in which the fluxes are estimated at the export depth. This manuscript
also presents a comparison of POC, active and DOC fluxes. The active
and sinking POC fluxes for DY086 are calculated and reported in more
detail elsewhere (Giering et al., 2023; Cook et al., 2023 - both this
issue). For this manuscript we simply cite those fluxes at the relevant
depth (see Section 2.2) and refer the reader to the source papers for
details.

2.1. DOC flux

The DOC total flux comprises components that go either along or
across density surfaces, also known as isopycnals, and features contri-
butions from a range of physical processes, such as mixing and advec-
tion. In the following paragraphs we describe how we calculated the
across-isopycnal (diapycnal) flux, and how we inferred the along-
isopycnal (isopycnal) flux and the total flux. More information about
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the details of each calculation are provided in the following subsections.

The diapycnal flux is essentially vertical. It can be estimated directly
using vertical profiles of DOC observations and turbulent mixing by
making the standard assumption that the turbulent vertical mixing acts
as an effectively diffusive process. More specifically, the vertical flux,
Fpocy, is given by:

dDOoC
dz

(€Y

Fpocy =K, x

where K, is the “effective diffusivity” due to small scale turbulence, 4 is
the vertical derivative and DOC is a concentration (mg C m ). Note that
the flux is insensitive to the absolute value of the DOC concentration,
rather it is the vertical gradient in DOC that has the influence. The
method used to estimate K, and the DOC vertical gradient are described
in subsections 2.1.1 and 2.1.2.

In addition to diapycnal mixing, the total export flux of DOC includes
isopycnal transport via advection and eddy mixing. While diapycnal
mixing can be estimated using one-dimensional (i.e. vertical) analysis,
isopycnal fluxes involve three-dimensional movement along sloping
density surfaces. These isopycnal fluxes can be due to currents at a range
of scales, spanning from basin scale (~1000 km) to mesoscale (~100
km) and sub-mesoscale (~1-10 km). Estimating the DOC total flux
directly therefore requires knowledge of the local three-dimensional
circulation and gradients of DOC along isopycnals. Such spatial map-
ping is very time-demanding and few observational programmes collect
the necessary data to allow such a calculation (see Siegel et al. (2016) for
an example). As the COMICS project did not carry out such spatial
mapping, we instead used a three-dimensional inverse model to calcu-
late the total DOC flux, as described in subsection 2.1.2.

2.1.1. Turbulent mixing

In recent decades, indirect fine-scale parameterizations (Kunze et al.,
2006) have been developed to estimate turbulent mixing and to com-
plement the limited amount of direct measurements using microstruc-
ture profilers (Waterhouse and Coauthors, 2014). These
parameterizations assume that the internal wave-breaking primarily
modulates the dissipation rate of turbulent kinetic energy, ¢, (Polzin
et al., 1995). The energy is believed to cascade from the internal wave
field to smaller-scale waves before breaking into turbulence. Further-
more, the parameterizations hypothesise that the internal wave field
follows the internal wave background field of the Garrett and Munk
(GM) model (Munk, 1981) as found in the ocean interior away from the
boundaries. In the stratified ocean interior, ¢ is inferred from the internal
wave characteristics with vertical scales around 10-100 m. Assuming a
mixing efficiency, I of 0.2 (Osborn, 1980), the diapycnal eddy diffu-
sivity, K, is calculated from the dissipation rate using K, = 0.2x ¢/ N2
where N is the buoyancy frequency.

The parameterisation makes use of the link between properties of the
circulation at larger scales and dissipation, as described above. The in-
ternal wave characteristics used are the shear and strain, which are
estimated from profiles of horizontal velocity and density using LADCP
(Lowered Acoustic Doppler Current Profiler) and CTD (Conductivity
Temperature Depth) measurements. The shear, V,, represents the ver-
tical gradient of the horizontal velocity. The strain, ¢,, quantifies the
departure of the vertical stratification relative to a reference profile; it is
calculated as ¢, = (N* — NZ,)/N2,. The reference buoyancy frequency,
Ny, is estimated by using the adiabatic levelling of Bray and Fofonoff
(1981) over a 400-m interval. In the shear-strain parameterisation, the
internal wave field is hypothesised to predominantly affect the shear and
strain at the measured vertical scales (10-100m). The shear and strain
are decomposed in 200-m overlapping windows that are detrended
before applying vertical wavenumber spectra. This method constrains
the shallowest estimate of K, at 100 m. The variance of the shear and the
strain, denoted (V) and ({?), are estimated by integrating the vertical
wavenumber spectra of each quantity. To remove the LADCP noise at
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small wavelengths, the integration is done over the ranges of 50-200 m
and 25-200 m, for the shear and strain respectively, following Sheen
et al. (2013), who also applied this approach to data taken in the
Southern Ocean. The diffusivity becomes

(v2y: (f
K,=K°—~—=_p (R,,,)j(—) 2)
P, W

with the constant Kg =0.05 x 10~*m?s~1. The last two terms of Eq. (2)
capture the dependence on the shear-to-strain ratio (Kunze et al., 2006),
R,, and the latitudinal dependence (Gregg et al., 2003), respectively.
The shear-to-strain ratio, R,, represents the frequency content of an
internal wave or, alternatively, the ratio of horizontal kinetic energy
over potential energy (Kunze et al., 2006).

