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Biological Carbon Pump Sequestration Efficiency in the North
Atlantic: A Leaky or a Long-Term Sink?
Chelsey A. Baker! (), Adrian P. Martin!

, Andrew Yool! (®, and Ekaterina Popova!

'National Oceanography Centre, Southampton, UK

Abstract The North Atlantic Ocean is a key region for carbon sequestration by the biological carbon
pump (BCP). The quantity of organic carbon exported from the surface, the region and depth at which it

is remineralized, and the subsequent timescale of ventilation (return of the remineralized carbon back into
contact with the atmosphere), control the magnitude of BCP sequestration. Carbon stored in the ocean for
>100 years is assumed to be sequestered for climate-relevant timescales. We apply Lagrangian tracking to an
ocean circulation and marine biogeochemistry model to determine the fate of North Atlantic organic carbon
export. Organic carbon assumed to undergo remineralization at each of three vertical horizons (500, 1,000,
and 2,000 m) is tracked to determine how much remains out of contact with the atmosphere for 100 years. The
fraction that remains below the mixed layer for 100 years is defined as the sequestration efficiency (SEff) of
remineralized exported carbon. For exported carbon remineralized at the 500, 1,000 and 2,000 m horizons, the
SEff is 28%, 66% and 94%, respectively. Calculating the amount of carbon sequestered using depths <1,000 m,
and not accounting for downstream ventilation, overestimates 100-year carbon sequestration by at least 39%.
This work has implications for the accuracy of future carbon sequestration estimates, which may be overstated,
and for carbon management strategies (e.g., oceanic carbon dioxide removal and Blue Carbon schemes) that
require long-term sequestration to be successful.

Plain Language Summary The North Atlantic Ocean is a key region for carbon uptake and organic
carbon storage in the interior ocean for climate-relevant timescales (>100 years). Sinking organic carbon that
reaches the interior ocean is respired there to form dissolved inorganic carbon. The fate of this carbon, that is,
whether it remains in the ocean interior or returns to the surface and is ventilated to the atmosphere, depends
on its physical circulation pathways. To investigate the efficiency of carbon storage in the North Atlantic

Ocean we released virtual particles at three different starting depths (500, 1,000 and 2,000 m) into a global
ocean model and tracked the pathways they followed for 100 years. 66% of virtual particles released at 1,000

m depth remained out of contact with the atmosphere for 100 years. Combining this pathway analysis with
observation- and model-derived geographical fields of sinking carbon flux, we estimate that the 100-year North
Atlantic carbon storage may be overestimated by 39% at 1,000 m because of this ventilation to the atmosphere.
These findings have important implications for accurately estimating future ocean carbon storage. In particular,
for carbon management strategies that require long-term sequestration to be successful (e.g., oceanic carbon
dioxide removal and Blue Carbon schemes).

1. Introduction

Natural ocean carbon storage is driven by the biological carbon pump (BCP) via carbon export and the solubility
pump via the subduction of dissolved inorganic carbon enriched waters (Volk & Hoffert, 1985). The BCP medi-
ates the transfer of photosynthetically produced particulate organic matter from the surface ocean to the ocean
interior via several pathways and pumps (Boyd et al., 2019). The depth to which particulate organic carbon (POC)
penetrates is recognized as a key factor that determines the timescale that remineralized exported carbon (REC)
will remain out of contact with the atmosphere. For example, it is generally assumed that POC that is reminer-
alized in the mixed layer will likely exchange with the atmosphere in <1 year, POC that is exported below the
mixed layer and into the upper mesopelagic (200-500 m) may be stored for decades, whilst POC that penetrates to
the lower mesopelagic (500-1,000 m) and beyond may be stored on centennial timescales, depending on location
(Antia et al., 1999; Lampitt et al., 2008; Robinson et al., 2014).

Oceanic carbon sequestration via the BCP is a crucial ecosystem system service as atmospheric CO, concentra-
tion is highly sensitive to the remineralization depth of exported carbon (Kwon et al., 2009). The economic value
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of narrowing the uncertainty of the BCP carbon sequestration magnitude (CSM) was estimated to be ~US$500
billion based on a sequestration horizon of 500 m (Jin et al., 2020). This study highlights the wider implications
and use of sequestration horizons, with the economic value of the BCP largely determined by the magnitude of
the carbon sequestration estimates. Despite its considerable economic value, natural carbon sequestration via the
BCP is often excluded from Blue Carbon assessments as it is not considered as a viable mechanism that can be
managed to contribute to climate change mitigation (Lovelock & Duarte, 2019; Santos et al., 2021). However,
an improved understanding of the fate of REC in the ocean is crucial for reliable predictions of the future ocean
carbon sink, economic estimates of the value of BCP for policymakers and for nature-based solutions, such as
ocean-based carbon dioxide removal (CDR), and Blue Carbon pathways that transfer organic carbon into the
interior and deep ocean.

The North Atlantic Ocean is thought to be a key region for carbon sequestration via both the solublity pump, which
delivers dense dissolved inorganic carbon-rich water to depth (Volk & Hoffert, 1985; Yashayaev & Clarke, 2008),
and the BCP, which mediates the transfer of organic carbon export to the interior ocean (Lampitt et al., 2010; Lutz
et al., 2002; Martin et al., 2011; Sanders et al., 2014). The Subpolar North Atlantic has important features for
carbon sequestration such as the deep water formations regions at the start of the deep ocean conveyor (Yashayaev
& Clarke, 2008) and the highly productive spring bloom (Martin et al., 2011). The low latitude North Atlantic
also has features that may contribute to carbon sequestration such as upwelling along the North West coast of
Africa which drives a localized region of high productivity (Helmke et al., 2005) and enhanced carbon sequestra-
tion in the oligotrophic gyre due to Saharan dust inputs (Pabortsava et al., 2017).

Carbon sequestration horizons are defined to estimate the magnitude of organic carbon stored in the ocean on
climate-relevant timescales (100 years as used by the Intergovernmental Panel on Climate Change and other
studies; Herzog et al., 2002; IPCC, 2007; Orr et al., 2001; Passow & Carlson, 2012). A widely used seques-
tration horizon, for both observation and model studies, is 1,000 m as carbon is typically thought to be stored
for >100 years once it penetrates below that depth (Lampitt et al., 2008; Passow & Carlson, 2012; Robinson
et al., 2014). However, assuming long-term sequestration at 1,000 m in the Southern Ocean overestimated the
magnitude of potential carbon storage with only 33% of carbon sequestered for 100 years or more (71% at 2,000
m; Robinson et al., 2014). Other approaches to estimate the magnitude of long-term organic carbon sequestration
are to use a fixed-density horizon at the top of the permanent pycnocline (1,027.6 kg m~3; Guidi et al., 2015) or
to estimate the sequestration efficiency (SEff) of regenerated nutrients using a data-constrained ocean circulation
and biogeochemistry inverse model (DeVries et al., 2012). As noted by DeVries et al. (2012), the timescale until
re-entrainment into the mixed layer depends on the location at which the export occurs and the depth at which
organic carbon is remineralized, but fixed-depth sequestration horizons cannot on their own account for the
downstream pathways and possible ventilation of REC.

