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Abstract The gravitational sinking of particles in the mesopelagic layer (~200—1,000 m) transfers to the
deep ocean a part of atmospheric carbon fixed by phytoplankton. This process, called the gravitational pump,
exerts an important control on atmospheric CO, levels but remains poorly characterized given the limited
spatio-temporal coverage of ship-based flux measurements. Here, we examined the gravitational pump with
BioGeoChemical-Argo floats in the Southern Ocean, a critically under-sampled area. Using time-series of
bio-optical measurements, we characterized the concentration of particles in the productive zone, their export
and transfer efficiency in the underlying mesopelagic zone, and the magnitude of sinking flux at 1,000 m.
We separated float observations into six environments delineated by latitudinal fronts, sea-ice coverage,

and natural iron fertilization. Results show a significant increase in the sinking-particle flux at 1,000 m

with increasing latitude, despite comparable particle concentrations in the productive layer. The variability

in deep flux was driven by changes in the transfer efficiency of the flux, related to the composition of the
phytoplanktonic community and the size of particles, with intense flux associated with the predominance of
micro-phytoplankton and large particles at the surface. We quantified the relationships between the nature

of surface particles and the flux at 1,000 m and used these results to upscale our flux survey across the
whole Southern Ocean using surface observations by floats and satellites. We then estimated the basin-wide
Spring-Summer flux of sinking particles at 1,000 m over the Southern Ocean (0.054 + 0.021 Pg C).

Plain Language Summary Phytoplankton are tiny organisms that convert CO, to organic carbon in
the sunlit layer of the ocean. A part of this carbon sinks in the form of particles and can be stored for decades to
millennia in the deep ocean before returning to the atmosphere. This long-term carbon storage is important for
our global climate because it moves CO, out of the atmosphere and into the ocean. Traditional sinking carbon
measurements rely on physical collection of sinking particles using ships and moorings. These measurements
can only be made sporadically and/or at very few locations. This means that it is very difficult to measure ocean
carbon storage for entire oceans, leading to big uncertainty. In this study, we used autonomous underwater
robots to greatly expand measurements of sinking carbon storage in the Southern Ocean. These measurements
allowed us to generate a new estimate of total sinking carbon storage for the entire Southern Ocean. These
measurements also uncovered clear patterns in carbon storage, which changed with season and latitude. We
found that these patterns appear to be driven by particle diameter. In the springtime and closer to Antarctica,
both phytoplankton and other living and dead particles grow larger, corresponding to a greater amount of
carbon storage.

1. Introduction

The Biological Carbon Pump (BCP) exerts a significant control on the global climate by contributing to seques-
tration of atmospheric CO, in the ocean interior (Sarmiento & Gruber, 2006). The BCP corresponds to the
downwards transport of a part of the photosynthetically produced organic material at the ocean surface that
becomes ultimately sequestered when this material reaches sufficiently deep waters (>1,000 m) or the sea floor
(Siegel et al., 2021). Roughly 40% of this transport is thought to be due to the cumulative actions of physical
(i.e., mixed-layer pump and subduction pump) and biological mechanisms (diurnal migration pump and seasonal

TERRATS ET AL.

1 of 28


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-6862-7748
https://orcid.org/0000-0001-6243-0258
https://orcid.org/0000-0002-0519-5180
https://orcid.org/0000-0002-2591-8016
https://orcid.org/0000-0001-6059-9236
https://doi.org/10.1029/2022GB007624
https://doi.org/10.1029/2022GB007624
https://doi.org/10.1029/2022GB007624
https://doi.org/10.1029/2022GB007624
https://doi.org/10.1029/2022GB007624
http://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)2169-9291.SOCBPFP
http://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)2169-9291.SOCBPFP
http://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)2169-9291.SOCBPFP
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2022GB007624&domain=pdf&date_stamp=2023-10-27

A7oN |
NI
ADVANCING EARTH
AND SPACE SCIENCES

Global Biogeochemical Cycles 10.1029/2022GB007624

migration pump) (Boyd et al., 2019). The majority (roughly 60%) of this vertical transport consists in the sinking
of particles, referred to as the gravitational pump (Boyd et al., 2019). The gravitational pump is mainly governed
by the following three processes: (a) the photosynthetic production of organic particles in the productive surface
layer, (b) subsequent export of a fraction of these particles by sinking into the underlying mesopelagic layer
(~200-1,000 m), and (c) the attenuation of the sinking flux by particle remineralization and fragmentation within
the mesopelagic layer (Briggs et al., 2020; Siegel et al., 2016).

The coupling between the particle flux from the productive surface layer and the resulting flux at depth is highly
dependent on the structure of the surface ocean ecosystem. The phytoplankton community composition notably
determines the resulting food chains and hence the nature of particles entering in the mesopelagic domain, rang-
ing from individual cells to aggregates and fecal pellets (Durkin et al., 2021, 2022; Legendre & Le Fevre, 1995).
The attenuation of the particle flux in the mesopelagic layer is, in turn, dependent on the nature of the sinking
particles, and the phytoplankton community composition may therefore be an important driver of the gravita-
tional pump (Durkin et al., 2021). Indeed, some studies have shown a link between the size structure of the phyto-
plankton community, the type of exported particles, and the transfer efficiency of the sinking flux (the proportion
of the flux that survives transfer to the bottom of the mesopelagic layer) (Guidi et al., 2015; Mouw et al., 2016a).
Such links suggest that particle properties in the productive layer can be potential predictors of fluxes and atten-
uation processes within the mesopelagic realm (e.g., Siegel et al., 2016). As surface particle properties are gener-
ally easier to observe synoptically (e.g., satellite products, reanalysis) than mesopelagic processes (essentially
relying on in situ observations), they constitute a promising way to upscale the estimation of the gravitational
pump to larger spatial scales. Therefore, exploring and establishing links between surface ocean variables and
mesopelagic flux are required for a better estimation and prediction of the gravitational pump.

The Southern Ocean is central to climate regulation as it accounts for 40% of the oceanic uptake of anthropogenic
CO, (DeVries, 2014), and for an estimated 30% of the global export of organic carbon to the deep ocean (Arteaga
et al., 2018). Studying the gravitational pump in the Southern Ocean is challenging given the complexity of
the biogeochemical environment in this area. At first order, the Southern Ocean consists of High Nutrient Low
Chlorophyll (HNLC) waters where iron depletion limits the production of particles (Martin et al., 1990). In some
areas however, local iron inputs from island shelves or sea ice melting disrupt the planktonic ecosystem and the
resulting particle flux (Ardyna et al., 2017; Halfter et al., 2020). Additionally, the Antarctic Circumpolar Current
generates permanent frontal structures that delineate zones with distinct planktonic communities. Despite this
variability in the production regimes of the Southern Ocean, the spring bloom is the major biological event that
structures the surface ecosystem and potentially drives the resulting carbon flux in this high-latitude environment
(Rembauville, Blain, et al., 2015; Rembauville, Salter, et al., 2015; Rembauville et al., 2018; Wynn-Edwards
et al., 2020). The majority of the process studies conducted so far for addressing the linkage between productive
and mesopelagic layer have therefore focused on this spring period. This is for obvious scientific interest but also
is due to the practical constraints of ship-based work in the rougher sea conditions of winter/fall periods. The
consequence is that significant observational gaps exist, preventing to adequately characterize the gravitational
pump in less productive seasons, which is nevertheless required to establish annual carbon budgets. Therefore,
better understanding of the Southern Ocean's gravitational pump remains a challenge that requires an observa-
tional strategy that captures the coupled processes between the productive and mesopelagic layer over a long
temporal continuum.

In this context, the BioGeoChemical-Argo (BGC-Argo) float array appears to fulfill this requirement and repre-
sents a way to develop a better understanding of the coupling between upper layer and mesopelagic processes
that drive the BCP. BGC-Argo floats indeed contribute to fill some knowledge gaps by measuring bio-optical
parameters at unparalleled temporal and spatial scales (Bittig et al., 2019; Claustre et al., 2020; Cornec
et al., 2021). Among the core bio-optical parameters are the particulate backscattering coefficient (b, in m~h)
and Chlorophyll-a fluorescence (FChl-a), proxies for the particle and Chlorophyll-a concentration respectively,
enabling exploration of the underlying processes of the BCP (Briggs et al., 2011; Dall’Olmo & Mork, 2014;
Lacour et al., 2019). By tracking pulses of sinking particles from the productive layer down to 1,000 m depth,
BGC-Argo floats are providing breakthroughs in understanding of the gravitational pump (Briggs et al., 2020).
Furthermore, when equipped with a transmissometer, BGC-Argo floats can capture the particle flux with high
resolution at parking depth, typically 1,000 m (Estapa et al., 2013, 2019) and over temporal windows that capture
seasonal and interannual variability. Such multi-instrumented floats thus offer the opportunity to explore the
gravitational pump with unprecedented coverage.
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Figure 1. Sampling of the Southern Ocean by the seven floats equipped with transmissometers. Dots indicate the position
of profiles. Dot colors refer to the various biophysical zones, delineated by the position of fronts and the extent of September
sea-ice coverage (black lines). Fronts were located with Gray et al. (2018)'s criteria applied on climatologies of temperature
(product accessible here https://doi.org/10.48670/moi-00052 and based on Guinehut et al. (2012); Mulet et al. (2012)). The
boundaries of the zone called “East of Kerguelen” are drawn in red and detailed in the top right insert. The background

map is the Spring-Summer climatology (2015-2019) of satellite [Chl-a] (product accessible here https://doi.org/10.48670/
moi-00280 and based on Antoine and Morel (1996); Gohin et al. (2002); Hu et al. (2012); O’Reilly et al. (1998, 2000).