A Teledyne Workhorse Monitor 300 kHz ADCP was deployed on the
CTD frame in a downward-looking position to sample 4 CTD/ADCP
profiles at P3B and a total of 14 profiles at P3 (Fig. 1a). The horizontal
velocities were calculated by using the velocity-inversion method (Vis-
beck, 2002) implemented by the LDEO IX Software (Thurnherr, 2021).
In addition to the baroclinic velocities obtained from the lowered ADCP,
the shipboard ADCP and the vessel GPS were used to constrain the
near-surface and the barotropic velocities, respectively, to reduce the
uncertainties of the baroclinic velocities (Thurnherr, 2021).

2.1.2. DOC data and vertical gradients

During DY086, DOC concentrations were measured on 4™ December
2017 in the course of the second visit to the study site P3 (referred to as
visit P3B) at —40.3°W —52.7°N (Fig. 1b). DOC samples were collected
from Niskin bottles into high-density polyethylene (HDPE) carboys
before filtration through 47-mm glass fibre filters (Whatman, pre-
combusted overnight at 450 °C) and the filtered water acidified to pH 2
using ultrapure HCl (Merck Sigma-Aldrich). The filtered and acidified
samples were stored at —20°C and —80°C before being analysed on land
using a Shimadzu TOC-VCPN DOC and TDN analyser.

Only a single DOC vertical profile is available from DY086, making it
difficult to assess robustly uncertainties on our flux estimate. To mitigate
this limitation, we also used DOC data available online from the Hansell
et al. (2021) dataset in the vicinity of the study site P3 (Fig. 1a). We
selected DOC profiles that were measured north of the island of South
Georgia, in the proximity of P3. The extra data amount to seven DOC
profiles, of which three were collected during 20th-22nd January 2005
by the program U.S. Repeat Hydrography (https://cchdo.ucsd.ed
u/cruise/33R0200501), and four were collected during 24th-26th
January 2014 by a GO-SHIP cruise (https://cchdo.ucsd.edu/cruise/
33R020131223). An analysis of the climatological mean data for chlo-
rophyll and geostrophic currents from satellites (Fig. 1) indicated that
five of the extra DOC profiles (across four locations) are located within a
branch of the SACC flowing westward along the island South Georgia
and then south of P3, in a region of lower mean surface productivity. The
other two DOC profiles (both from the northernmost measurement
point) are within the dynamically quieter but higher-chlorophyll area
within the loop formed by the ACC as it passes South Georgia. We will
address how the locations affect the DOC profiles in the Results section.

We use an export depth of 100 m for our DOC diapycnal flux
calculation, as this is the shallowest depth at which the diffusive coef-
ficient K, could be calculated. Due to the near-linear tendency of the
analysed DOC profiles in the top few hundred metres (see Results,
Fig. 2), the DOC vertical gradient around the export depth was calcu-
lated as a linear regression across 0-255 m depth for DY086 and across
0-200 m depth for the Hansell dataset. While the latter is centred around
the reference export depth, for DYO86 we used a larger range of depths
in order to maximise the number of available points (only three data
points are available in the range of 0-200 m). Restricting the analysis to
the shallowest three data points of DY086 to keep the regression within
0-200 m does not significantly change our results and does not affect the
conclusions.
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Fig. 1. Location of the data from cruise DY086 and from the Hansell et al., (2021) database on climatological mean fields for December-January. Shading: chlo-
rophyll (SeaWiFS-IMOS L3 1998-2010, Johnson et al., 2013); vector field: geostrophic currents (DUACS L4 2005-2017 Rep '4°, CMEMS DUACS data (2022));
contour lines: GEBCO Bathymetric Compilation Group, 2021 bathymetry [m]. (a) Location of the DY086 turbulent mixing data (black crosses), DY086 DOC data (red
circle), and Hansell et al., (2021) data (red stars). Please note that the northernmost two stations from the Hansell dataset contain two DOC profiles each, at nearly
the same location. The zoom-in (b) focuses on the location of the DY086 data at station P3, with symbols indicating the visit to which each profile belongs: P3A (15 -
22nd November), P3B (29th November - 5th December) and P3C (9-15th December). We used climatological mean chlorophyll fields from SeaWiFS-IMOS due to
both the scarcity of clear-sky images for the measurement period (Supplementary Fig. S1) and their better representation of chlorophyll concentrations in the region
of study (Johnson et al., 2013); a comparison between the geostrophic currents observed in November-December 2017 (Supplementary Fig. S1) and the climato-

logical currents field plotted in Fig. 1a did not show any remarkable difference.