The SEff and storage timescales of North Atlantic BCP carbon, estimated using nutrient inventories (DeVries
et al., 2012; Weber et al., 2016), and for CDR schemes, or direct “injection” of CO, into the deep ocean (Siegel
et al., 2021), have been explored using Ocean Circulation Inverse Models, which use static mean circulation
and end of winter mixed layer depths (MLD; DeVries & Primeau, 2011). These studies find somewhat contrasting
results in the North Atlantic, with DeVries et al. (2012) finding longer mean sequestration timescales compared
to other ocean basins, whereas Siegel et al. (2021) found that the North Atlantic had shorter median (or mode)
timescales relative to other ocean basins. These and other studies that explore BCP SEff and carbon sequestration
often find differing spatial patterns, particularly in high latitude regions (DeVries et al., 2012; Guidi et al., 2015;
Siegel et al., 2021; Weber et al., 2016). Further clarity on the role of ocean circulation for North Atlantic BCP
carbon sequestration is needed and, in this study, we explore this further in a high-resolution global ocean model
with temporally varying circulation and MLD, both of which can influence the downstream fate of REC.

Here we investigate the CSM and efficiency of BCP exported carbon in the North Atlantic Ocean guided by the
IPCC's 100-year climate-relevant timescale and the widely used 1,000 m sequestration horizon (IPCC, 2007,
Lampitt et al., 2008; Robinson et al., 2014). We use model simulations of Lagrangian particles, released at three
sequestration depth horizons (500 m, 1,000 m and 2,000 m), to identify regions of high SEff as well as particle
re-entrainment locations and timescales in the North Atlantic Ocean. We also assess how the choice of shallow
and static depth sequestration horizons can impact the magnitude of carbon sequestration estimates, and explore
the global implications for future ocean carbon sink predictions, economic estimates and Blue Carbon assess-
ments, which are of global and societal importance.
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2. Materials and Methods
2.1. Lagrangian Simulations

The long-term sequestration of BCP organic carbon is determined by the location and depth at which it is remin-
eralized and the subsequent downstream pathway of the REC (DeVries et al., 2012). The downstream movement
of REC is sometimes overlooked to simplify the approaches estimating carbon sequestration but it is a critical
determinant of whether the carbon is stored on centennial, climate-relevant timescales. Here, we use a Lagrangian
approach to explore the implications of the downstream pathways of REC to estimate the centennial magnitude
and efficiency of carbon sequestration in the North Atlantic.

In this study we utilize Parcels (version 2.2.0; https://oceanparcels.org/; Delandmeter & Van Sebille, 2019; Lange
& Van Sebille, 2017), an efficient, highly flexible, offline Lagrangian tool which tracks virtual particles, using the
flow field of a hydrodynamic model, to undertake the Lagrangian particle-tracking simulations. Parcels enables
Eulerian model fields to be extracted and outputted along particle trajectories. For these simulations we use 3D
Runge-Kutta4 (RK4) timestep integration as the advection scheme, which uses an average of four approximations
of the interpolated velocity field (which follows the mass conservation schemes of C grids) between successive
timesteps to estimate the trajectory position (Delandmeter & Van Sebille, 2019; van Sebille et al., 2018). This has
the advantage of reducing the magnitude of accumulated errors (van Sebille et al., 2018).

Simulations of Lagrangian particles were undertaken using Parcels which was applied to output from the Nucleus
for European Modeling of the Ocean (NEMO) model, an ocean general circulation model (Madec, 2014). We
utilized the NEMO model at 1/4° resolution, with greater resolution at high latitudes, and 75 vertical levels, with
greater resolution in the surface ocean (ORCA025-N006). The ocean model was coupled to LIM2 a sea-ice model
(Bouillon et al., 2009) and is forced with the historical atmospheric reanalysis Drakkar Forcing Set 5.2 (Brodeau
et al., 2010). Surface boundary layer and interior vertical mixing in ORCA025-N006 NEMO were parameterized
by a turbulent closure model (order 1.5; Blanke & Delecluse, 1993). The global ocean biogeochemistry was
represented by MEDUSA-2, which is coupled with the NEMO model (Yool et al., 2013, 2015). The NEMO-ME-
DUSA simulation was restarted from 1990 NEMO output (which began in 1958) and ran from 1990 to 2015,
but we excluded the first 6 years of the simulation in our analysis to allow the ocean biogeochemistry to adjust
from the initial conditions. To approximate a 100-year simulation we cycled five times through 20 years of 5-day
averaged circulation from 1996 to 2015.

The resulting 100-year velocity field was used to track water parcels via virtual Lagrangian particles released into
the ocean circulation at three potential remineralization depths (500 m, 1,000 m and 2,000 m), which have been
used as carbon sequestration horizons in prior studies (Guidi et al., 2015; Jin et al., 2020; Lampitt et al., 2008). A
daily timestep was used for the RK4 timestep integration trajectory calculations, and a 5-day timestep was used
for the trajectory output.

Lagrangian particles are used to track the flow of water parcels containing REC. We assume that for each Lagran-
gian particle release depth, the POC was completely remineralized into dissolved inorganic carbon at this depth,
as in Robinson et al. (2014). These Lagrangian particles are tracking the physical trajectories only and do not
represent sinking particles or quantities or concentrations of REC or POC.

Particles were seeded across an equidistant 60 km grid that accounts both for the curvature of the Earth and for
submarine bathymetric features, the latter meaning that fewer particles were released deeper in the water column.
For each sequestration horizon ~10,000 particles were released every month for 20 years (240 releases; 10,879
particles at 500 m, 10,453 at 1,000 m and 9,663 at 2,000 m). Particles were released at monthly intervals to
ensure the conclusions of the study were not biased by release time. The trajectories of the 240 monthly releases
were aggregated and ~2.3 million particles were analyzed to estimate the median 2-degree gridded sequestration
metrics. We calculated a 2-degree gridded median to place the unevenly spaced data on a regular grid and to
ensure a robust number of particles were used to calculate the sequestration metrics and to allow for comparisons
to recent studies that present median timescales (Siegel et al., 2021).