Furthermore, bio-optical measurements have a significant potential to characterize the nature of particles and
phytoplankton assemblage at the ocean surface. For example, the ratio of b, to FChl-a has been used to charac-
terize the dominance of diatoms (Cetini¢ et al., 2015) or coccolithophores (Terrats et al., 2020). More complex
methods involving both environmental constraint and ratios of bio-optical measurements have been proposed
to resolve the biomass of pico-, nano- and micro-phytoplankton (Rembauville et al., 2017) and high frequency
measurements of by or particulate attenuance (c,, in m~!) can be inverted to retrieve the average diameter of
large particles (Briggs et al., 2013). Thanks to such developments, BGC-Argo floats have the potential to support
process studies aiming at exploring and getting insights into the linkage between the structure of surface ecosys-
tems, the resulting flux, and its attenuation in the mesopelagic domain (Claustre et al., 2021).

Process studies are ideally undertaken over longer time periods of several years, which are required to capture the
variability in production regimes that drive the deep flux and hence to begin establishing annual regional budgets.
Starting with deployments in 2014, seven BGC-Argo floats equipped with transmissometers have been operating
in the Southern Ocean (mostly in the Indian sector), acquiring 18 annual time series of surface measurements
and resulting flux. These floats provide a unique observational data set to resolve the seasonal variability in
the particle flux of the different environments of Southern Ocean, and to describe the connection between the
productive and mesopelagic layer in driving the gravitational pump. This paper presents an in-depth investigation
of the gravitational pump in the Southern Ocean based on observations from BGC-Argo floats and satellite data.
We show a clear latitudinal zonation in the intensity of the flux of sinking particles at 1,000 m and show that the
size structure of the surface planktonic ecosystem drives the changes in the gravitational pump, and ultimately in
the flux at 1,000 m. We finally propose surface indicators from ocean color satellite products to upscale the flux
estimates at 1,000 m over the whole Southern Ocean.

2. Materials and Methods

Seven floats equipped with transmissometers were identified in the Indian sector of the Southern Ocean, which
operated from 2014 to 2019 (Figure 1). The floats drifted eastward along the Antarctic Circumpolar Current,
except for two floats that drifted southward and sampled waters close to Antarctica. These floats acquired suffi-
cient data throughout the study area to capture regional and seasonal dynamics of particles from the productive
layer to 1,000 m depth.
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Here we present the methods related to data processing of float bio-optical measurements to obtain variables
related to the concentration, nature, and flux of particles (Table 1). Briefly, we partitioned bio-optical measure-
ments into signals from large, fast-sinking and small, slow-sinking particles. From these measurements, we iden-
tified pulses of large particles associated to the gravitational pump and computed particle export flux and transfer
efficiency of particle flux in the mesopelagic layer. All the results were finally split into distinct biophysical zones
based on float temperature, satellite sea-ice coverage, and natural iron fertilization.

2.1. Float Operating Procedure

The seven BGC-Argo floats operated according to cycles starting with a descent to 1,000 m, a park phase at
the parking depth of 1,000 m, and an ascent to the surface during which the sensors acquired the profile data.
The park phase varied from 10 days in winter to 2-3 days during the productive season. These short duration
cycles of 2-3 days were required to sample the pulses of large particles with several ascending profiles (Briggs
et al., 2020).

The vertical resolution of bio-optical measurements (i.e., [Chl-a], bbp, cp) in the top 10-50 m was always set at
1 m, allowing high-frequency sampling to derive particle diameter proxies (Briggs et al., 2013). In the mesope-
lagic layer, the vertical resolution of these measurements was adapted from 10 m in winter and 1 m during the
productive season. This high vertical resolution in the mesopelagic layer was required to detect concentrations
of large sinking particles from optical spikes with the detection method of Briggs et al. (2011) (detailed in
Section 2.4), since the large particles remain rare relative to the sample volume, even within a pulse. Throughout
the park phase at 1,000 m, float sensors acquired bio-optical measurements at regular intervals of either 10 or
60 min.

2.2. Float Sensors and Data Correction

The ECO Triplet (Three Channel Sensor; WET Labs, Inc., USA) measures the fluorescence of Chlorophyll-a
(FChl-a) and Colored Dissolved Organic Matter (FCDOM) at excitation/emission wavelengths of 470/695
and 370/460 nm, respectively. It also measures the angular scattering coefficient of particles at 700 nm and an
angle of 124°, from which we derived the particle backscattering coefficient (b, in m~") (Boss & Pegau, 2001;
Schmechtig et al., 2018; Zhang et al., 2021). We corrected bbp, FChl-a, and FCDOM profiles for out-of-range
values and sensor drift over time following standard quality control procedures (Bellacicco et al., 2019; Organelli
et al., 2017; Schmechtig et al., 2015). The FChl-a values were corrected for the Non-Photochemical Quenching
(NPQ) following Xing et al. (2018) and Terrats et al. (2020), then converted to [Chl-a] with a float-specific coef-
ficient estimated with daily satellite matchups of [Chl-a] (Terrats et al., 2020).

The C-Rover beam transmissometer (WET Labs, Inc., USA) measures the attenuation of light by particles (c,
in m~!) at 660 nm along a pathlength of 25 cm, with an acceptance angle of 1.46°. The vertical position of the
transmissometer causes sinking material to progressively accumulate on the detection window, resulting in a time
increase in the offset of ¢, profiles. We corrected the ¢, profiles for this sensor drift by adjusting the profiles to
an assumed b, /c, ratio of 0.03 at 1,000 m (Terrats et al., 2020). This method is robust in the productive layer
where corrected ¢, values do not vary significantly with the choice of the by /c, ratio (Terrats et al., 2020), but is
less reliable in the mesopelagic layer (see Text S1 in Supporting Information S1). We thus kept the corrected ¢,
values in the productive layer only, where we used them for the purposes of this study, for example, to determine
the phytoplankton size-structure and the average particle size (see Section 2.7).

At the parking depth of 1,000 m, the progressive accumulation of particles on the detection window of the trans-
missometer caused a time-increase in ¢, values throughout the park phase, which forms the basis of the so-called
“optical sediment trap” (OST) technique (Estapa et al., 2013). Here, the time-increase in ¢, at 1,000 m serves as
a proxy for the flux of sinking particles (see Section 2.5).

We removed the deepest 50 m of each profile of [Chl-a], bbp, and c, values (950-1,000 m). These data often
contained a very high number of spikes or unusually high values, presumably caused by particles accumulated
during the park phase, on the top of the float or over the transmissometer window. Most of these accumulated
particles were swept off by the vertical movement of the float during the first 50 m of the float's ascent phase
(Briggs et al., 2020). We also discarded unrealistic values caused by mesopelagic organisms passing in front of
the sensors. We identified these values with the method of Haéntjens et al. (2020) based on FCDOM profiles.
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The SBE 41 CP Conductivity-Temperature-Depth sensor (Sea-bird Scientific, USA) measures the temperature,
salinity and the pressure converted to depth. These data were quality controlled following Wong et al. (2022) and
converted to density.

The OCR 504 radiometer (Sea-bird Scientific, USA) measures the downwelling irradiance at three wavelengths
(380, 412, 490 nm) and of the light available for photosynthesis (E,,
these measurements with the procedure of Organelli et al. (2016).

pars 1 PW cm™2 nm~1). We quality-controlled

The oxygen optode 4330 (Aanderaa, Norway) senses the partial pressure of oxygen converted into oxygen
concentration and was quality controlled following Thierry and Bittig (2021) (Bittig & Kortzinger, 2015; Bittig,
Kortzinger, et al., 2018; Bittig, Steinhoff, et al., 2018).

2.3. Productive Depth (zp) Determination

The so-called “productive depth” (z,, in m) delineates the thickness of the surface layer in which particles are
produced by photosynthesis, and is determined as the maximum between the Mixed Layer Depth (MLD, in m)

and the euphotic depth (z_ , in m) (Buesseler et al., 2020):

eu’

z, = max(MLD, z¢,) (1

We estimated the Mixed Layer Depth (MLD, in m) with the algorithm of Holte and Talley (2009) that relies
on temperature, salinity, and density profiles. This method provides a more accurate estimate of the MLD in
high-latitude waters than threshold and gradient approaches (Holte et al., 2017; Holte & Talley, 2009).

The euphotic depth, z_, defines the thickness of the sunlit layer that receives enough light for photosynthesis

eu’

to occur. It was determined as the depth at which Photosynthetically Active Radiation (PAR) levels are 1% of
PAR just below the air-water surface. Following the quality control of Organelli et al. (2016), only 47% of E
profiles reached the quality standards for determining z,, according to its definition:

2 = —ROOD @

Kd.PAR

With K, pag (in m™!) the coefficient of diffuse attenuation of PAR at depth z equal to:

—oln(E
Kypar(z) = W 5

Over half of E, p,;, profiles failed the quality-control due to perturbations in the light field explained by unstable
sky conditions and the passing of clouds during the ascending profile (Organelli et al., 2016).

To compute z,, for each profile, we used the global bio-optical relationship of Morel et al. (2007) that estimates
K, at 490 nm, K, 490 (in m~"), from [Chl-a] values:

Ka.00(z) = 0.0166 + 0.08253 [Chla], ">’ )

We then converted K, 4o, to K, using a regional relationship obtained by fitting the concurrent K, ,4, and
K par Values of the quality-controlled radiometric profiles (Figure S1 in Supporting Information S1):

KdA,PAR(z) =0.002 + 1.032 Kd.490(z) (I’Z = 074) (5)

Then, we determined z,, from K, par(z) such that:

Zeu

/Kd,PAR(Z) dz = —In(0.01) (6)

0
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Figure 2. Partitioning of a ¢, profile into signal due to small and large particles (float n°6902738 on 2016-12-15). Profile
(a) shows the raw measurements in the mesopelagic layer (i.e., depth below z, computed from Equation 1) and the baseline
(purple) obtained after applying the min- and max-moving filter. The residuals from the filter are shown in panel (b). Spike
blank value (red line) and spike signal (orange dots) which correspond to large particles. (c) c, profile partitioned into large
(spike heights in orange) and small (purple line) particle signals. The percentage of spikes in this profile equals 19%. Note
that the c, signal from small particles also includes sensor drift.