2.1.3. DOC total flux

We made use of an existing inverse model (Roshan and DeVries,
2017) to estimate the DOC total export flux in the area. The reader is
directed to Roshan and DeVries (2017) for details but, as a quick sum-
mary, this inverse model uses an artificial neural network (ANN) to
reconstruct the global distribution of DOC from the sparse data avail-
able, using relationships extracted with other parameters such as nu-
trients. The resulting DOC concentrations are mapped onto a 2°x2° grid.
By combining this map of DOC with a matrix representation of the
physical circulation, itself once more constrained using hydrographic
and tracer data, it is possible to estimate the creation and export of DOC
in each of the inverse model grid cells. The model does not make use of
the DOC data collected during DY086. Nevertheless, a comparison be-
tween the modelled DOC concentration and the DOC profiles from the
in-situ data used in this manuscript shows that, in the region of focus, the
modelled DOC concentration falls right in the middle of the range spun
by the in-situ DOC profiles and follows an analogous vertical profile,
assuring compatibility between in-situ data and model (see Supplement
Fig. S2).

In order to compare the modelled DOC flux with the POC and active
fluxes from COMICS DY086 data (Table 1), we used the median DOC
flux from the grid cell that is closest to the DOC measurements from
DY086, and estimated the modelled minimum-maximum DOC fluxes
using the first and third quartiles of the simulation. Modelled DOC fluxes
refer to an export depth of 114 m, which is the modelled flux depth
falling closest to the POC export depth of 95 m. Note that, while our
evaluation shows that modelled DOC concentrations match the in-situ
DOC profiles, the model is known to fall closer to winter conditions in
the physical flow at high latitudes (Roshan and DeVries, 2017), hence
the estimated DOC fluxes from the inverse model are likely high-end

values.

The modelled DOC total export includes both diapycnal and iso-
pycnal DOC export. In order to explain the magnitude of the modelled
total DOC flux, we compared it to the magnitude of the DOC flux com-
ponents that, unlike the diapycnal mixing flux, are not resolved by the
in-situ data. We estimated these fluxes from the product between the
measured DOC concentration at the export depth and the estimated rate
of subduction (Sallée et al., 2010), which transports water and tracers
from the near-surface down into the permanent thermocline. This
back-of-the-envelope calculation for the DOC subductive flux (Discus-
sion subsection 4.2, not included in Table 2) is only aimed at explaining
the difference between the total and diapycnal fluxes of DOC obtained
respectively with model and data, and wants to highlight the importance
of resolving the three-dimensional flow driving along-isopycnal fluxes.

2.2. POC and active fluxes

In the present manuscript, we calculated diapycnal mixing POC
fluxes with the same approach used to calculate the diapycnal DOC flux
(see subsections 2.1.1 and 2.1.2). POC exported via diapycnal mixing is
mostly in the form of suspended POC, which makes up the bulk (~94%;
Baker et al., 2017) of POC concentrations. We hence base our calcula-
tions on the high-resolution glider-derived total POC concentrations
(calibrated against bottle samples) measured at P3B during DY086. The
methods and data used to obtain the glider-derived POC concentrations
are presented in full in the companion paper (Giering et al., 2023). For
consistency with the diapycnal DOC flux calculation, we first calculated
the regression for the POC concentration in the range of 0-200 m.
However, given the highly non-linear shape of the POC curve across the
0-200 m range, we also restricted our calculation to the proximity of the
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export horizon (80-120 m depth range). We used both results and
multiplied them by the diffusive coefficient K, to calculate the POC
diapycnal export flux. Additionally, we also estimated the export of
suspended POC via subduction with the same method used for DOC, as
the product of POC concentration at the export depth and the rate of
subduction (Sallée et al., 2010). Since this export component is only
roughly estimated, we did not include it in the flux comparison table
(Table 2), but we discussed its potential contribution to total export in
the Discussion’s subsection 4.2.

High-resolution vertical profiles of the sinking flux of POC were
estimated elsewhere (Giering et al., 2023) by combining a range of in-
dependent flux measurements. Briefly, the sinking particle flux was
directly measured using neutrally buoyant sediment traps (PELAGRAs)
and Marine Snow Catchers deployed at 4-5 depths: typically, export
depth (zgx) + 10 m, zgx + 50 m, zgx + 100 m, 250 m and 500 m. Sinking
POC fluxes were also estimated from glider-derived backscatter signals
(at 700 nm) and distinguished into ‘large’ and ‘small’ particles following
the backscatter spike-analysis methods developed by Briggs et al.
(2011). Backscatter was converted to POC concentrations using POC
concentration determined from water samples collected between the
surface and 1000 m depth using Niskin bottles fitted to a CTD rosette.
Sinking POC fluxes were calculated by attributing distinct sinking ve-
locities to the glider-derived ‘large’ and ‘small’ particles based on direct
and indirect measurements during the cruise, and a sensitivity analysis
was carried out in order to account for uncertainties in the sinking ve-
locity estimates (for details see Giering et al., 2023 & Henson et al.,
2023). The backscatter-derived sinking POC fluxes matched the direct
flux observations well, allowing us to use the high-resolution gli-
der-derived estimates for further analysis. Further details on the sinking
POC flux calculations are available in the companion paper Giering et al.
(2023).