We determine if a particle remains sequestered for the 100-year simulation by evaluating at every timestep
whether each particle is deeper than the base of the local MLD field (as defined using a standard NEMO diag-
nostic of a 0.01 kg m~3 change in density with respect to that at 10 m; variable name ‘‘mldr10_1"’). This metric
is based on the assumption that once dissolved carbon enters the mixed layer it is effectively in contact with the
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atmosphere and will potentially outgas in <1 year (Antia et al., 1999; Jones et al., 2014; Palevsky & Doney, 2021;
Quay et al., 2012). We compare the NEMO model 20 year mean and maximum MLD with an ARGO climatology,
which includes two methodologies for calculating the MLD, termed the density threshold and the density algo-
rithm (Holte et al., 2017). We aggregate all of the particle trajectories to determine what fraction of Lagrangian
particles remain sequestered for the entirety of the 100-year simulation and use this to calculate the 2-degree
gridded SEff. We define (SEff; %) as the percentage fraction of Lagrangian particles, representing REC, that
remain sequestered for 100 years.

Previous Lagrangian studies have used a variety of MLD criteria to determine whether particles have been re-en-
trained, such as the model's local mean annual maximum MLD (Robinson et al., 2014), or an assumed, fixed
MLD, such as 300 m to represent the Southern Ocean mixed layer (Drake et al., 2018). Our study takes a different
approach and utilizes the instantaneous MLD along each particle trajectory to determine whether particles remain
sequestered below the MLD or have been re-entrained into the mixed layer at each timestep. Once a particle has
been re-entrained into the MLD, we exclude the remainder of the trajectory from our analysis.

At the time of running these experiments the parcels software was not adapted to allow particles to slip past coast-
lines or bathymetry (Delandmeter & Van Sebille, 2019), which can lead to particles beaching at the shoreline,
or traveling across the bathymetric boundary, when using time-averaged velocity fields in conjunction with a
Lagrangian timestep of 1 day. We chose a Lagrangian timestep of 1 day as a computational trade off between the
model output frequency (5 day means) and the length of our simulation (100 years). As our analysis was depend-
ent on particles either being re-entrained into the mixed layer or reaching the end of the simulation we could not
include beached or ‘‘out of bounds’” particles. To reduce the instances of particles crossing a bathymetric bound-
ary we add a criterion that returned particles to 10 m above the seafloor if they crossed a topographic boundary,
which reduced the fraction of out of bounds particles. A small number of particles at each release depth were
continually moved across the seafloor boundary due to strong vertical downwelling currents (1.76%—3.56%) or
were beached around islands with rapidly shoaling topography (0.16%—1.16%). These particles were not analyzed
as part of this study.

2.2. Organic Carbon Flux and Sequestration

The magnitude of organic carbon storage estimates can vary greatly depending on the depth of the chosen seques-
tration horizon, as it is often assumed that ventilation from these depths is negligible on 100-year timescales.
Here, we refer to carbon sequestration as the storage of carbon in the ocean for climate-relevant timescales,
defined as a minimum of 100 years, guided by the timescales assessed by the Intergovernmental Panel for
Climate Change (IPCC, 2007). In this study, we combine 6 satellite-derived estimates (see Section 2.2.2) and the
MEDUSA model downward carbon fluxes with our Lagrangian analysis to calculate the North Atlantic CSM at
each particle release depth and location, and to calculate an integrated estimate of the centennial CSM (TgC yr™1)
for the North Atlantic.

2.2.1. Model Organic Carbon Fluxes

Organic fast- and slow-sinking carbon fluxes at 500 and 1,000 m are standard NEMO-MEDUSA output (Yool
et al., 2013) and were extracted from the ORCA025 NEMO-MEDUSA simulation used to provide the velocity
fields for the parcels simulations. Organic carbon fluxes at 2,000 m are not standard MEDUSA model output.
To estimate the organic sinking carbon flux at 2,000 m we calculated Martin's b (Martin et al., 1987) for each
water column between the total flux at 1,000 m and the total detrital flux at the seafloor by rearranging Equa-
tion 1 (Boyd & Trull, 2007). Equation 1 uses Martin's b to predict a particle flux profile based on a power-law
model and a b value of —0.858 has been widely used in literature (Martin et al., 1987). F_; is the flux at shallower
reference depth z0 and F_ is the flux at depth z (Equation 1). Once Martin's b had been estimated for each water
column we used Equation 1 to predict the flux at 2,000 m (F,) using the flux at 1,000 m as F_,. Martin's b provides
an upper bound estimate of fluxes due to the nature of the power-law and is known to be sensitive to the chosen
export depth (Cael & Bisson, 2018). To ensure the choice of attenuation profile would not bias our results we
also estimated the 2,000 m fluxes by calculating the remineralization length scale (RLS) for each water column
and depth-corrected the 1,000 m fluxes using an exponential model (Equation 2; Cael & Bisson, 2018) which
is used in the MEDUSA biogeochemical model to parameterize attenuation of fast-sinking carbon fluxes (Yool
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et al., 2013). However, the results were very similar and so we only present the power-law model which uses
estimates of b to depth-correct the fluxes in this study.

F. = Fy - (z/20)™ (D

FZ — one—(z—z())/RLS (2)

2.2.2. Satellite-Derived Organic Carbon Fluxes

To expand our results beyond the MEDUSA biogeochemical model we have also estimated carbon fluxes using
satellite observations. Organic carbon fluxes at 500 m, 1,000 m and 2,000 m were estimated from satellite-de-
rived net primary production (NPP) coupled with algorithms for export and attenuation. NPP products use chlo-
rophyll a, photosynthetically active radiation (PAR) and sea surface temperature (SST) observations. To ensure
the estimated flux magnitudes were not biased by the algorithms and empirical relationships we use combinations
of two standard primary production data products, two empirical models of export production at 100m, and two
empirical models of the attenuation of this exported material with depth leading to six different observation-de-
rived carbon flux estimates.

NPP was estimated using the Vertically Generalized Production Model (VGPM; Behrenfeld & Falkowski, 1997)
and the Carr (2002) algorithm. The VGPM NPP 2003-2019 monthly estimates were downloaded directly from
http://sites.science.oregonstate.edu/ocean.productivity/index.php. The MODIS chlorophyll ¢, PAR and SST
monthly products used to estimate the VGPM NPP were downloaded and also used with the Carr algorithm to
estimate NPP. Clouds in the MODIS data were filled using the VGPM gap-filling algorithm.

Export production at 100 m was estimated by multiplying VGPM NPP and Carr NPP by the pe-ratio of Dunne
et al. (2007) and the ThE, ratio of Henson et al. (2011) to create four estimates of export at 100 m. The Dunne
et al. (2007) algorithm is based on particle export ratio observations between 0.04 and 0.72 and hence any calcu-
lated ratios in this study that were below 0.04 were set to the lower bound and above 0.72 were set to the upper
bound, as in Henson et al. (2011).

Particle fluxes at 500 m, 1,000 m and 2,000 m were estimated using export estimates (where z0 = 100 m) and the
Martin equation with a b value of —0.858 (Martin et al., 1987, Equation 1). Particle fluxes were also estimated
using the Lutz et al. (2007) algorithms which use NPP and the seasonal variation index of NPP. We present and
compare the patterns of the satellite derived fluxes in Text S2 and Figures S2—S7 in Supporting Information S1.