2.4. Concentration of Particles in the Mesopelagic Layer

The particulate optical coefficients by, and ¢, are commonly used as proxies for concentration in particulate
organic carbon (POC concentration, [POC] in mg m~3) using empirical relationships that vary widely across
oceanic regions (Thomalla et al., 2017) and depth layers (Cetini¢ et al., 2012) due to the spatial and vertical
changes in particle characteristics (e.g., size, shape, composition). Because no relationships have been reported for
the mesopelagic layer in our study area, we refrained from approximating [POC] in the mesopelagic layer using a
¢,- or by, -to-[POC] conversion coefficient. Instead, we assessed the pool of particles in the mesopelagic layer using

the b,,, and ¢, parameters expressed in m~!, and the pool of chlorophyllous particles using [Chl-a] in mg Chl-a m~3.

2.4.1. Baseline and Spikes of Bio-Optical Profiles

Bio-optical measurements in the mesopelagic layer (i.e., ¢,, b, [Chl-a]), were partitioned into signals from
small and large particles according to the method of Briggs et al. (2011, 2020). The passing of large particles like
fast-sinking aggregates and fecal pellets larger than approximately 100 pm causes spikes in bio-optical profiles
(Briggs et al., 2020; Gardner et al., 2000) (Figure 2). Small, slow-sinking or suspended particles, on the other
hand, correspond to the unspiked signal.

To partition optical signals into contributions from small and large particles, we first applied to each profile a
minimum- and a maximum-moving filter with a window size adapted to the vertical resolution of sampling, that
is,to 3,7, and 11 points for profiles at 10, 2.5, and 1-m vertical resolution, respectively (Briggs et al., 2011, 2020).
As such we obtained a baseline and a residual signal (Figures 2a and 2b). The baseline represents the signal from
small particles, but, in the case of ¢, profiles, also includes a sensor drift effect. The residuals represent the signal
from large particles plus a “spike blank™ estimated following Briggs et al. (2020), which equaled 1.2 X 10~*m~!,
4.6 x 107 m~', and 1.5 X 107> mg Chl-a m~* for b, ¢, and [Chl-a], respectively (Figure 2b).

bp?
It is worth noting that the residuals are free of any bias caused by sensor drift, since its effect is included in the
baseline signal. We can thus use the spike signal derived from ¢, profiles to study large particles in the meso-
pelagic layer. Residuals higher than the spike blank value represent the signal from large particles (X, with X
the bio-optical parameter, either Cp bbp, or [Chl-a]) (Figure 2b), while residuals lower than the spike blank value
were added to the baseline to form the total signal from small particles (X, with X the bio-optical parameter)
(Figure 2c). We also size-partitioned the [Chl-a] profiles to estimate [Chl-a] associated with large and small
particles ([Chl-a],l and [Chl-a]J).
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2.4.2. Quantification of Large and Small Particles

Because the large particles that cause spikes are rare in the mesopelagic layer, accurately quantifying them can
be challenging with low-sampling volumes. To gain the most accurate quantification of these particles, we relied
on spike profiles measured by the ¢, sensor as it benefits from a sampling volume approximately 6 times larger
than the one of the by, sensor (12.5 and 1.9 mL for the transmissometer and by, sensor, respectively (Zhang
et al., 2021). For quantification of the small particles, on the other hand, we used the baseline of b, profiles

(byy,5)> because the baseline of ¢, profiles in the mesopelagic layer is contaminated by sensor drift.

bp.s

The b,,,  signal is a proxy for [POC] from small particles (Briggs et al., 2011), and c,,, for [POC] from large parti-
cles (Briggs et al., 2011) provided that vertical resolution of the profile equaled 1 m, such as during the productive
season (see Section 2.1). This high vertical resolution allows sampling of a larger volume in the mesopelagic layer
that allows a more accurate quantification of large particles (Briggs et al., 2020).

The large particles can nevertheless be observed with all profiles having a vertical resolution from 1 to 10 m, but
doing so comes at the cost of a lower accuracy. In our study, we extended the exploration of large particles to
all profiles by deriving the percentage of spikes (%Spikes, in %), which is a proxy for the relative abundance of
large particles within the entire mesopelagic layer (Rembauville et al., 2017). The spike percentage equaled the
number of spikes divided by the number of measurements in the mesopelagic layer (Figure 2¢), and accounted
for differences in vertical resolution. The %Spikes can thus be observed throughout the year using the full set
of profiles and showed significant increase consistent with the presence of intense phytoplankton blooms in the
productive layer (Rembauville et al., 2017).

Here, we used %Spikes values to obtain an approximate view of the seasonal variation in the occurrence of large
particles in the mesopelagic layer. For other applications requiring a more accurate quantification of large parti-
cles, such as for deriving fluxes (Section 2.6), we only used the ¢, profiles with a high vertical resolution (1 m).

2.5. Particle Fluxes at 1,000 m (F ,(S)(I,OOO m))
2.5.1. Detection of Large- and Small-Particle Flux

When the transmissometer is vertically oriented, the detection window acts as an Optical Sediment Trap (OST)
on which sinking material settles overtime when the float is parked at 1,000 m (Bishop & Wood, 2009; Estapa
et al., 2013). The accumulation of particles leads to an increase in beam attenuance (ATN, unitless) (Figure 3),
and the time derivative of ATN is a proxy for the particle flux (Estapa et al., 2017).

The flux of large and small particles was derived from the time series of ATN at 1,000 m (Estapaetal., 2013,2017),
where ATN was computed by multiplying transmissometer-derived ¢, values by the pathlength of the transmis-
someter, 0.25 m. ATN time series were then cleared from spikes, which are attributed to the passing of active
swimmers or transient particles that did not settle on the detection window (Estapa et al., 2013, 2017). To iden-
tify spikes, we computed a 7-point moving median and a 7-point moving median absolute deviation (MAD) on
the ATN time-series. We identified spikes as being the residuals of the moving median above 5.2 X MAD, in
accordance with Leys et al. (2013). Despiked ATN time-series were then smoothed with a 7-point moving median
filter. Finally, we used the temporal variation in ATN to detect the flux of small and large particles (F (1,000 m)
and F,(1,000 m) respectively).

When a large particle settles on the detection window, it causes a sudden and distinct increase in ATN, referred
to as a “jump” (see yellow arrows on Figure 3a). Most of the jumps correspond to the settling of large particles,
as suggested by Estapa et al. (2017) and supported here by the co-occurrences of jumps and b,,, spikes during the
park phase at 1,000 m (Figure S2 in Supporting Information S1). Jumps were identified as outliers in the time
series of time derivative of ATN (ATN'") (Figure 3b). To achieve this, we computed the inter-quartile range (IQR)
of ATN' of the time series and identified the jumps as the ATN' values higher than 1.5 X IQR above the 75th
Quantile (Figure 3b). This statistical technique differs from the previous methods which were either based on a
fixed threshold for ATN' (Estapa et al., 2017) or on linear regression fits to ATN (Estapa et al., 2013).

We then calculated the flux of large particles by dividing the total amplitude of jumps in ATN by the duration of
the park phase. Note that we also identified negative jumps as ATN' values lower than 1.5 X IQR below the 25th
Quantile, which account for 2.5% of our data. These negative jumps were removed from the analysis.
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Figure 3. Estimation of the large- and small-particle fluxes at 1,000 m (float n°6902739 from 2016-11-19 to 2016-11-21).
(a) Time series of raw attenuance (black). The yellow arrows are the jumps corresponding to the deposit of large particles.
Orange lines are the linear regressions used to derive the small-particle flux. (b) Identification of jumps (yellow). Time series
of ATN' (black) with the identification of jumps that correspond to an ATN' value greater than 1.5 X IQR + Quantile 75th
(red).

Segments of continuous and slight increase in ATN between jumps correspond to the regular settling of small
particles (black points and orange lines on Figure 3a). To compute F (1,000 m), we linearly regressed the
segments larger than 4 points, removed the segments with a negative slope, and averaged the positive slopes
weighted by segment length.

2.5.2. Conversion of Attenuance Flux to POC Flux

The flux derived from ATN is expressed in units of day~' and is equivalent to mg POC m~2? day~' provided that
an ATN flux-to-POC flux relationship is applied. Recently, Estapa et al. (2023) proposed a relationship based
on co-located measurements of ATN flux and POC flux in diverse environments ranging from sub-tropical to
sub-polar waters. However, Estapa et al. (2023) computed their ATN flux-to-POC flux relationship based on
measurements between 100 and 500 m, where one can expect that the carbon-content of particles is higher
than at 1,000 m where particles are more refractory. We therefore used an adjustment to the relationship of
Estapa et al. (2023) that takes into account the change in POC content of sinking particles between the upper
and lower mesopelagic zone. We used the ratio of POC flux to particle flux as an indicator of the relative
organic carbon-content of sinking particles. We computed the POC flux to particle flux ratio between 100-500 m
and at 1,000 m in the Southern Ocean from a global data compilation of sediment trap measurements (Mouw
et al., 2016b). This analysis showed that the ratio decreased by a factor 2.93 between 100-500 and 1,000 m, from
a POC flux/Particle flux value of 0.17 between 100 and 500 m to a value of 0.058 at 1,000 m. We thus estimated
POC flux, F) poc(1,000 m) (units: mg POC m~* day™"), from ATN flux at 1,000 m using the ATN flux-to-POC
flux relationship of Estapa et al. (2023), after adjusting for the decrease in POC content of sinking particles in the
lower mesopelagic by a factor 2.93:

633 X Fi(5(1000m)*”’

7
2.93 @

Fi(spoc(1000m) =
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Figure 4. Example of a pulse of large particles in the mesopelagic layer obtained from float WMO n°6901583 (2016-07-01 to 2017-05-01), with time series of (a)
icp &23‘1 for progressively deeper layers in the mesopelagic zone, (b) 1,000 m flux from the OST, (c) and profile of flux transfer efficiency. Mean zp was 94 + 27 m.