The active flux was estimated by examining vertical profiles of the
distribution of diurnally migrating organisms. This approach included
the analysis of day and night profiles of total mesozooplankton and
micronekton biomass collected via nets and acoustic backscatter data to
identify any pattern indicating synchronised diurnal vertical migration;
although the nets were collected only across the top 500 m of the water
column, acoustic data allowed observation of scattering layers up to at
least 700 m of depth. Further details and data are available in the
companion paper (Cook et al., 2023).

3. Results
3.1. Diapycnal DOC flux

DOC concentrations from both DY086 and the Hansell dataset
showed similar trends with depth, specifically a near-linear decrease in
the first 200 m depth, followed by near constant concentrations in the
lower mesopelagic zone (Fig. 2a). DOC from DY086 (Table 1) was higher
at all depths compared to the Hansell profiles. This offset is likely due to
a combination of factors such as the higher primary productivity and
slower currents that characterise the region around P3 (DYO086)
compared to the locations of the Hansell dataset (Fig. 1), and, possibly,
an analytical offset. This constant offset does not affect the slope of the
DOC profile used for the diapycnal flux calculation. Nevertheless, we
take it into account in our discussion of the DOC isopycnal flux estimate
(subsection 4.2).

Linear regressions provide a gradient of 0.040 + 0.002 mmol Cm™*
for the DY086 DOC profile, while profiles from Hansell et al. (2021) are
characterised by an average DOC gradient of 0.038 + 0.003 mmol C
m~*. The average gradient over the entire set of DOC profiles is 0.039
mmol C m~*, within a minimum-maximum range of 0.069-0.022 mmol
C m~* Note that we use maxima and minima for uncertainties rather
than standard deviations given the low number of analysed profiles.

The diapycnal diffusivity sampled during P3B at 100 m is 0.8 x 107>
m? s~! with a 95% confidence interval of 0.2-1.8 x 107> m? s™L. The
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Fig. 2. (a) DOC concentrations as a function of depth from DY086 during P3B
(black squares) and from the Hansell et al., (2021) dataset (black circles) with
regression lines respectively in red and blue; (b) diapycnal diffusivity, K, as a
function of depth averaged across the DY086 measurements during P3B only
(black) and during the entire cruise (P3A, P3B, P3C) (green) with the 95%
confidence intervals obtained from bootstrapping.

Table 1

DOC concentrations from the COMICS cruise DY086
collected at 40.3°W, 52.7°S on 4th/December/2017
during P3B. DOC concentrations have an uncertainty of

1.6 pmol Lt
Depth [m] DOC [pmol L]
8 57.8
63 56.2
114 53.8
255 48.1
504 48.1
1007 48.5

2 -1

diapycnal diffusivity remains similar at 150 m with 1.2 x 107> m? s~
before decreasing below 200 m. For all P3 profiles, the mean K, shows a
similar equivalent value within 100-200 m with K, = 1.1*- 10 > m?s ™,
which remains constant down to 600 m and is indistinguishable from the
shallow values at P3B within 100-150 m. Overall, similar K, values
within 100-200 m and down to 600 m indicate that K, is correctly
capturing the interior internal wave dynamics, away from the mixed
layer dynamics, as hypothesised by the parameterisation.

Using the mean DOC gradient and mean diffusivity parameter at 100
m gives us a mean downward diapycnal flux of DOC of 0.32 mg C m ™2
day~! (0.33 mg C m 2 day ! when considering only the data collected
during DY086). Considering the end-range values of both DOC gradient
and diffusivity, we obtain minimum-maximum values of the DOC dia-
pycnal export of 0.05-1.28 mg C m 2 day .

3.2. Total DOC flux

The DOC total flux obtained from the inverse model, including both
diapycnal and isopycnal fluxes, in the proximity of the measurement
location P3 amounts to 29.0 mg Cm ™ 2day ! (10.6 gCm 2yr 1), with a
minimum-maximum range of 23.0-37.5 mg C m 2 day ! (8.4-13.7 g C
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m~2 yr 1) (Fig. 3). Spatial variability of the modelled DOC flux around
the measurement location is relatively small, with median export fluxes
in the range of 17.8-37.0 mg C m 2 day ! (6.5-13.5 g C m 2 yr }).
Higher values of modelled DOC export coincide with regions of high
chlorophyll concentrations, i.e., north-west of South Georgia (compare
Figs. 3 and 4).