2.2.3. Carbon Sequestration Magnitude

The downward carbon fluxes at 500 m, 1,000 m and 2,000 m from the MEDUSA model and the satellite-derived
fluxes were multiplied by the grid area. The fluxes were re-gridded to same 2° regular grid as the sequestration
metrics and SEff and summed to estimate the annual North Atlantic CSM. The gridded spatial maps of the fluxes
were scaled using the spatial maps of SEff (%)

CSMigoyr (TgCyr™") = CSM x (SEff /100) 3)

to estimate the annual magnitude of BCP carbon that remains sequestered on centennial timescales (CSM,,,).
The estimates are summed to calculate the magnitude of centennial carbon sequestration in the North Atlantic and
the percentage decrease due to re-entrainment of REC is presented.

3. North Atlantic Carbon Sequestration Pathways and Efficiency
3.1. Sequestration Metrics

The fraction of Lagrangian particles, representing REC, that are re-entrained into the mixed layer depends on the
depth and location at which the Lagrangian particles are released (i.e., the remineralization location and depth),
and the subsequent downstream pathway, with re-entrainment driven by the seasonal and latitudinal variation in
MLD along the particle trajectories (Figure 1). The NEMO model mean and maximum MLD compares well to
the ARGO climatology but the MLDs penetrate too deep in the Labrador Sea, which is a known issue in NEMO
models (Figure 1; MacGilchrist et al., 2021; Marzocchi et al., 2021).
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Figure 1. North Atlantic maximum and mean mixed layer depths (MLD) calculated from ARGO monthly composites of the maximum (a), (c) and mean MLD (b), (d),
respectively (Holte et al., 2017) and Nucleus for European Modeling of the Ocean (ORCA025) model 20 year maximum (e) and mean (f) of monthly average MLD. The
density threshold and density algorithm estimates of MLD from Holte et al. (2017) are presented.

Of the 240 (12 months X 20 years) North Atlantic Lagrangian particle releases at 500 m, 1,000 m and 2,000 m,
71.8%, 34.2% and 6.5% of particles respectively were re-entrained into the mixed layer and were not sequestered
(Table 1). Therefore, 28.2%, 65.8% and 93.5% of Lagrangian particles respectively, representing REC, released
at 500 m, 1,000 m and 2,000 m, were sequestered for a minimum of 100 years, implying long-term sequestration
in the interior ocean. The release time of the particles had a negligible impact on the statistics of the sequestration
metrics, both in terms of monthly or seasonal variability, and was not explored further in this study (Table S1 in
Supporting Information S1).

Of the North Atlantic Lagrangian particle releases at 500 m, 1,000 m and 2,000 m, re-entrained particles took
16.9, 32.0 and 48.6 years (median timescale), respectively, to reach the base of the mixed layer (Table 1). The
median time until particle re-entrainment increased as the release depth increased (Table 1 and Figure 2).

There are several areas of interest in Figures 2 and 3 and we explore the spatial differences of the timing and
depth of re-entrainment here. The median time until re-entrainment is <5 years for the central Labrador Sea for
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Table 1
A Summary of the Fate of Lagrangian Particles Released at Three Different
Sequestration Horizon Depths in the North Atlantic Ocean

Sequestration Median
Sequestration Re-entrained efficiency re-entrainment
horizon (Particle particles (%; (Sequestered time (Years
release depth; m) +/— std) particles; %) from start)
500 71.8 (£0.54) 282 16.9
1,000 34.2 (+0.48) 65.8 32.0
2,000 6.5 (+0.43) 93.5 48.6

Note. The mean (+ standard deviation; std) percentage of re-entrained and
sequestered particles (SEff; the sequestration efficiency), and the median
time until re-entrainment is presented for each release depth for all of the
successfully released particles.

the 2,000 m releases and this area of rapid re-entrainment expands as release
depth shoals, with the majority of the Labrador Sea, Subpolar North Atlantic
and the Greenland, Iceland and Norwegian seas particles re-entrained within
5 years for the 500 m particle releases (Figure 2). This is due to deep winter
mixed layers in the Subpolar North Atlantic and the fast-moving current
pathway that traverses along the bathymetry of the Iceland Basin, joins the
Irminger current and skirts the Labrador Sea (Marzocchi et al., 2015; Pickart
et al., 2002; Yashayaev & Clarke, 2008).

In contrast, Lagrangian particles released in the Eastern (sub)tropical North
Atlantic remain below the mixed layer for much longer timescales before
re-entrainment (Figure 2) and fewer particles are re-entrained (Figure S2
in Supporting Information S1). The region in the vicinity of the Northwest
African upwelling, extending from the coast of Senegal to Liberia, had
no particles released at 2,000 m subsequently re-entrained into the mixed
layer, suggesting it is a highly efficient region for long-term sequestration
(Figure 2f; greyed out ocean area). This is further supported by the median

depth and particle density of sequestered particles at the end of the simulation in Figure 4, with a much greater
density of sequestered particles found in the Eastern subtropical North Atlantic.

As expected, the deeper the release depth of the Lagrangian particles the greater the depth of re-entrainment,
and particles persisted below the base of the mixed layer for longer timescales (Table 1). The Labrador Sea was
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Figure 2. The timing of Lagrangian particle re-entrainment into the mixed layer shown at the re-entrainment location (a, b and c) and release location (d, e and f).
The release to re-entrainment distance (linear, not along trajectory; g, h and i) for the three release depths 500 m, 1,000 m and 2,000 m. Light gray shaded grid cells
in the North Atlantic Ocean (f, i) indicate that none of the Lagrangian particles released from that location were re-entrained into the mixed layer within the 100-year

simulation.
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Figure 3. Median re-entrainment depth of Lagrangian particles shown at the location of re-entrainment into the mixed layer (a, b and c¢) and shown by the release
location of re-entrained particles (d, e and f) for the three release depths 500 m (a), (d), 1,000 m (b), (¢) and 2,000 m (c), (). Light gray shaded grid cells in the North
Atlantic Ocean (f) indicate that none of the particles released from that location were re-entrained into the mixed layer within the 100-year simulation.