2.6. Net Particle Flux in the Mesopelagic Layer
2.6.1. Estimation of Net Particle Flux, NF, ) ,(z, + z,)

Besides estimating particle flux at 1,000 m parking depth with the OST, we also estimated particle fluxes
throughout the mesopelagic layer using time series of bio-optical profiles. Following the method of Dall’Olmo
and Mork (2014), we derived depth-integrated stocks of large (and small) particles, i X, ,(3)23(2“ (dimensionless), by
vertically integrating bio-optical parameters (either by, c,, or FChl-a) from large (and small) particles, denoted
X, (X ), over progressively deeper layers from z, + z; to 1,000 m:

1000

. 1000;

iXi)zy1z, = / Xi(2)dz (3
2z, +2;

with z; ranging from 0 to 800 m. The time series of depth-integrated stocks showed pulses of particles that corre-

spond to the seasonal accumulation of particles in the mesopelagic layer (Figure 4a). These pulses correspond to

a growth period in which i X ;;)!°%™ increases to reach a seasonal maximum, and were delimited between a local

Zp+z;
1000 m

minimum to the seasonal maximum in i X 1)z, of each depth layer (Figure 4a). Note that the starting point of

1000 m

the pulse was determined visually with the local minimum in iX ), .
i

. The sensitivity of final results to the
choice of local minima is stated in Section 2.6.5.

Assuming mesoscale homogeneity, no lateral transport of particles and a negligible particle flux at 1,000 m (see
Text S2 A—C in Supporting Information S1 for further details on these assumptions), Dall’Olmo and Mork (2014)
estimated the net particle flux at depth z, + z,, denoted NF, \(z, + z,) (unit: day~"), from the time rate of change

o 1000m g0 .
iniX )z, during a pulse:
: 1000

0iX i)

zp+z;

ot

NF[(A-)')( (Zp+Zi) = (9)
As in Dall’Olmo and Mork (2014), we calculated NF, (z, + z,) using a linear least-square regression of
iX y5) 1" forced through the starting point of the pulse (Figure 4a).

zp+
The net flux is the result of different processes including the influx of particles at z, + z; and the production (e.g.,

zooplankton fecal pellet production and production of small particles by fragmentation) and losses (consump-
tion, loss of large particles by fragmentation) of particles in the depth layer z, + z; to 1,000 m, as described in
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Table 2

Text S2 A in Supporting Information S1. The Net Flux calculation based on

How Much Does the Flux at 1,000 m Contribute to the Calculation of the changes in integrated stocks does not include contributions to flux in steady

Net Flux in the Mesopelagic Layer?

state conditions, that is, when there is no change in iX ;) over time because

Contribution of F,

(1,000 m) to NF, (2, + 7)) particle influx equals removal rate. The net flux can nevertheless be consid-
8 > 5),. /4 (2

Particle size Average over all z;

ered as a proxy for the flux at z, + z, under certain conditions (Dall’Olmo &

Atz,=0 At the deepest z; . . .
“w=°0 © deepest & Mork, 2014), such as during a pulse when accumulation rates are dominated

Large (X =c,)
Small (X =b,, )

63 +25%
13+7%

39+21% 93+14%(;=800m) by changes in particle influx and less by changes in particle production and
5+2% 26 + 8% (z; = 700 m) loss rates.

2.6.2. When the Particle Flux at 1,000 m Is Not Negligible

We evaluated the importance of the assumption of negligible particle flux

at 1,000 m by computing the contribution of F} (1,000 m) derived from the
OST to NF, x(z, + z,) (Table 2). On average, F/(1,000 m) represented 63 + 25% 0f NFyurge.c, (2:), with the lowest
contribution for the shallowest z; (39 + 21%) and the strongest contribution for the deepest z, (93 + 14%). For
small particles, (1,000 m) represented 13 + 7% of NFsmﬂ]L,,hp(zi), with the lowest contribution for the shallowest
z; (5 = 2%) and the strongest contribution for the deepest z; (26 + 8%). This analysis shows that in the case of
small particles, for which the method of Dall’Olmo and Mork (2014) was initially intended, the flux at 1,000 m
indeed represents a small contribution, but in the case of large particles it is critical to account for non-zero parti-
cle flux at 1,000 m.

2.6.3. Accounting for Non-Zero F;,(1000 m)

To account for non-zero particle flux at 1,000 m depth, we modified Equation 9 as follows:

. 1000
0iX is)

zp+2;

NFio)x (2p+20) = ——=— =+ Fi((1000m) (10)
where F) (1,000 m) is the average of F; (1,000 m) over the duration of the pulse in units of day~!. This formula-
tion combines the methods of Dall’Olmo and Mork (2014) based on float profiles and Estapa et al. (2017) based
on OST measurements at 1,000 m. This method inherently assumes that the attenuation cross sections of particles
are the same whether they are in suspension or settled in a layer on the transmissometer window (i.e., they have
the same ¢,-to-POC ratio). While meriting some scrutiny, this assumption is supported by the following observa-
tions: (a) similar ¢,-to-POC ratios between settled diatom aggregates and suspended diatoms (Estapa et al., 2017);
(b) mass-specific ¢, of marine aggregates are similar to those of their primary particles (Boss et al., 2009; Slade
etal.,2011); and (c) mass-specific c, is relatively insensitive to particle size variations (Neukermans et al., 2012).

We used Equation 10 to derive the net flux of large particles from c,, profiles during pulses, which we identified
as the most accurate proxy for [POC] from large particles (see Section 2.4.2). To derive the net flux of small
particles, we relied on the b, signal that is a proxy for [POC] from small particles that remains unaffected by
sensor drift (see Section 2.4.2). Similarly, we addressed the flux of chlorophyllous particles using [Chl-a] profiles
assuming a negligible flux of chlorophyllous particles at 1,000 m. We refer the reader to Text S2 for more details
on the method and particularly the equations for estimating the net flux with each of the float parameters (Equa-
tions S5 to S8 in Supporting Information S1).

2.6.4. NF,, \(z, + z)) During Particle Pulses

1000
Zp+z;

increased over time, characterized by NF,,(z,) values ranging from 0.028 to 0.160 days! (see list of pulses on
Table S3 in Supporting Information S1). We retained pulses that were tracked by floats within a quasi-Lagrangian
framework as evidenced by strong similarity between successive temperature and salinity profiles (from T-S

Pulses of large particles were events lasting 32 + 19 days on average. During these events i X sharply

diagrams in Figure S3 in Supporting Information S1). In fact, changes in salinity and position between consecutive
profiles were smaller in this study than in the study of Johnson et al. (2017) that estimated net community produc-
tion within Southern Ocean water masses (Asalinity (500 m) < 0.05, Alongitude < 8° and Alatitude < 5.5°).
This further supports the quasi-Lagrangian tracking of the pulses by the floats in this study. Furthermore, we
ruled out the effect of the mixed layer pump (Lacour et al., 2019) by constraining pulses to periods of relatively
stable MLD, with standard deviation of MLD lower than 35 m. We discarded pulses with a localized increase
in net flux with depth (example in Figure S4 in Supporting Information S1), which could be attributed to the
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injection of particles by vertically migrating zooplankton (Buesseler & Boyd, 2009) or by the eddy-subduction
pump (Llort et al., 2018). In total, we retained 17 pulses of large particles captured with spike profiles of ¢, and
14 pulses of large chlorophyllous particles detected with [Chl-a] spike profiles (listed in Table S3 in Supporting
Information S1).

Pulses of small, slow-sinking particles were much longer in time, and required a multi-month Lagrangian tracking

that could not be achieved by individual floats in our study area. We therefore assessed small particle pulses with

1000

monthly climatologies of i X ;, "},
42

in the different environments of the Southern Ocean (Figure S5 in Supporting
Information S1), from which we derived NFS,X(zp + z,) based on Equation 10 and estimates of the backscatterance
flux at 1,000 m (Equation S6 in Supporting Information S1). These monthly climatologies were generally calcu-
lated using observations collected over several years, except for certain areas with lower coverage (Figure S6 in

Supporting Information S1).

2.6.5. Net Transfer Efficiency

The transfer efficiency at a given depth is defined as the fraction of the particle export flux that survives transfer
to that depth (Buesseler & Boyd, 2009). In this study we are however working with Net fluxes during pulses, so
we defined the Net transfer efficiency at z; + z,, as follows:

NF[(X),)((ZP + Z[)

NF)5),x(2p) 11)

where NF, , (z,) is the net export flux of large (small) particles from the productive layer. The net transfer effi-
ciency is probably a close estimate of the transfer efficiency because the net flux is considered a proxy for the flux
during pulses (Dall’Olmo and Mork (2014). Based on this, we attributed the differences in net transfer efficiency
to variations in the transfer efficiency of POC flux, under the assumption that profiles of ¢,:POC or b, :POC
ratios remain spatio-temporally uniform in the Southern Ocean. It is worth noting that estimates of the net trans-
fer efficiency showed little sensitivity to the choice of the local minimum, varying by 10 + 15% when the local
minimum was displaced by +10 days.

2.7. Derived Variables in the Productive Layer
2.7.1. Particle Size Estimates

We used a multivariate regression model to estimate the proportion of different phytoplankton size classes based
on bio-optical measurements and hydrological variables (Rembauville et al., 2017). The model was trained and
validated in the Indian sector of the Southern Ocean, our study area. The model takes as input parameters:
depth, temperature, salinity, Cp bbp, [Chl-a] and the ratios cp/[Chl—a], bbp/[Chl—a], and bbp/cp. In the present
study, we reported only proportions of micro- and nano-phytoplankton (denoted %Micro and %Nano, units:
%) as these groups dominated the phytoplanktonic community in this study (%Pico was always below 15%).
The modeled estimates of %Micro and %Nano have an uncertainty of 17% and 19%, respectively (Rembauville
etal., 2017).