3.3. Diapycnal POC flux via mixing

Glider-derived POC concentrations at P3B during DY086 (Giering
etal., 2023) showed a steep decline around the export horizon (Fig. 5). A
linear regression for the data collected between 0 and 200 m provides a
gradient of 0.082 + 0.009 mmol C m™*. This value results in a mean
export of 0.68 mg C m~2 day !, with minimum-maximum range of
0.15-1.70 mg C m~2 day !, considering the end-range values of both
POC gradient and diffusivity. Restricting the regression to the range of
80-120 m, around the export depth, provides a compatible result, with a
gradient of 0.097 + 0.015 mmol C m™*. This value corresponds to a
mean diapycnal mixing POC export of 0.80 mg C m~2 day™!, with a
minimum-maximum range of 0.17-2.09 mg C m~2 day '. Given the
highly non-linear shape of the POC concentration in the range of 0-200
m, we use the diapycnal mixing POC flux results obtained with the
restricted range of data points, as they best represent the POC concen-
tration gradient around the export depth.

4. Discussion
4.1. Relative role of DOC, POC and active export fluxes

Here we compare our estimates of the DOC fluxes and POC diapycnal
flux with the sinking POC (Giering et al., 2023) and the active flux (Cook
et al., 2023) estimates, with the aim of quantifying the relative contri-
bution of each flux to the total export (POC + DOC + active) of organic
carbon (Table 2). Our results indicate that diapycnal mixing flux of DOC
represents on average less than 0.1% of the total organic carbon export,
with an estimated maximum of 0.3%. This low contribution indicates
that, in austral summer, diapycnal DOC export is likely not a significant
component of the biological pump at this location. Total modelled DOC
export, however, represents about 6.6% of the total export flux. This
contribution is at the high-end of previous estimates of the average DOC
export contribution across the Southern Ocean (3-6%, Stukel and
Ducklow, 2017) and indicates a small, but not irrelevant, contribution of
DOC to the biological pump in the region of South Georgia. Our results

DOC export at 114 m [gC m2year]
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Fig. 3. Modelled DOC total export fluxes in units of g C m~2 yr~! using output
from inverse model presented in Roshan and DeVries (2017) in the study re-
gion. Measurement locations are marked as black crosses (DY086, mixing), a
red circle (DY086, DOC), and blue asterisks (Hansell et al., 2021, DOC). In each
square, numbers indicate: maximum export as third quartile (upper row), me-
dian export (middle row), minimum export as first quartile (lower row).
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also suggest that DOC export is likely dominated by along-isopycnal
transport rather than by diapycnal mixing (see subsection 4.2 for an
estimate of the isopycnal export component based on the in-situ DOC
data). Diapycnal mixing of POC exceeds on average the DOC diapycnal
export thanks to the sharp POC concentration gradient found at the edge
of the productive layer; yet overall diapycnal POC export is also very
small, contributing only 0.2% to the total flux. Nonetheless, our results
highlight that POC significantly contributes to turbulent export fluxes of
organic carbon and must be considered in the calculation of diapycnal
export fluxes.

Based on the absence of evidence for synchronised DVM, the
contribution of active transport to the export of organic carbon is likely
negligible (Cook et al., 2023). Asynchronous DVM may have taken place
but was not resolvable by the data and is expected to be minor (Cook
et al.,, 2023). The results of this comparative study indicate that in
austral summer the biological pump in the region of South Georgia is
strongly dominated by the vertical export of sinking POC, with the total
export of DOC contributing only a few percent (<7%).

It is important to notice that the sinking POC flux is characterized by
a rapid attenuation, particularly just below the export depth (Giering
et al., 2023). Sinking POC flux at 115 m depth, which is ~20 m below
the export depth but close to the modelled DOC export depth of 114 m,
reaches a mean value of 285 mg C m 2 day ! (uncertainty envelope:
81-652 mg Cm 2 day ). If we refer our calculations to this deeper flux
horizon, total carbon flux sums up to 314 mg C m~2 day !, with a DOC
contribution of 9.2% to the total flux. This sensitivity test demonstrates
that, although changing the export horizon may slightly change the
percent contribution of DOC to the total organic carbon flux, the sinking
POC flux remains dominant. As a result, slight variations in the choice of
export horizon do not affect our conclusions.

Our results for the DOC diapycnal export, POC export and active
export from in-situ data are representative of austral summer carbon
fluxes in the study region, while DOC total export from the data-driven
inverse model is an annual mean flux and most likely represents a high-
end value due to the combination of summer-like high DOC concen-
trations and winter-like physical flow represented by the model (see
Methods subsection 2.1.2). Our DOC total export being a high-end es-
timate strengthens our claim that, in austral summer, sinking POC
export drives the biological pump at this location. Summing the total
DOC, diapycnal POC and sinking POC export fluxes provides a total
organic carbon export flux of 439 mg C m-2 day-1 (Table 2); this rep-
resents ~30% of the primary production measured at P3B during the
same field campaign (Giering et al., 2023; Henson et al., 2023). Seasonal
variability in the fluxes is expected to affect the contribution of the
biological pump components differently: while both POC and DOC
concentrations in the productive layer may fall during periods of
low-productivity, physical processes driving diapycnal export are likely
to strengthen in winter. DVM patterns are also known to change
seasonally (Bandara et al., 2018) hence require to be resolved in time.
The contribution of DOC export to total organic carbon export hence
likely varies considerably throughout the seasonal cycle.