the most prominent ventilation point, due to the deepest winter MLDs (Figures 1 and 3). The Subpolar North
Atlantic and the Greenland, Iceland and Norwegian seas were also prominent regions of re-entrainment due to
deep winter mixed layers. The Labrador Sea had the highest density of re-entrained particles for the 1,000 m and
2,000 m particle releases, whereas the Greenland-Iceland-Faroes shelf region, the Subpolar North Atlantic and
the Gulf stream were all important regions for particle re-entrainment for the 500 m particle releases (Figure
S2 in Supporting Information S1). Other regions of particle re-entrainment into the mixed layer were the North
Atlantic current, the Gulf of Mexico, the Caribbean Sea, the North Atlantic equatorial region and the Southern
Ocean (Figures 2 and 3 and S2 in Supporting Information S1). For all regions, except the Southern Ocean, the
number of particles being re-entrained in these regions decreased with release depth (Figure S2 in Supporting
Information S1). 35.3% of re-entrained particles released at 2,000 m were re-entrained into the mixed layer
in the Southern Ocean (35-90S), compared to only 0.2% and 1.5% for the 500 and 1,000 m releases. Particles
released at 2,000 m traverse different pathways compared to the shallower releases, with a major pathway, likely
North Atlantic Deep Water (NADW; 2,000 m particles were released at potential densities between 1,027.73 and
1,028.09 kg m~3, with a mean density of 1,027.86 kg m~3, consistent with upper NADW water mass definitions
1,027.85-1,028.10 kg m~3; Liu & Tanhua, 2021), which flows along the Western Atlantic and into the South-
ern Ocean, where REC may be upwelled (Figures 2 and 3). This different behavior is supported by the greater
distances traveled by re-entrained Lagrangian particles released at 2,000 m in Figure 2i, compared to subplots 2g
and 2h, and the shallower re-entrainment depth between 0 and SON in Figure 3f, compared to subplots 3d and 3e.

Particles that remain sequestered throughout the 100 year simulation tend to remain at depths similar or deeper
than the release depth, except for particles South of 55S, which tend to be shallower (<600m) in the water column
at the end of the 100 years simulation (Figures 4a, 4c and 4e) but they are small in number compared to those
that remain within the Atlantic (Figures 4b, 4d and 4e). This may suggest that the latter would have become
re-entrained into the Southern Ocean mixed layer (~300m) within 10s of years if the simulation was extended
beyond 100 years. However, some sequestered particles that pass through the South Atlantic are entrained into
deep water masses (>2,500 m) between ~30 and 55S and spread into the deep Pacific and Indian Oceans, which
are likely to have long residence times (100s yrs; Siegel et al., 2021), and this pathway is particularly prominent
in the 2,000 m simulations (Figure 4).
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Figure 4. An example of the location and median depth of sequestered Lagrangian particles for each 2 x 2° gridded water column 100 years after the first particle
release at (a) 500 m, (c) 1,000 m and (e) 2,000 m. The density of data per 2 X 2° water column is shown for the (b) 500 m, (d) 1,000 m and (f) 2,000 m particle releases.

3.2. North Atlantic Carbon Sequestration Magnitude

As expected, the SEff, calculated by determining the fraction of Lagrangian particles that remained below
the mixed layer for the 100-year simulation, was greater for particles released deeper in the water column
(Figures 5a—5c¢). The regions of greater sequestration efficiencies were the Eastern (sub) tropical North Atlantic
(extending further North and West for the deeper release depths) and the band extending from the Gulf stream
and Grand Banks across to the Eastern North Atlantic (Figure 5). As the released particles represent REC this
provides an estimate of the fraction of carbon that would remain sequestered for 100 years once remineralized at
500 m, 1,000 m or 2,000 m.

Organic carbon fluxes between 500 and 2,000 m have been used in the literature (Guidi et al., 2015; Henson
et al., 2012; Jin et al., 2020) to estimate the magnitude of global or regional long-term sequestration. The results
of this study indicate that not all of the organic carbon flux that reaches these depths will remain out of contact
with the atmosphere. To estimate the magnitude and patterns of the carbon sequestration fluxes, we used both the
MEDUSA organic carbon flux and the six different satellite-derived carbon flux estimates at each sequestration
horizon (CSM,,; see Text S2 and Figures S2—S7 in Supporting Information S1). The values presented are
lower limit estimates as the SEff scaling assumes that all carbon at each depth horizon is remineralized instanta-
neously, whereas a proportion of that flux will typically be transferred deeper into the ocean interior.

The spatial pattern of 100-year sequestered carbon (CSM,, ; Figures 5g-5i) is similar for the three release
depths, with more localized regions of greater carbon fluxes at 500 m compared to wider coverage but lower
carbon flux magnitudes at 2,000 m. The key regions for long term storage are the Subpolar North Atlantic
(excluding deep winter mixing regions in the Labrador Sea and the Irminger Sea), the Gulf Stream and North
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Figure 5. Sequestration efficiency of the Lagrangian particles representing remineralized exported carbon during the 100-year experiment at 500 m (a), 1,000 m (b),
and 2,000 m (c). Organic carbon fluxes from the MEDUSA biogeochemical model (d, e, f; gC m~2 yr~') and carbon fluxes scaled using the centennial sequestration
efficiency, termed 100 years sequestered carbon, CSM, g, (g, h, I; gC m~2 yr~!). Note the different colorbar scales.

Atlantic current region, and the Eastern (sub) tropical North Atlantic. The spatial pattern of sequestered carbon
fluxes at 2,000 m is very similar to the original carbon flux driven by generally high SEff at 2,000 m in the North
Atlantic.

To estimate the cumulative impact of the subsequent re-entrainment of REC within 100 years on North Atlantic
carbon storage estimates we calculate the total downward carbon fluxes for the MEDUSA model of 107.7, 39.2
and 33.2 TgC yr~! at 500 m, 1,000 m, and 2,000 m (Figure 6). We then combine each flux estimate with the
gridded SEff independently at each depth horizon to scale the fluxes to estimate the REC that will avoid re-en-
trainment within 100 years (Equation 3). For the MEDUSA carbon storage estimates this leads to similar annual
CSM, gy, of 28.9, 24.8 and 30.4 TgC yr~! at 500 m, 1,000 m and 2,000 m respectively, which is a decrease of
73.2%, 36.7% and 8.3%. These results emerge due to the balance between carbon flux attenuation, which leads to
lower carbon fluxes deeper in the water column, and SEff, which increases with depth. As the CSMIOOyr is esti-
mated using the spatial maps of carbon fluxes and SEff, there are regions where CSM,,, at 1,000 m is greater
than at 500 m, with increases in SEff compensating for lower carbon fluxes. This is shown for some estimates in
Figure 6 where bold orange bars (1,000 m) are larger than the bold red bars (500 m). It appears that, to first order,
the attenuation of carbon fluxes (for both model and observational estimates) and ventilation timescale cancels
out, demonstrated by the annual CSM,,, . estimates being of a similar magnitude at the three depth horizons.

To ensure our conclusions are not biased by the spatial pattern or magnitude of carbon fluxes in the MEDUSA
model we also compared 6 different combinations of satellite NPP, export and flux algorithms (see Figures
S2—S87 and Text S2 in Supporting Information S1). The mean total downward carbon fluxes for the satellite
estimates are 178.6, 95.0 and 42.5 TgC yr~! at 500 m, 1,000 m and 2,000 m (Figure 6) whereas when accounting
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for subsequent re-entrainment of REC the sequestration magnitude decreases to 47.7, 58.5 and 38.4 TgC yr~! at
500 m, 1,000 m and 2,000 m. The satellite estimates exhibit a mean percentage decrease of 73.8%, 39.1% and
9.9% at 500 m, 1,000 m and 2,000 m respectively (Figure 6), which is very similar to the MEDUSA percentage
decreases. This indicates that the spatial pattern and magnitude of the downward carbon fluxes from observations
and the MEDUSA model are similar (Figures 5 and 6 and Figures S2—S7 in Supporting Information S1).