We also characterized the particles in the productive layer in terms of mean diameter (D, in pm) and Chl-a-content
(in pg) following the method of Briggs et al. (2013). This method calculates size parameters based on the
variance-to-mean ratio of bio-optical measurements, accounting for platform motion and sensor's sampling
volume (Briggs et al., 2013), for example, for size estimates with c,:

Dzz\/mle .

mean(c,) Q. a(t) 7

where D is the average particle diameter, Var(cp_ » 1s the variance of the detrended <, signal, mean(cp) is the mean
of the raw optical signal, Vis the sample volume (12.5 mL for the C-rover), Q. is the attenuation efficiency, which
is 2 for particles much larger than the wavelength of light, and a(z) is a correction for the increase in effective
sample volume due to water movement. a(r) was calculated as follows from sensor geometry and movement
speed, using the sensor sample integration time of 1 s and a particle residence time of 0.1 s, derived from the
mean observed float ascent speed of 10 cm s~! and a mean path of 1 cm, derived from sensor geometry (Briggs
et al., 2013; Rembauville et al., 2017).
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Adapted to high-vertical resolution measurements, the method of Briggs et al. (2013) was applied on ¢, and
[Chl-a] float measurements in the productive layer where the vertical resolution was set at 1 m all year-round
(e.g., Rembauville et al., 2017). It is important to note that while this mean size method has performed well
in controlled laboratory conditions (relative biases in c -derived diameter ranging from 17% to 32%; Briggs
et al., 2013) and has been found to correlate with independent phytoplankton size class designations in situ of
Rembauville et al. (2017) (r?> = 0.62 between D and %Micro), it has not yet been quantitatively validated in situ,
where additional sources of error are expected. Independent validation should ideally be performed before results
are directly quantitatively compared with size measurements from other methods. In the meantime, we expect
that our estimates of D may plausibly be systematically biased by a factor of ~1.5, based on propagation of esti-
mated factor of 2 uncertainty in a(z), added quadratically to a factor of 1.4 uncertainty in Q. Uncertainty in a(7)
derives primarily from uncertainty in the horizontal component of flow through the cylindrical sample volume of
a vertically oriented profiling C-rover, which impacts path length and residence time. Uncertainty in Q_ derives
from the optical properties of the particle population.

2.7.2. Particle and Nutrient Concentrations

The bulk concentration of particles in the productive layer was obtained by smoothing the bio-optical profiles
with a median and mean moving filter (Briggs et al., 2011). We estimated the corresponding carbon concentration
by converting by, into POC concentration with the relationship of Rembauville et al. (2017) determined from
samples in the surface waters of the Indian sector of the Southern Ocean (i.e., [POC] (mg C m~3) = (3963.45
by,=0.6) X 12, r?=0.9).

Concentrations in macronutrients, such as nitrate ((NO,~], in pmol kg=") and silicate ([Si(OH),], in pmol kg=1),
were derived using the CANYON-B neural network (Bittig, Kortzinger, et al., 2018; Bittig, Steinhoff, et al., 2018;
Sauzede et al., 2017) based on hydrological and oxygen data. The global accuracy of [Si(OH),] and [NO;™] is
2.3 umol kg~! and 0.68 pmol kg~!, respectively (Bittig, Kortzinger, et al., 2018; Bittig, Steinhoff, et al., 2018).

2.8. Delimitation of Southern Ocean Zones

We split the Southern Ocean into different zones delineated by fronts and the seasonal presence of sea ice
(Figure 1). We used float temperature and satellite sea-ice coverage to delineate the following zones from north
to south (Gray et al., 2018): the Sub-Tropical Zone (STZ), Sub-Antarctic Zone (SAZ), Polar Frontal Zone (PFZ),
Antarctic-Southern Zone (ASZ), and the Seasonal-Ice Zone (SIZ). The STZ and SAZ were separated by the
Sub-Tropical Front (STF), SAZ and PFZ by the Sub-Antarctic Front (SAF), PFZ and ASZ by the Polar Front (PF),
and the ASZ and SIZ by a limit of 15% of sea-ice coverage in September (Gray et al., 2018). These five zones
were mainly composed of iron-limited HNLC waters. We further identified a sixth zone East of the Kerguelen
Plateau, an area with natural iron input that increases the production of particles and potentially impacts the
resulting fluxes (Blain et al., 2007). We identified this zone using a threshold of 0.75 mg m~3 in Spring-Summer
climatologies of satellite [Chl-a] (Figure 1).

The floats operated in the six zones defined above, covering HNLC as well as iron-fertilized areas, mainly
in the Indian sector of the Southern Ocean. Given the wide range of physical and biogeochemical environ-
ments sampled, we believe that the float data set can be considered representative of Southern Ocean conditions,
excepting areas with very deep (>500 m depth) winter mixing (Figure S7 in Supporting Information S1). We
also note that the number of profiles was somewhat unevenly distributed between the different zones, with fewer
profiles in the SIZ (Figures 5a—5f).

3. Results and Discussion
3.1. Regional and Seasonal Dynamics of Particles From the Productive Layer to 1,000 m Depth
3.1.1. Particle Dynamics in the Productive Layer

Particle concentration (bbp) and phytoplankton biomass ([Chl-a]) show clear seasonal variations in the productive
layer (Figures 5g—51). The by, and [Chl-a] values started increasing in early spring and peaked during the produc-
tive season, that is, spring and summer (Figures 5g—51). This seasonal production of particles was initiated by the
shallowing of MLD which increased the light exposure in the productive layer (Figure S7 in Supporting Infor-
mation S1). These conditions promoted phytoplankton growth in the productive layer that had been replenished
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Figure 5. Regional and seasonal dynamics of particles from the productive layer to 1,000 m depth. For each zone, (a—f) number of profiles per month; monthly

averages of (g-1) [Chl-a] (green) and b, (red) in the productive layer; (m-1) relative abundances of large particles (i.e., spikes) in the mesopelagic layer derived from
bbp (red), c, (black), and [Chl-a] (green); (s—x) flux of large (gray bars) and small (white bars) particles at 1,000 m. The error bars represent the 15 and 85th quantiles.
Figure S6 in Supporting Information S1 shows the number of float-year pairs for each zone (e.g., 1 pair = float 6902739-year2016).

with nutrients following deep convection in the preceding winter (Ardyna et al., 2017). The period following the
maxima in bio-optical values corresponded to a rapid decline in [Chl-a] while bbp remained elevated, leading to a
higher bulk b, /[Chl-a] ratio of suspended particles (Figure S8 in Supporting Information S1). These particles in
summer may correspond to less-chlorophyllous phytoplankton cells (Cetini¢ et al., 2015; Terrats et al., 2020) or
non-algal particles such as detritus (Bellacicco et al., 2019).

Distinct seasonal cycles of by, and [Chl-a] were found in SIZ and East of Kerguelen, where the accumulation of

particles soared in spring and led to the most abrupt rise in [Chl-a] and b, (Figures 5k and 51). East of Kerguelen,
the by, and [Chl-a] maxima were more than twice as high as typical maxima for HNLC zones. In the SIZ, b, and

[Chl-a] maxima were similar to other HNLC zones, but bbp remained at its maximum value over 4 months after
the bloom apex. These distinctive characteristics suggest that additional processes were involved in the dynamics
of particle accumulation in the SIZ and East of Kerguelen.

Sharp elevations of the sea floor characterize the area around the Kerguelen Islands, as evidenced by the pres-
ence of an oceanic plateau. This bathymetric feature is responsible for the supply of iron in the productive layer
of the zone East of Kerguelen through the lateral advection of coastal waters or the entrainment of sedimentary
material by deep mixing events (Bowie et al., 2015; d’Ovidio et al., 2015). This iron input markedly amplifies
the division rate of phytoplankton, creating a decoupling between the phytoplankton growth and zooplankton
grazing that may still be overwintering at depth (Carlotti et al., 2015; Laurenceau-Cornec et al., 2015). These
conditions lead to the massive spring bloom observed East of Kerguelen (Blain et al., 2007). This zone thus
represents a natural laboratory to study the impact of iron on the functioning of plankton communities and the

resulting particle flux.

One main feature of the SIZ is the seasonal presence of sea-ice that plays a pivotal role in phytoplankton growth.
Sea-ice melting releases iron that has been extracted from seawater during freezing or deposited from atmospheric
dust (Lancelot et al., 2009; Person et al., 2021). Sea-ice melting also releases freshwater that causes a haline strat-
ification of the water column and exposes the productive layer to intense sunlight (Figure S9 in Supporting Infor-
mation S1). These conditions stimulate phytoplankton growth promptly while the grazing rate lags behind (Briggs

etal., 2018; Person et al., 2021; Rohr et al., 2017), explaining the abrupt rise in b, and [Chl-a] in spring. Sea-ice

melting continues in summer and sustains an intense production of particles associated with late phytoplankton

blooms (Behera et al., 2020; Sabu et al., 2014), consistent with elevated bhp observed until the end of summer.
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3.1.2. Particle Dynamics in the Mesopelagic Layer

Some of the particles in the productive layer are exported in the form of large, fast-sinking particles. We addressed
the dynamics of these large particles with observations of %Spikes, a proxy for the abundance of large particles
in the mesopelagic layer (Briggs et al., 2011; Rembauville et al., 2017). For brevity, we discuss only the %Spikes
from ¢, measurements, denoted %Spikes o 88 %Spikes estimated from by, and ¢, measurements were similar
> =0.81).

Consistent with the seasonal production of particles, the abundance of large particles in the mesopelagic layer
increased seasonally and peaked during the productive season (Figures Sm—5r). In HNLC zones, the peaks
in %Spikes ., showed a latitudinal gradient in their magnitude, with a higher abundance of large particles
South of the Polar Front (in zones ASZ and SIZ). The %Spikes ¢p South of the Polar Front averaged 9 + 3%
(mean =+ standard deviation) during the productive season, versus 4 + 2% North of the Polar Front (i.e., STZ,
SAZ, PFZ) and decreased rapidly in Summer. East of Kerguelen, %Spikes op remained elevated during the
productive season as for South of the Polar Front, except that it reached higher levels amounting to 13 + 5%.
These observations suggest the establishment of a strong and persistent flux of large particles South of the
Polar Front and East of Kerguelen, while the flux North of the Polar Front appears to be weaker and of shorter
duration.