4.2. DOC flux components

As the diapycnal DOC export calculated from our in-situ data con-
stitutes a small fraction of the DOC total flux estimated from the inverse
model, it is likely that the latter involves contributions from other
physical pathways. According to Sallée et al. (2010), the region around
South Georgia is characterised by annual mean net subduction, meaning
that at this location, on average, water leaves the near-surface and is
transferred down into the interior permanent thermocline, found at the
base of the winter mixed layer. At this location, subduction is mostly
driven by monthly mean geostrophic transport across tilted mixed layer
depths (i.e. lateral induction) and eddy diffusion, and has an annual
mean rate of about 30 m year’1 (~0.08 m day’1 =1.10"%ms 1) (Sallée
etal., 2010). Argo data indicate that maximum winter mixed layer depth
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Fig. 4. Seasonal climatology of chlorophyll from satellite data (SeaWiFS-IMOS, 1998-2010, Johnson et al., 2013) and of the mixed layer depth (MLD) 1° x 1° Argo
floats data (Holte et al., 2017). White areas indicate missing data, including no-data due to the presence of land.
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Fig. 5. Vertical profile of glider-derived POC concentrations over the top 200 m at P3B during DY086 (Giering et al., 2023). Lines show regressions for the depth

range 0-200 m and 80-120 m (blue and red symbols and lines, respectively).

corresponds to about 100 m in this region (Fig. 4). A linear interpolation
at 100 m depth provides a DOC concentration of 54.5 pmol L ™! for our
dataset and of 47.7 pmol L1 using the Hansell et al., (2021) dataset
(Table 1, Fig. 1). The product of the mean subduction rate and the two
DOC concentrations provides an estimated range of DOC export via
subduction of 45.8-52.3 mg C m~2 day ™ '. This rough estimate does not
account for any seasonal variability or small-scale patchiness in fluxes
across the permanent thermocline and likely provides an upper limit to
the subductive flux due to our simplified calculation not explicitly ac-
counting for the two-way eddy mixing component. As a consequence,
the estimated range falls above the higher end of the total flux obtained

via the inverse model for the grid point closest to the DOC measurement
at P3B (37.5 mg C m 2 day !, 3rd quartile), although it matches its
order of magnitude. Note that the maximum inverse model DOC total
export in the grid point located just east of P3B is 47.9 mg C m~2 day*
(17.5 g C m2 yr 1), which is compatible with our range of estimated
subductive DOC flux. Lateral induction and along-isopycnal eddy
diffusion of DOC, which drive subduction in this region (Sallée et al.,
2010), are therefore likely to play a key role in driving the total export of
DOC. The agreement between the magnitude of our subduction estimate
and the modelled DOC total flux, and the fact that they are both likely
high-end estimates, strengthens our finding that DOC export in the study
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Table 2

Comparison of the organic carbon export fluxes [mg C m~2 day '] in austral
summer at site P3 via export of DOC, POC and active transport. % Total shows
the percent contribution of each mean flux to the estimated total mean flux of
carbon, where the total mean flux is calculated as the sum of the mean values of
DOC total export, the POC diapycnal mixing export, the sinking POC export and
the active export (439 mg C m? day’l).

Carbon export [mg C m~2 day ']

DOC DOC POC Sinking Active
diapycnal total diapycnal POC export
export export export export

Minimum  0.05 23.0 0.17 124 -

Mean 0.32 29.0 0.80 409 Negligible

Maximum  1.28 37.5 2.09 891 -

% Total <0.1% 6.6% 0.2% 93.2% 0%

region is significantly smaller than the POC sinking export flux.

A similarly rough estimate can be calculated for the subduction of
suspended POC: using the POC concentration at 95 m depth (68.4 mg C
m ’3, Giering et al., 2023) we obtain a subductive POC flux of 5.5 mg C
m~2 day~!, which is an order of magnitude smaller than the flux ob-
tained for DOC and nearly 100 times smaller than the sinking POC flux,
which still dominates the total organic carbon export. Due to its small
magnitude, adding the subductive POC flux component to the total
carbon export (Table 2) would not affect our conclusions.