From our estimates the magnitude of CSM,,, in the North Atlantic ranges between 17.3 and 85.8 TgC yr~
(Figure 6 — bold bars) but on average is broadly similar at 500 m, 1,000 m and 2,000 m with a magnitude of
41.3 £+ 26.9 PgC yr~!. This demonstrates how shallow carbon sequestration horizons (<1,000 m) can considera-
bly overestimate CSM when assuming that none of the REC will be ventilated within 100 years. Furthermore, the
spatial patterns of SEff in Figures 5a, 5b, 5c highlight that using static depth horizons may also over/underesti-
mate carbon sequestration depending on the region but our results show that the cumulative effect is an overstated
magnitude of carbon sequestration for the North Atlantic. This highlights that the magnitude of flux, the flux
location and remineralization depth are key to determining the timescales that REC remains out of contact with
the atmosphere, as the location and depth determines the downstream pathway of REC.
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4. Discussion
4.1. North Atlantic Ocean Sequestration Efficiency

The North Atlantic Ocean is typically viewed as a key region for carbon sequestration via the biological pump,
due to the pulse of export associated with the spring bloom, which can efficiently transfer organic carbon to the
interior ocean (Briggs et al., 2011; Martin et al., 2011). North Atlantic deep water formation regions are also
thought to be important for natural carbon sequestration, as REC in these regions can follow deep pathways at
the start of the thermohaline circulation, leading to long sequestration timescales (Bower et al., 2019; Yashayaev
& Clarke, 2008). Our results indicate that high export and deep water formation regions which are typically
associated with these key processes are not necessarily the only areas of importance for long-term organic carbon
sequestration. The source region of REC, in terms of location and depth, will determine its downstream pathway,
which appears to be a crucial determinant of SEff. In this section we first discuss the source regions with high
sequestration efficiencies and then discuss key pathways and re-entrainment regions.

Our results demonstrate that the greatest magnitude of carbon sequestered for 100 years is within and adjacent
to a region off the Northwest coast of Africa which has both continuous (20°-33°N) and seasonal (12°-20°N)
upwelling, with the majority of upwelled waters originating along the continental slope between 100 and 300 m
(Marcello et al., 2011; Mittelstaedt, 1983, 1991). Initially, it appears counterintuitive that interior water masses
in the vicinity of, or even beneath, an upwelling region would have a high CSM. However, the region has high
productivity, leading to comparatively high carbon fluxes, and with upwelling waters originating from depths
shallower than 300 m (which tend to extend only ~50 km away from the shelf break; Mittelstaedt, 1983), it is
possible for a significant fraction of remineralization to occur below the soon-to-be-ventilated waters. Down-
stream pathways of particles released at 500 m and below do not appear to interact with regions of upwelling
waters but instead interact with the subtropical gyre shadow zone in the eastern tropical North Atlantic charac-
tized by weak circulation (Kounta et al., 2018; Luyten et al., 1983). Therefore, the region in the vicinity of the
Northwest African upwelling is a highly efficient area for long-term sequestration via the BCP (Figure 5).

Another region of widespread carbon sequestration is the North Atlantic Current region, extending from North of
the Gulf stream up to Iceland, and, when using 1,000 m and 2,000 m sequestration horizons, extending across to
the Eastern Atlantic (Figure 5). In particular, the region adjacent to Grand Banks off Newfoundland is a hotspot
at the shallowest particle release depth, with moderate sequestration efficiencies and large annual downward
carbon fluxes. This region also stood out as an efficient region for carbon sequestration in the satellite-derived
CSM,,, estimates (Figures S2—S7 in Supporting Information S1), with the areas of higher carbon storage and
the relative importance of the Grand Banks adjacent region compared to the North West African upwelling region
varied between the estimates.

The regions of highest or lowest SEff determined by our Lagrangian approach (Figure 5 and Section 3.2) have
been identified in other global studies. However, in some regions the opposite trend was reported. For example,
the Labrador Sea was determined to be a high SEff region (DeVries et al., 2012) rather than a region of low SEff
as found here. Typically, a low-resolution (2° horizontal resolution), data-constrained inverse circulation model,
which utilizes temporally fixed fields, is used to determine spatial variability of SEff (DeVries & Primeau, 2011;
Siegel et al., 2021). Previous studies have specifically focused on regenerated nutrients (DeVries et al., 2012) or
deep ocean nutrient inventories as a tracer of particulate organic matter remineralization (Weber et al., 2016).
Regions of deep mixing were found to be efficient for long-term carbon sequestration in an inverse model which
evaluated regenerated nutrients with a mean sequestration timescale for North Atlantic regenerated organic matter
of 150—400 years (DeVries et al., 2012). However, inverse models evaluating deep ocean nutrient inventories or
injected CO, found shorter sequestration timescales and similar regions of high efficiency (regions adjacent to
Grand Banks and North African upwelling) and low efficiency (Gulf stream and North Atlantic current) with the
exception of the Labrador Sea which varies between studies (Siegel et al., 2021; Weber et al., 2016). The differ-
ences in the results may be due to the different approaches (i.e., inverse models vs. Lagrangian particle-tracking)
and tracers used (regenerated vs. deep ocean nutrients). Furthermore, differences in model resolution, which has
implications for the circulation and the range of MLDs (i.e., 2° for inverse models vs. 0.25° NEMO-MEDUSA
model), or in the nature of the circulation state used (i.e., a static vs. time-varying flow field) may also lead to the
differences in the spatial patterns but exploring the details of these is beyond the scope of this study.
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High latitude regions with deep winter MLDs, such as the Labrador Sea, are the regions with the least agreement
between different methods. This is likely due to differences in MLD climatologies, for example, low resolution
(2° horizontal resolution) Ocean Circulation Inverse Models calculate MLD from annual mean potential temper-
ature and salinity from World Ocean Atlas (DeVries et al., 2012; DeVries & Primeau, 2011) or use an ARGO
MLD climatology (de Boyer Montégut et al., 2004; Devries, 2014) whereas our study uses local, temporally vari-
able model MLDs. However, it should be noted that ocean models have difficulty reproducing and agreeing on
areas of deep convection, especially at low resolution, as was demonstrated by Heuzé (2017) for CMIP5 models.
Finally, the assumptions of the methodology, including the role of the MLD used to estimate the long-term
sequestration, will further drive differences between the studies. For example, in DeVries et al. (2012) the high
sequestration efficiencies and long sequestration timescales observed in the Labrador and Greenland, Iceland and
Norwegian seas are attributed to the global pattern of ocean circulation as these are the regions where deep and
bottom waters form. However, there is evidence from previous model and Lagrangian studies that interannual
variability in winter MLD (Macgilchrist et al., 2021), mesoscale eddies (Georgiou et al., 2020) and the subse-
quent re-entrainment of NADW in the Southern Ocean (Tamsitt et al., 2017) may impact the long-term seques-
tration of REC in this region. These aspects may not be captured using low-resolution inverse models, such as
the Ocean Circulation Inverse Models used in DeVries et al. (2012), which may overstate the importance of the
Labrador Sea in long-term sequestration of REC.