Using [Chl-a] measurements, we computed the %Spikes ¢, as a proxy for the abundance of fresh phyto-
plankton aggregates in the mesopelagic layer. In HNLC zones, the %Spikes ¢, during the productive season
were characterized by low levels with 3 + 1% South of the Polar Front, and 1 + 1% North of the Polar
Front. This is consistent with the identification of trap-collected particles in HNLC zones, which showed
that most of the flux is carried by fecal material (Cavan et al., 2015, 2017; Ebersbach et al., 2011) and
not phytoplankton aggregates. East of Kerguelen, the %Spikes ., rose to 17% in spring then decreased
rapidly to 7% in summer, indicating a transition in the nature of large particles from fresh algal aggregates in
spring to non-chlorophyllous particles in summer such as fecal pellets and detrital aggregates, as reported by
trap-based studies (Ebersbach & Trull, 2008; Laurenceau-Cornec et al., 2015; Rembauville, Blain, et al., 2015;
Rembauville, Salter, et al., 2015).

3.1.3. Dynamics of Particle Fluxes at 1,000 m Depth

In HNLC zones, there is a clear latitudinal gradient in the seasonality and magnitude of the particle flux
(Figure 5s-w). In the northernmost zone STZ, a very small fraction of particles originating from the phytoplank-
ton bloom reached 1,000 m, as illustrated by the absence of strong seasonal variation and the low flux during
the productive season (4.2 + 0.8 mg C m~2 day~!, which is the sum of large- and small-particle fluxes). Further
South, in SAZ and PFZ zones, the particle flux varied seasonally with higher values during the productive season
(5.5 + 2.4 and 4.8 + 1.3 mg C m~2 day~!, respectively). South of the Polar Front, in ASZ and SIZ zones, the
particle flux was highest with 11.3 + 3.5 and 12.4 + 4.5 mg C m~2 day !, respectively.

East of Kerguelen, the particle flux varied seasonally and peaked twice (Figure 5x). In spring, the flux sharply
increased in November, similar to the particle concentration in the productive layer and the abundance of large
particles in the mesopelagic layer. This simultaneous increase within the different depth layers suggests that
the spring bloom led to a rapid and intense flux of large particles. At 1,000 m, this flux in spring represented
a significant fraction of the total annual particle flux (40%). This result is similar to the results of Rembauville
et al. (2015) on the Kerguelen Plateau based on sediment traps deployed at 300 m, which showed that the carbon
flux in December and January constituted 40% of the annual flux. In late summer, the particle flux rose again
and peaked in April (Figure 5x), following the depletion of particles in the productive and mesopelagic layers.

In zones South of the Polar Front and East of Kerguelen, the flux of large particles remained high (i.e.,
>7 mg C m~2 day~!) until the end of Fall. This seasonal pattern was also reported with %Spikes op and suggests
that these regions were characterized by pulses of particles in late Summer and early Fall. This is confirmed with
the identification of pulses in March in zones South of the Polar Front and East of Kerguelen, while none were
observed after February in zones North of the Polar Front (Figure S10 in Supporting Information S1). These
late pulses of large particles can be expected owing to phytoplankton blooms in late Summer in the SIZ (Behera
et al., 2020; Sabu et al., 2014), to mixing events in fall that break down stratification and export particles retained
in the surface (Kemp et al., 2000), or to the export of slower-sinking large particles originating from spring or
summer phytoplankton blooms.
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3.2. Export and Transfer Efficiency of Large Particles in the

Figure 6. The downward transport of large-particles during the pulses. Mesopelagic Layer

The net export flux and transfer efficiency of large-particles (a, ¢) and 3.2.1. HNLC Waters

chlorophyllous particles (b, d) in the mesopelagic layer. Color indicates the

zone. Median values are represented by bar height (a, b) or dots (c, d) with In HNLC zones, a clear southward increase in the large-particle flux at
error bars (a, b) and ribbons (c, d) representing the 15 and 85th quantiles. 1,000 m was observed while the particle concentration in the productive layer

was similar between zones (Figure 5). This contrast was further evidenced

by the southward increase in the ratio of the large-particle flux at 1,000 m
over the by, values in the productive layer (Figure S11 in Supporting Information S1). These results indicate that
variations in the flux at 1,000 m were not principally related to the particle concentrations at the surface and
their seasonal variations in the productive layer, but rather to a higher export and/or transfer efficiency of large
particles South of the Polar Front.

The high vertical and temporal resolution of the float profiles allowed the determination of the net export and
transfer efficiency associated with the 17 pulses of large particles. For HNLC areas, we compared zones North
and South of the Polar Front to determine if the export or transfer efficiency (or both) caused the southward
increase in the flux at 1,000 m. The net export flux North and South of the Polar Front was similar, averaging
0.037 + 0.023 days~" and 0.045 + 0.013 days~!, respectively. The transfer efficiency was, however, three times
higher South of the Polar Front, with 57% of the exported flux reaching the deepest layer of the mesopelagic
layer (i.e., zp+800-1,000 m), compared to 17% North of the Polar Front (Figure 6). This observation indicates
that a higher proportion of large particles escaped degradation in the mesopelagic layer South of the Polar Front.
These observations are in line with thorium measurements of POC flux and transfer efficiency by Puigcorbé
etal. (2017). The authors reported similar export flux North and South of the Polar Front, while transfer efficien-
cies at 400 m were threefold higher in waters South of the Polar Front (Table 3 in Puigcorbé et al. (2017)). The
Polar Front thus clearly delimits zones with distinct mesopelagic transfer efficiency and deep POC flux.

We then investigated the causes of this contrast in transfer efficiency. Differences in transfer efficiency result, to
first order, from the balance between the degradation rate and sinking speed of particles in the mesopelagic layer.
Some degradation processes are temperature-dependent and their magnitude can be predicted from temperature
measurements (Kheireddine et al., 2020; Marsay et al., 2015). For the large-particle pulses observed here, temper-
ature in the mesopelagic was lower by 3 + 1°C on average in zones South of the Polar Front (Figure S12 in
Supporting Information S1), which corresponds to a calculated increase of 41% in the transfer efficiency (see
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Text S3 in Supporting Information S1 for further details on the calculation). This is insufficient to explain the
three-fold increase in transfer efficiency South of the Polar Front, and suggests that other processes come into

play.

Fragmentation of large into small particles is another degradation process which was found to be responsible for
about half of the attenuation of large-particle flux (Briggs et al., 2020). The study of Briggs et al. (2020) explored
34 pulses to quantify the transfer of mass from large to small particles during their sinking in the mesopelagic
layer. In the Southern Ocean, they noted high variability in fragmentation rate that contributed between 30% and
72% to flux attenuation. Using their results (Table S2 in Briggs et al. (2020)), we assessed differences in the
fragmentation rates between zones North and South of the Polar Front. These data indicated that fragmentation
was responsible for 36% of the flux attenuation North of the Polar Front (Table S4 in Supporting Information S1).
South of the Polar Front, fragmentation was relatively more important and contributed 55% to flux attenuation.
This result goes counter our observations and suggests that the higher transfer efficiency South of the Polar Front
was not the result of a lower fragmentation of large particles.

A faster sinking speed shortens the residence time of particles in the mesopelagic layer where they are exposed
to degradation processes, thus increasing their transfer efficiency. According to Stokes Law, the sinking speed
of spherical particles scales as the square of their size times their density in excess of the density of seawa-
ter. Laboratory-based studies indicate that the typical sinking speed of small particles varies between 0.1 and
10 m day~' for individual phytoplankton cells (Huisman & Sommeijer, 2002; Waite et al., 1997), whereas it
exceeds 100 m day~! for large particles such as aggregates and fecal pellets (Iversen & Ploug, 2013). Although
sinking speed also depends on other factors, such as the particle shape, fractal dimension, porosity, and composi-
tion (Williams & Giering, 2022), particle size is still widely used as the primary indicator of in situ particle sink-
ing speed (Cael et al., 2021; Guidi et al., 2008; Iversen et al., 2010; Omand et al., 2020). Here, we derived an
optical proxy for the average diameter of large particles in the mesopelagic by averaging the heights of meso-
pelagic ¢, spikes (Briggs et al., 2013; McKenzie et al., 2020). South of the Polar Front, spike heights averaged
0.0040 + 0.0005 m~!, as compared to 0.0018 + 0.0006 m~! North of the Polar Front (Figure S13 in Supporting
Information S1). These results show that aggregates and fecal pellets were significantly larger in the mesopelagic
layer South of the Polar Front, which condition their higher sinking speed and transfer efficiency.

3.2.2. Iron-Fertilized Area

East of Kerguelen, most of large-particle pulses were sampled in November (Figure S10 in Supporting Informa-
tion S1) and therefore our results in Figure 6 mainly represent spring conditions. The net export flux equaled
0.135 days~' and was three times higher than in HNLC waters (0.037 and 0.045 days~' for North and South of
the Polar Front, respectively). This is qualitatively consistent with ship-based observations of a two-fold higher
export flux of POC in the iron-fertilized area in spring as compared to export flux in HNLC waters (Planchon
et al., 2015). The transfer efficiency of large-particle flux East of Kerguelen was 41%, intermediate between
transfer efficiencies in zones North and South of the Polar Front (17% and 57%, respectively). However, the
average diameter of large particles, the water temperature, and the attenuation due to fragmentation were similar
to zones South of the Polar Front (Figures S11, S12, and Table S4 in Supporting Information S1, respectively),
suggesting other influences on transfer efficiency such as the lability and composition of the sinking particles.