Another potential contribution to the export of DOC may be that of
small-scale vertical fluxes associated with ageostrophic flows at the edge
of small-scale fronts or the periphery of eddies. These are at too small
scales to be captured by the inverse model. These small-scale vertical
fluxes have been observed to efficiently inject carbon at depth (Omand
et al., 2015), although their integrated contribution may be small
(Resplandy et al., 2019). An analysis of the pattern of currents in the
sampled region from satellite data (Fig. 1) shows slow flow conditions
across the entire high-chlorophyll region of the South Georgia basin,
which is surrounded at its periphery by the faster flow of the SACC
(Matano et al., 2020). Ship measurements at P3 detected currents below
0.05 m s-1 with no dominant direction (Carvalho, pers. comm.). This
slow circulation (Fig. 1) is reflected in an analogous pattern of eddy
kinetic energy showing low values in the productive region north-west
of the island and higher values at the location of the SACC, as verified
by calculating eddy kinetic energy from high resolution reanalysis data
of currents in the region (CMEMS GLORYS12V1 data, 2022). Therefore,
only at the outer perimeter of the high-chlorophyll region, high pro-
duction and intense currents overlap (Fig. 1), potentially meaning that,
along this boundary, fluxes associated with fronts and mesoscale fea-
tures may play a role in vertical export. Nevertheless, at our study site
and in great part of the South Georgia basin, there is lack of quantitative
evidence for the importance of small-scale vertical fluxes associated
with eddies and fronts in the export of DOC.

4.3. Variability of diapycnal mixing fluxes

The values of diapycnal mixing coefficient K, found in this study of
~107° m? 5! correspond well to the typical values of the background
diapycnal diffusivity of the ocean interior previously measured during
austral summer at these latitudes. An observational study adopting a
fine-scale parameterisation analogous to ours, found K, just slightly
above 10> m? s7! in the upper 300-400 m of the Georgia Basin, mostly
due to its deep and smooth bathymetry and high stratification (Naveira
Garabato et al., 2004). A tracer release experiment and microstructure
measurements also confirmed large-scale annual mean K, = (1.3 £0.2) -
10° m? s ! and a summer K, = (0.75 £ 0.07) - 107> m? s’l, respec-
tively, at equivalent latitudes upstream of the Drake Passage and away
from rough topography (Ledwell et al., 2011). The values only differ
from our estimate by ~20%. Combining our values of diapycnal mixing
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and the measured DOC gradient results in a very small contribution of
this component to the DOC total export flux (~1%) and to the total
organic carbon export (<0.1%) in our study. For POC, this higher mixing
may result in a diapycnal export that reaches at most 0.3% of the total
flux. To obtain a notable contribution of the diapycnal export of DOC
and POC by mixing to the total export of organic carbon in this region
requires either an increase of the vertical gradient of organic carbon or
an increase of the eddy diffusivity by a factor of at least 20 at the export
depth.

Such a large change in the vertical gradient of DOC is unlikely to
occur considering the relative stability of DOC in the ocean (Mentges
et al., 2019). Our ship-based observations of DOC concentrations in the
surface ocean were higher than the records by Hansell et al. (2021).
These higher observations are not surprising considering that the
satellite-derived climatology of Chlorophyll suggests that the P3 region
is overall more productive (Figs. 1 and 4) and that the cruise occurred at
the peak of the bloom (Giering et al., 2023). If we hence assume that our
observed surface concentrations (56 pmol kg’1 at 8 m; Table 1) are at
the higher end of DOC concentrations at this site and that the lower
values observed by Hansell et al. (2021) are the minimum ‘background’
DOC concentrations at this site (40 pmol kg™! at 200 m; Fig. 2a), the
maximum gradient in DOC would be 0.083 mmol C m~*. This value is
higher than our observed gradient by a factor of 2, but still insufficient to
result in a notable increase in diapycnal flux.

A significant increase in the vertical gradient of POC is also unlikely.
The field campaign DYO086, in fact, took place in a region that is a hot-
spot for biological productivity, during the productive season (Henson
et al., 2023; Giering et al., 2023; see also Fig. 1). As a result, we can
assume that our measured POC profile at P3B is characterised by a
high-end value of the vertical gradient of concentration at the export
depth.

Significantly higher values of K, that could potentially increase the
diapycnal export of DOC and suspended POC from the near-surface have
been documented for the Southern Ocean (Naveira Garabato et al.,
2004; Wu et al., 2011; Stukel and Ducklow, 2017; Meyer et al., 2015).
These observations have been associated with a variety of situations and
processes such as proximity to rough topography, winter deep-mixing,
shear and ageostrophic currents at fronts, sea-ice interactions and
strong wind conditions. Naveira Garabato et al. (2004) found that K,
could attain rates as high as 1073-1072 m? s ! in the proximity of rough
topography due to the influence of internal waves, which are generated
by tidal and geostrophic flows flowing over topographic features. This
was especially the case in the region of the South Scotia Ridge, south of
South Georgia, at depths below 500 m, where topographic features can
shoal to the upper 1000 m. However, in regions of smoothed and deep
topography such as the Georgia Basin, the upper water column should
not be as strongly influenced by bottom-generated internal waves.