Additionally, our Lagrangian simulation results found that particles released in the central Labrador Sea often
take <5 years to be re-entrained into the MLD (Figure 3). A previous MITGCM model study found that the export
of dense water masses takes >6 years in the central Labrador Sea and is mediated by eddy activity via entrain-
ment into the fast-moving boundary current (Georgiou et al., 2020). The 0.25-degree NEMO model used to force
our Lagrangian simulations has a similar fast-moving boundary current skirting the Labrador Sea (Marzocchi
etal., 2015), but is only eddy-permitting. It is possible that the REC in Labrador Sea interior water masses may be
re-entrained into the mixed layer in the NEMO model (Georgiou et al., 2020; MacGilchrist et al., 2021), instead
of entering the deep limb of the NADW. This supports our finding that the Labrador Sea is a highly inefficient
region for organic carbon sequestration.

The Lagrangian experiments revealed a major pathway from the North Atlantic to the Southern Ocean, which
had particular importance for Lagrangian particle releases at 2,000 m. The pathway from the North Atlantic
to the Southern Ocean is an important route for re-entrainment into the mixed layer (Figure 2), because of the
circumpolar wind-driven upwelling that takes place there, but carbon that passes through the Southern Ocean
can also be sequestered for >100 years in deep water masses (Figure 4). Particles re-entrained in the Southern
Ocean are a small fraction of the re-entrained particles from the 500 and 1,000 m releases (0.2% and 1.5%), with a
re-entrainment time of 85.0 and 82.6 years, respectively (median timescale; bracketed by the 100-year simulation
length), but make up a considerable fraction of particles re-entrained from the 2,000 m releases (35.3%) with a
re-entrainment time of 77.3 years. NADW is found below 1,500 m in the North Atlantic and flows out of the
Atlantic into the Southern Ocean, where it has later been found to upwell (Tamsitt et al., 2017). This aligns well
with our 2,000 m particle release results (Figures 2 and 3) and with the NADW water mass density range which
overlaps with the density of the Lagrangian particles released in some regions at 2,000 m.

A previous Lagrangian study investigating SEff in the Southern Ocean found that, for a sequestration depth of
1,000 m, 66% of the carbon was re-exposed to the atmosphere within 100 years, taking an average of 38 years to
do so, while, for a depth of 2,000 m, only 29% of the carbon was re-exposed within 100 years, taking an average
time of 58.4 years (Robinson et al., 2014). This suggests that on 100-year timescales the North Atlantic may be
more efficient for carbon sequestration than the Southern Ocean.

We cannot determine from this study how long North Atlantic REC that enters the Southern Ocean will remain
sequestered beyond the 100-year simulation. Heatmaps of the sequestered trajectory depths at 100 years for the
three release depths (Figure 4) indicate that there are deep ocean (>2,000 m) pathways that particles traverse
within and out of the Southern Ocean. For Lagrangian particles releases at 500 m, 1,000 m and 2,000 m, 2.0%,
2.0% and 6.6% of sequestered particles respectively, had passed out of the Atlantic Ocean (crossed 45S) into
the Indian, Pacific or Southern Oceans within 100 years and were deeper than 2,000 m at the end of the simu-
lation. This implies that these particles may remain out of contact with the atmosphere for longer timescales
than 100 years. This is supported by a study investigating the global sequestration timescales of CDR in which
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the Pacific and Indian Oceans were identified as efficient pathways for long-term carbon sequestration (Siegel
et al., 2021).

Two processes we do not explicitly consider in this study are the timescale of mixing from the base of the mixed
layer to the ocean surface and the timescales of air-sea gas exchange. Air-sea gas exchange is not instantaneous
but we assume that once REC enters the mixed layer it will remain there long enough to re-equilibrate with the
atmosphere (Ito & Follows, 2013; Siegel et al., 2021). However, as the equilibration timescale of carbon dioxide
is between 6 and 18 months, this means that subduction of partially equilibrated waters could allow for a greater
SEff of REC than we have estimated here (Jones et al., 2014). In particular, regions with deep winter mixed layers
may also have longer gas exchange timescales (Jones et al., 2014), but we cannot assess this with our approach.

4.2. Sequestration Horizons Overstate Carbon Storage

We have evaluated the SEff of BCP carbon reaching three depth horizons using a high-resolution Lagrangian
methodology. Our results have demonstrated that using carbon sequestration horizons of a static depth, which
do not account for spatial variability in the subsequent movement of REC, overestimate the magnitude of long-
term carbon storage in the ocean compared to the CSM,,, estimates we present that account for ventilation. In
particular, the static depth horizons overestimate storage magnitude in deep mixing regions, such as in the Subpo-
lar North Atlantic, while potentially underestimating the long-term storage magnitude in regions that are highly
efficient at sequestering carbon for 100 years at shallower depths, such as the Eastern (sub)tropical Atlantic. The
net effect for the North Atlantic is to overestimate the CSM as shown by Figure 6, for both model and observa-
tion-derived carbon fluxes. Whilst this study focuses on the North Atlantic, it is likely that fixed sequestration
horizons of 1,000 m or less that are applied globally also overestimate the magnitude of carbon storage, particu-
larly for regions upstream of deep MLDs.

Using fixed sequestration horizons <1,000 m may be appropriate for some localized regions but may lead to large
overestimates of CSM if applied over entire basins. SEff estimated from Lagrangian particles released at 2,000
m was >90% for the majority of the North Atlantic, but using deeper sequestration horizons will lead to more
conservative estimates of sequestration and will overlook a fraction of REC that was remineralized shallower
in the water column. One previous approach used the base of the permanent pycnocline (except in deep winter
mixed layer regions) as a spatially variable carbon sequestration horizon, producing a larger estimate for global
organic carbon sequestration (0.72 PgC yr~! vs. 0.33 PgC yr~!) compared to using a fixed 2,000 m horizon (Guidi
et al., 2015). The density criterion was replaced in deep MLD regions with the annual mean MLD calculated
from the seasonal maximum MLD in each cell from the de Boyer Montégut et al. (2004) climatology (Guidi
et al., 2015). More recent ARGO MLD climatologies, with a much greater number of profiles and improved
methods of determining the MLD, generally have deeper winter MLDs in the Subpolar North Atlantic than the
de Boyer Montégut et al. (2004) climatology, with MLDs extending down to 1,800 m in the central Labrador Sea
(Holte et al., 2017). Therefore, the seasonal maximum MLD climatology used in Guidi et al. (2015) may have
been considerably shallower in deep mixing regions compared to the winter maximum MLD, which may have
inflated estimates of carbon sequestration in regions, such as the Labrador Sea, compared to our estimates which
are derived using the local temporally varying MLD.