The hypothesis that transfer efficiency decreases with the lability of particles has been advanced in multiple studies
(e.g., Henson et al., 2012; Marsay et al., 2015; Rosengard et al., 2015; Stukel et al., 2018). Fresh particles that have
been slightly recycled by heterotrophic organisms contain an important fraction of labile material that is prone to
rapid remineralization in the mesopelagic layer. East of Kerguelen, large particles were rich in Chl-a as illustrated by
the high export of chlorophyllous aggregates (0.48 mg Chl-a m~2 day~") (Figure 6b) and transfer efficiency superior
to 10% in the first 350 m of the mesopelagic layer (Figure 6d). This indicates that some aggregates remained chloro-
phyllous while sinking through the upper mesopelagic layer. These results, in line with in situ observations of meso-
pelagic phyto-aggregates in this zone (Jouandet et al., 2014; Rembauville, Blain, et al., 2015; Rembauville, Salter,
et al., 2015), reflect the freshness of the exported large particles. Conversely, observations in HNLC waters indi-
cated that large particles were essentially non-chlorophyllous as evidenced by the low export and rapid attenuation
of chlorophyllous aggregates in the mesopelagic layer (Figures 6b and 6d), suggesting the predominance of recy-
cled material such as fecal pellets and detrital aggregates in the mesopelagic layer of HNLC zones, as reported by
ship-based measurements (Cavan et al., 2015, 2017). This distinction in the freshness of particles was also observed
during the pulses of small particles (Figure S14 in Supporting Information S1), with the presence of chlorophyllous
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Figure 7. Regional and seasonal variations of metrics characteristic of the size of phytoplankton and particles in the productive layer. For each zone, (a—f) the number
of profiles per month; monthly climatologies in the productive layer of (g—1) the proportions of Nano- (purple) and Micro-plankton (green); (m-r) the diameter
(black) and [Chl-a]-content (green) of large-particles; (s—x) the concentrations in [NO,;~] (blue) and [Si(OH),] (green) derived from CANYON-B (Bittig, Kortzinger,
et al., 2018; Bittig, Steinhoff, et al., 2018; Sauzede et al., 2017). The error bars represent the 15 and 85th quantiles. Figure S6 in Supporting Information S1 shows the
number of float-year pairs for each zone (e.g., 1 pair = float 6902739-year2016).

material East of Kerguelen which was likely originating from the fragmentation of fragile phyto-aggregates. These
results on the freshness of particles suggest that the lower transfer efficiency East of Kerguelen compared to South
of the Polar Front may result from the important fraction of labile material that constitutes the large-particle flux.

Another factor is the mineral content of particles. Minerals, such as Si, enhance the transfer efficiency by increas-
ing the density and sinking rate of particles (Armstrong et al., 2002). Si-ballasted particles tend to sink faster
than non-ballasted particles and are more efficiently transferred to depth (Tréguer et al., 2018). For example,
copepod fecal pellets produced from a diatom diet sink faster and withstand microbial breakdown better (Ploug
et al., 2008). Silicification of diatom cells directly impacts the cell density that in turn modifies the sinking rate
by a factor of two to seven (Baines et al., 2010; Tréguer et al., 2018). Silicification of diatom cells has been shown
to increase with iron limitation (Takeda, 1998), suggesting that the cells are heavily silicified in HNLC waters
compared to iron-fertilized areas. This has been confirmed in the Southern Ocean where the particulate biomass
is composed of a greater proportion of heavily silicified particles in HNLC waters, as compared to iron ferti-
lized sites East of Kerguelen (Lafond et al., 2020; Rembauville et al., 2018) and North of Crozet Islands (Salter
et al., 2012). Thus, the heavy silicification of diatom cells in the HNLC waters South of the Polar Front might
also contribute to the higher transfer efficiency compared to East of Kerguelen.

3.3. Predicting Large-Particle Flux From Surface Variables
3.3.1. Surface Drivers of the Gravitational Pump

Float data provided insights into surface drivers of the gravitational pump by capturing the nature of particles in
the productive layer (Briggs et al., 2013) and the size-structure of the phytoplankton community (Rembauville
et al., 2017). In the HNLC waters South of the Polar Front, the micro-phytoplankton comprised 58 + 5% of the
phytoplankton community during the productive season (Figures 7j and 7k), likely dominated by diatoms, as
shown in ship-based studies (Deppeler & Davidson, 2017; Trull et al., 2001; Viljoen et al., 2018) and supported
by observations of heavy SiOH, drawdown (Figures 7v-w and Figure S15 in Supporting Information S1). The
dominance of diatoms was associated with the production of the largest particles (Figures 7p and 7q) that poten-
tially sink fast in the mesopelagic layer. This formation of large particles can also be linked to grazing by large
zooplankton species, such as salps, krill, and large copepods that feed on diatom populations South of the Polar

TERRATS ET AL.

18 of 28



A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Global Biogeochemical Cycles 10.1029/2022GB007624

Front and produce large fecal-pellets sinking at several hundreds of meters per day (Cavan et al., 2019; Pauli
et al., 2021; Puigcorbé et al., 2017).

North of the Polar Front, the proportion of nano-phytoplankton increased equatorward and becomes predominant
year-round in the STZ (Figures 7g—71). The phytoplankton community comprises greater contributions of smaller
phytoplankton groups belonging to nano-phytoplankton including coccolithophores, other prymnesiophytes and
flagellates (Deppeler & Davidson, 2017; Trull et al., 2001; Viljoen et al., 2018), which result in the formation of
smaller particles in the productive layer (Figures 7m—70). These results thus indicate that the Polar Front marks
a substantial change in the composition of the phytoplankton community and in the nature of particles produced
at the surface.

East of Kerguelen, the micro-phytoplankton outcompete other phytoplankton size classes during the produc-
tive season as illustrated by %Micro values of 57 + 5% (Figure 71). This is consistent with ship-based studies
identifying diatoms as the main bloom-formers in response to natural iron fertilization in this area (Armand
et al., 2008; Blain et al., 2021; Lasbleiz et al., 2016). Compared to SIZ and SAZ waters also dominated by
diatoms, the bloom East of Kerguelen was associated with a lower decrease in SiOH, (Figure 7x; Figure S14 in
Supporting Information S1). This was expected as diatoms were expected to be only slightly silicified in these
iron-fertilized areas compared to HNLC waters (Lafond et al., 2020; Rembauville et al., 2018).

These results indicate that zones with a high magnitude and transfer efficiency of large-particle flux were char-
acterized by a clear predominance of micro-phytoplankton, such as South of the Polar Front. This agrees with
regional studies suggesting that the more micro-phytoplankton are present in the productive layer, the higher the
probability for the formation of large and fast-sinking particles (Mouw et al., 2016a; Wiedmann et al., 2020). Our
study thus confirms a strong link between the gravitational pump and the size parameters of the plankton ecosys-
tem structure in the Southern Ocean, which can be leveraged to model the flux at 1,000 m from surface predictors.

3.3.2. Models for Predicting Large-Particle Flux at 1,000 m

We set up two models to estimate the large-particle flux at 1,000 m using size parameters and concentration of
particles in the surface layer. The first model is based on the product of b, (m~!) and the square of particle diam-
eter (upm), D, both averaged in the productive layer:

F;(1000) (mgCm™~2day™") = a; X by, X D* (13)

where a, has units of mg C 1072 m~* day~!. Equation 13 can be seen as a model to estimate the flux at 1,000 m
based on a proxy for [POC] in the productive layer (i.e., b)) multiplied by a proxy for transfer efficiency in the
mesopelagic layer (i.e., D?). This is because transfer efficiency is, to first order, the balance between the degrada-
tion rate and sinking speed of a particle, which, according to Stokes' law, scales as the square of particle diameter
(D?). Even though marine particles are rarely spherical, we explore here the utility of D? as a proxy for the transfer
efficiency of the flux. Similarly, the second model uses the product of b, (m~") and the square of %Micro (%) in
the top 15 m of the productive layer, so that it can be directly applied to satellite observations of the ocean surface
and might provide ways of upscaling large-particle flux at 1,000 m:

F;(1000) (mgCm™day™") = a> X by, X %Micro” (14)

where a, has units of mg C m~! day~!. To determine the coefficients a, and a, of Equations 13 and 14, respec-
b Micro, and D to the
resulting flux of large particles at 1,000 m (see the values on Table S3 in Supporting Information S1). We aver-

tively, we leveraged the quasi-Lagrangian sampling of pulses to associate surface b

aged the surface variables over the period of intense particle production that we graphically delineated by the
seasonal increasing phase in b, and [Chl-a] in the productive layer (Figure S16a in Supporting Information S1).
At 1,000 m, we averaged the large-particle flux over a time-window corresponding to the pulse in the mesope-
lagic layer extended by several days until the flux at 1,000 m returned to low levels (6 + 10 days on average,
Figure S16c in Supporting Information S1). This was required to consider the time gap between the end of the
pulse in the mesopelagic layer and the pulsed signal at 1,000 m. The sensitivity of the coefficients a, and a, to
displacement of time windows are shown in Figure S17 in Supporting Information S1.

Using these match-ups, we determined a, and a, as the slope of the linear regression forced through the origin,
yielding a, = 0.077 + 0.079 mg C 1072 m~3 day~! and a, = 1.48 + 0.59 mg C m~! day~! (Figure 8). The
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Figure 8. Co-variation during large-particle pulses between the large-particle flux at 1,000 m and the product of (a)
squared particle diameter and by, in the productive layer, (b) squared %Micro and b, in the first 15 m. The black line is the
least-square regression line. The orange area illustrates the uncertainty in the coefficients (a) a, and (b) a,. The point color
refers to the zones.

uncertainty of a, and a, corresponds to the standard deviation of the slopes that we obtained after repeating the
fit 10000 times with the introduction of errors in %Micro (17%, Rembauville et al. (2017)), D (150%, Briggs
et al. (2013)), and F,(1,000 m) (19.4 mg C m~2 day~', Estapa et al. (2023)). These regressions captured most of
the variability in the large-particle flux at 1,000 m, with a coefficient of determination r> = 0.77 and 0.80 and a
Root-Mean-Square-Error (RMSE) of 4.2 and 3.5 mg C m~2 day~! for Equations 13 and 14, respectively. Further-
more, the models were determined with pulse data sampled from all major Southern Ocean ecosystems, including
HNLC waters on both sides of the Polar Front and naturally iron-fertilized areas, suggesting that Equations 13
and 14 may be applicable in other sectors of the Southern Ocean.

It is worth mentioning that the correlation between by, X D* and F (1,000 m) was also observed with b, X D
(r> = 0.75). This suggests that other particle properties affecting the transfer efficiency are size-dependent. The
density of particles, for example, has been shown to scale as the inverse of D in a wide range of marine environ-
ments (Neukermans et al., 2012), and/or particle degradation rates may also be size-dependent.