Another source of diapycnal turbulent mixing can be wind-forced
near-inertial waves that can radiate their energy downward below the
mixed layer depth (Alford and Gregg, 2001). CTD (Thompson et al.,
2007) and float (Meyer et al., 2015) measurements point to the presence
of enhanced K, in the upper 800 m potentially arising from
downward-propagating near-inertial waves subsequent to storms. This
was confirmed by the seasonal modulation of K, inferred from Argo float
measurements (Wu et al., 2011). As our sampling at P3 largely occurred
during non-storm conditions, there was no evidence for storm activity
enhancing K, at P3. Fortunately, an insight into the potential effect of
storms was possible from an additional CTD profile taken south of South
Georgia, at —40.9°E, —56.6°N, during rough weather and high-wind
conditions. This CTD profile is characterised by K, ~10"* m? 57! be-
tween 100 and 150 m depth, showing therefore values that are one order
of magnitude higher than those found at P3, and significantly higher
than those previously observed in the same region at depths shallower
than 300 m (Naveira Garabato et al., 2004). This high diapycnal mixing
in the near-surface is also associated with lower K, ~10~°> m? s~! in the
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range of 200-500 m depth in the same CTD, indicating that such in-
crease is likely associated with surface processes such as increased wind
stress. Using this maximal K|, could result in a ten-fold increase in the
DOC diapycnal export, amounting to roughly 12.8 mg C m~2 day ..
Hence, diapycnal turbulent mixing during storm events may have the
potential to export the equivalent of ~3% of the total export. However,
such events would likely be infrequent and not prolonged in time. We
conclude that, at our study site and in austral summer, diapycnal export
of organic carbon by mixing is likely negligible.

4.4. Autonomy and the biological pump

Further insight into the spatiotemporal variability of the export flux
components, including their seasonal variability and the integrated
contribution of transient events to diapycnal export, cannot be easily
achieved using only ship-based measurements, which are limited in
their spatial and temporal sampling capabilities. New combined phys-
ical and biogeochemical data obtained with autonomous platform such
as BGC-Argo floats (https://biogeochemical-argo.org/) as well as un-
derwater gliders and Autosub Long Range (ALR) vehicles will help to
study the integrated impact of sporadic mixing events on the Southern
Ocean biological pump. Such data will allow us to better resolve spo-
radic changes in eddy diffusion, mixing and biogeochemical tracer
concentrations, including POC. The use of state-of-the-art sensor in-
tegrations such as in situ camera systems and multi-channel eco-
sounders fitted on autonomous platforms together with more standard
and mature bio-optical sensors can also better inform and resolve the
distribution and movement of zooplankton and their respective contri-
bution to carbon export.

Unfortunately, DOC is not among the variables measured by the
BGC-Argo program. DOC sensors, although available for freshwater
monitoring (e.g., the Proteus DOC sensor, Proteus Proteus user manual,
2023), are still not commonly used for ocean measurements. Most DOC
data are therefore currently collected via traditional ship-board mea-
surements, which require a high observational effort and limit the pos-
sibility to collect high-resolution, long-term data sequences. This
observational gap also results in an important seasonal bias in DOC
observations, especially in the Southern Ocean where most ship-board
observations are collected during Austral spring and summer. As a
result, DOC remains one of the least studied and understood components
of the biological pump. Future programs should consider including DOC
sensors on autonomous platforms, and should aim at better resolving the
spatio-temporal variability of the DOC field and its associated fluxes.

5. Conclusions

For our study site near South Georgia in the Southern Ocean in
austral summer, total vertical export of DOC was significantly smaller
than POC export via sinking, contributing only a few percent (6.6%) to
the total export flux. DOC total export, however, exceeded the contri-
bution of the active flux by vertically migrating organisms. We showed
that diapycnal DOC export contributed only a small fraction (1%) to the
DOC total flux, suggesting that most of the DOC export at this site might
occur via along-isopycnal transport. The diapycnal mixing export of POC
was also small, accounting for only 0.2% of the total export flux, but
exceeded the diapycnal export of DOC. Our study highlights the need to
capture the three-dimensional nature of DOC export given the likely
importance of along-isopycnal transport. Further, it highlights the
importance of accounting for the export of suspended POC when
calculating diapycnal mixing fluxes of organic carbon. Overall, our
estimated contributions of active and mixing fluxes for the study region
are substantially smaller than suggested by global estimates (30-50%;
Boyd et al., 2019; Nowicki et al., 2022), highlighting the importance of
resolving their spatiotemporal variability. Our study hence underlines
the importance of simultaneously measuring the particulate, dissolved
and active export of organic carbon at different locations and
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throughout the seasonal cycle. These simultaneous measurements would
help to resolve the regional variability of the contribution of each
component of the biological pump and to better understand the bio-
logical drivers of the export of organic carbon to the deep ocean.

Research data

DOC data from DY086 have been provided in Table 1. DOC data from
the Hansell et al., (2021) dataset can be downloaded for the same region
[-35.1°E,-36.3°E]x[-51.9°N,-53.8°N] at: https://explore.webodv.awi.de
/ocean/biogeochemistry/dom/hansell-etal-2021/

All the DY086 (COMICS) data have been submitted to Pangaea Data
Publisher with open-access license CC-BY-4.0 as “Biological carbon
pump variables in the Scotia Sea, South Atlantic during an austral Spring
bloom (November-December 2017)”.
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