We tested the models on the monthly climatologies of F| (1,000 m), bbp, D, and %Micro depicted in Figures 5
and 7. Equations 13 and 14 were applied to the monthly climatologies of b,,, D, and %Micro values (displayed
on Figures 5g—51 and 7g-7r), and the flux estimates were compared to the monthly climatology of flux
measurements (displayed on Figures 5s—5x). These comparisons showed that the two models retrieved the
large-particle flux at 1,000 m with reasonable accuracy, when predictors were averaged over the productive
season (RMSE = 2.6 and 1.9 mg C m~2 day~! for Equations 13 and 14, respectively, Figures S18 and S19 in
Supporting Information S1). Averaging the predictors over the productive season permitted to account for the
time lag between the flux estimated with surface predictors and the flux measured at 1,000 m due to the sink-
ing time of particles in the mesopelagic layer. This analysis thus confirmed that Equations 13 and 14 can be
used to predict the mean flux of large particles during the productive season (i.e., Spring-Summer, or October
to March).

Next, we upscaled flux estimates at the scale of the Southern Ocean by including surface measurements from
floats (Section 3.3.3) and satellites (Section 3.3.4). We averaged the surface measurements over the produc-
tive Spring-Summer season (October-March) and applied Equations 13 and 14 to estimate the mean flux of
large particles over the productive season. The resulting flux was then multiplied by 183 days to derive the
total flux of large particles over the productive season, hereafter referred to as “Spring-Summer flux,” Fgq
(1000 m):

Fss (1000) (mgC m"z) = a; X seasonal by, X seasonal D?>x 183 days (15)
Fiss (1000) (mgC m™) = a, X seasonal by, X seasonal %Micro® x 183 days (16)
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Figure 9. Spatial variability in the Spring-Summer flux of large particles at 1,000 m derived from float data (Equation 15).
The dots show the mean position of the float during the productive season. The dot size indicates the intensity of the
estimated flux, and their color refers to the various zones. The red line represents the position of the Polar Front, while the
black lines represent the positions of other fronts. The boundaries of the zone “East of Kerguelen” are drawn in red and
detailed in the bottom right insert. The background map is the Spring-Summer climatology (2015-2019) of satellite [Chl-a].
The thin black lines are the 200 and 400 m bathymetry contours.

with the prefix “seasonal” indicating that by, D, and %Micro were averaged over the productive Spring-Summer
season. In the following sections, we averaged Spring-Summer flux over several zones and expressed the results
as the mean + standard deviation of F . (1,000).

3.3.3. Application to Other Floats in the Southern Ocean

To upscale our observations of Spring-Summer flux, we first applied the model based on Equations 15-26 floats
operating mainly in the Indian and Atlantic sectors of the Southern Ocean using particle diameter estimates
from by, measurements in the productive layer. This permitted to obtain a broader view of the spatial variability
in the Spring-Summer flux as shown in Figure 9. As expected, the latitudinal patterns obtained from upscaling
were the same as observed with the smaller data set: the Spring-Summer flux was higher South of the Polar
Front compared to North (0.63 + 0.51 vs. 0.3 + 0.36 g C m~2 respectively) and fluxes East of Kerguelen were
the highest, averaging 1.70 + 0.66 g C m~2. Moreover, upscaling also permitted the discovery of regions with
unexpectedly intense Spring-Summer flux North of the Polar Front, such as the Shona Ridge System (43-53°S,
1 to 10°E) with a Spring-Summer flux of 0.47 + 0.14 ¢ C m~2. This area comprises seamounts shallower than
100 m that create a mass effect in contact with the Antarctic Circumpolar Current, fertilizing downstream waters
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Figure 10. Spatial distribution in the Spring-Summer flux of large-particle at 1,000 m derived from satellite data. The map is
the 2002-2021 climatology of the large-particle flux at 1,000 m during the productive season (i.e., October-March) obtained
from Equations 16 and 17. The red rectangles represent major iron-fertilized areas of the Southern Ocean (i.e., East of
Kerguelen and South Georgia). The red line represents the position of the Polar Front while the black lines are the positions
of other fronts (from north to south: STF, SAF, PF (in red), and the northern limit of SIZ). The thin black lines are the 200
and 400 m bathymetry contours.

with sedimentary iron, and fostering intense phytoplankton blooms (Sergi et al., 2020). Other iron-fertilized
areas sampled by floats also exhibited an intense Spring-Summer flux, such as the area North of Crozet islands
(43-47°S, 49 to 57°E) with a Spring-Summer flux of 0.45 + 0.02 g C m~2.

3.3.4. Application to Satellite Data

We also estimated the Spring-Summer flux for the whole Southern Ocean by applying Equation 16 to satellite
data from 2002 to 2021. For %Micro we used the satellite product of Xi et al. (2020), which compared well to
%Micro from float data (Figure S20 in Supporting Information S1; 2 = 0.5; RMSE = 14%), while for by, we
used the 3D fields of bbp (700) over the first 15 m estimated by the SOCA-BBP method, which has been trained,
tested, and validated with by, float data (product accessible here https://doi.org/10.48670/moi-00046 and based
on Sauzede et al. (2016)). We averaged the parameters %Micro and by, over the productive season, that is, spring
and summer, and used Equation 16 to obtain the Spring-Summer flux for each year.

When calculated in this manner, the Spring-Summer flux corresponds to the average flux for the ice-free period
of the productive season. This is because the products of %Micro and by, only cover the ice-free period. We
adjusted the Spring-Summer flux to represent the entire productive season using the findings that the POC flux is
negligible when the sea-ice concentration exceeds 85%, as revealed by concurrent measurements of POC flux and
sea-ice (Garrity et al., 2005; Kim et al., 2015). To achieve this, we multiplied the Spring-Summer flux obtained
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from Equation 16 by the proportion of the productive season with a sea-ice concentration below 85% (monthly
maps of sea-ice concentration were obtained from https://psl.noaa.gov at the resolution of 0.25°):
nb month with seaice cover < 85%

Fiss (1000) (mgC m™) = Fiss (1000) from Eq.16 X G (17)

Finally, we averaged the Spring-Summer flux maps to obtain a 2002-2021 climatology of Spring-Summer flux
in the Southern Ocean (Figure 10).

Spatial patterns in the Spring-Summer flux climatology of the Southern Ocean obtained from satellite data
were consistent with spatial patterns obtained from floats. The Spring-Summer flux was more intense South
of the Polar Front compared to North with respective average fluxes of 1.08 + 0.27 and 0.41 + 0.25 g C m—2.
The satellite-derived flux was highest in iron-fertilized areas, reaching values of 1.15 + 0.17 g C m~? East
of Kerguelen and 1.51 + 0.36 ¢ C m~2? South Georgia islands, where lateral advection extracts sedimentary
iron from the shore and fertilizes the downstream waters (Borrione et al., 2014; Nielsdottir et al., 2012). The
average Spring-Summer flux was 0.83 + 0.36 g C m~2 (spatial average for waters South of 40°S), whereas the
basin-integrated Spring-Summer flux was 0.054 Pg C with an uncertainty of 0.021 Pg C (based on uncertainty
in a,).

By comparing this new estimate of basin-integrated flux at 1,000 m with estimates of organic carbon export at the
surface, we can gain a deeper understanding of the Southern Ocean gravitational pump. Previous observational
and modeling estimates for Southern Ocean annual export or Annual Net Community Production (ANCP, i.e., the
amount of carbon fixed during photosynthesis i.e., not remineralized in the surface layer, which should balance
with annual export at steady state and over long space scales >1,000) range between 1.99 Pg C year~! to 3.89 Pg
C year~! (MacCready & Quay, 2001; Su et al., 2022). Based on our basin-wide Spring-Summer flux at 1,000 m
of 0.054 + 0.021 Pg C, this suggests that 1.4%-2.7% of the annually exported carbon is transported to 1,000 m
in Spring-Summer by the gravitational pump in the form of large particles. This is close to the observations
of 2%-3% by Wynn-Edwards et al. (2020), who compared the ANCP to the annual POC flux of small and
large particles in the SAZ. This suggest that the gravitational pump, through the transport of large particles in
Spring-Summer, may be responsible for most of the transport of POC to 1,000 m in the Southern Ocean.

4. Conclusions

In this study we performed an in-depth examination of the gravitational pump of the Southern Ocean based on
observations from BioGeoChemical-Argo floats and satellites. Novel methodologies were developed to observe
and characterize POC flux in the mesopelagic zone. Our results reveal a clear seasonality and southward increase
in POC flux at 1,000 m owing to an increase in the transfer efficiency of the mesopelagic POC flux, which was
in turn linked to the size structure of the surface planktonic ecosystem. In the southernmost HNLC zones, the
magnitude of the large-particle flux at 1,000 m was similar to the zone East of Kerguelen where iron-fertilization
increases production and export of particles.

By combining observations of particles in the productive surface layer with particle flux observations in the meso-
pelagic zone, we demonstrated a linkage between the flux of large particles at 1,000 m and the characteristics of
surface ecosystems. Variability in deep flux was driven by changes in the composition of the phytoplanktonic
community and the size of particles, with intense flux associated with the predominance of micro-phytoplankton
and large particles. This linkage allowed us to upscale our particle flux survey across the entire Southern Ocean
based on observations of surface variables, either obtained from other BGC-Argo floats or satellites. The upscaled
observations showed a basin-wide latitudinal increase in large-particle flux at 1,000 m, where the Polar Front
marked a divide in magnitude and functioning of the gravitational pump. These results also identified areas of
natural iron fertilization as hotspots of carbon sequestration, and suggested the predominance of the gravitational
pump in carbon sequestration below 1,000 m. Lastly, we obtained a new estimate of basin-wide Spring-Summer
flux at 1,000 m of sinking particles over the Southern Ocean of 0.054 + 0.021 Pg C.

This work opens perspectives for a better understanding of the gravitational pump using the growing array of
BGC-Argo floats equipped with a transmissometer that operates as an OST (Claustre et al., 2021). By estimating
the POC flux from transmissometers or surface variables, BGC-Argo floats can provide basin-wide character-
izations of the gravitational pump at unique spatio-temporal resolutions. Pending future deployments of floats
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