Using the depth of the permanent pycnocline as a sequestration horizon (Guidi et al., 2015) may be too conserv-
ative (>1,000 m) in regions such as the (sub) tropical Eastern Atlantic, as in this study, we show that at 500
and 1,000 m a considerable magnitude of carbon can be sequestered at these depths in the Eastern Atlantic
(Figures 5g and 5h). The depth of the permanent pycnocline may be a useful approach (Guidi et al., 2015), with
an improved representation of the sequestration horizon in deep mixing regions, for evaluating carbon seques-
tration over longer timescales (i.e., average ocean turnover time of 1,000 years; Primeau, 2005) but is likely to
underestimate the magnitude of carbon sequestered on centennial timescales.

The estimates of CSM,,,, combines the SEff and the downward carbon fluxes and therefore depends on the
magnitude of carbon fluxes at different depths and how this varies spatially. The carbon fluxes will be affected by
various assumptions about the shape of the attenuation profile for the MEDUSA model and the satellite-derived
carbon fluxes. The MEDUSA model organic carbon fluxes are composed of two sinking detrital pools, fast-sink-
ing (implicitly represented) and slow-sinking (explicitly represented; Yool et al., 2013). Slow-sinking detrital
material can be advected within the model, which means that the slow-sinking contribution to total carbon fluxes
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may have been advected away from the initial export location. However, the contribution of slow-sinking detritus
to the total annual carbon flux is small (<12% at 500 m and <2% at 1,000 m). A power law model (Equation 1)
was used to to depth-correct the 1,000 m MEDUSA model fluxes to estimate the flux at 2,000 m and to predict
the attenuation of export at 100m for 4 of the satellite-derived flux estimates. Whilst the choice of export depth
and assumptions about the shape of the attenuation profile can impact the magnitude of carbon fluxes, the differ-
ences were negligible when depth-correcting model carbon fluxes and comparing the power law model (upper
bound; Equation 1) to an exponential model (lower bound; Equation 2, Cael & Bisson, 2018). Furthermore, the
satellite-derived fluxes that use the Lutz empirical model fell in the middle of the other estimates and demon-
strated similar values of CSM,, ., suggesting that the results are not sensitive to the choice of attenuation profile
at the depths presented here (Lutz et al., 2007).

It is challenging to determine how future estimates of carbon sequestration may change as this will depend on the
cumulative effect of changes in SEff driven by physical changes and changes in carbon export by the BCP due to
biogeochemical changes. Under future climate change, the oceans are predicted to become increasingly stratified,
meaning shallower MLD and reduced nutrient supply and the overturning circulation is predicted to become
more sluggish (DeVries et al., 2017; Steinacher et al., 2010). These predicted physical changes may enhance the
SEff of future REC but nutrient trapping in the deep ocean may reduce the magnitude of exported carbon via
the BCP (Bopp et al., 2001). The spatial pattern of these two climate driven changes may lead to compensating
effects for future long-term sequestration of BCP exported carbon, with implications for the magnitude of the
ocean carbon sink in the future and for organic carbon that has already been exported to the deep ocean.

4.3. Is There a Local Proxy for Sequestration Efficiency?

We explored whether a proxy of the SEff determined in this study could be found using ‘‘local’” model proper-
ties such as maximum MLD. A SEff proxy would expand our capabilities to evaluate future predictions of BCP
sequestration by the current generation of Earth System Models (ESM). ESM simulations at present are run
at low resolution (usually 1°) meaning Lagrangian simulations would not produce accurate trajectories due to
the simplified physics of the models, that is, implicit subgrid scale parameterizations of small-scale circulation
features (Gent & Mcwilliams, 1990; Madec, 2014), which means that advection would not represent the full flow
field. Without a proxy for SEff comparisons between different models is challenging.

SEff and local model properties, such as potential density at each depth horizon and local mean and maximum
MLD, had no simple relationship that might suggest a straightforward proxy. A lack of convincing relationship
with local properties demonstrates that the downstream pathway of REC is crucial in determining the efficiency
of long-term carbon storage.

Defining metrics to capture the spatial variability of REC sequestration depth is challenging as the pathway of
remineralized carbon is determined by a combination of the wider circulation, localized physical processes and
the depth of the mixed layer downstream of the area where the organic carbon was exported and remineralized.
Simple local parameterizations of SEff cannot factor in the subsequent flow pathways and possible re-entrain-
ment of REC, which may lead to future predictions and model estimates of carbon sequestration to be overesti-
mated, particularly if a sequestration horizon of <1,000 m is used. A SEff proxy would allow for an improved
understanding of the role of and the implications of the future changes in stratification, circulation and biogeo-
chemistry on the predicted magnitude of carbon sequestration.

4.4. Wider Implications of Carbon Sequestration Horizons

The BCP is relevant for climate change mitigation as manipulation or mimicking of the processes that drive the
BCP are considered as potential CDR strategies (Gattuso et al., 2021; Siegel et al., 2021). Our findings have
implications for CDR and compare well with the findings of Siegel et al. (2021) showing that below 1,000 m,
in most regions, dissolved inorganic carbon will be stored for >50 years. However, for some regions, such as
the Western North Atlantic, specifically the Gulf stream region, ~70% of exported carbon was transported back
to the surface ocean within 50 years (Siegel et al., 2021). Our study also found the Gulf Stream to be an ineffi-
cient region for carbon storage, although deep MLD regions were less efficient in our study compared to Siegel
et al. (2021). Siegel et al. (2021) found that the North Atlantic and Southern Ocean median sequestration times
were shorter compared to the Pacific and Indian Oceans, which highlights the “leaky nature” of some ocean
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basins, including the North Atlantic. Ocean CDR methods, such as iron fertilization, can lead to increases in
production, but ultimately only a small fraction of the carbon biomass is sequestered on climate-relevant times-
cales (Siegel et al., 2021). Our study further establishes that oceanic biotic CDR approaches must be able to
transfer a large enough magnitude of carbon, usually deeper than the mesopelagic zone, in regions of high SEff
to be effective.

Consensus has not been reached as to whether long-term carbon sequestration originating from phytoplankton
biomass falls within the Blue Carbon definition (Lovelock & Duarte, 2019). This is due to a lack of scientific
understanding of long-term sequestration, possible undesirable anthropogenic impacts, and whether management
to reduce greenhouse gas emission is possible, and hence it is not included in current Blue Carbon adaption and
mitigation policies (Gattuso et al., 2021; Lovelock & Duarte, 2019). Although, carbon storage via phytoplankton
is being considered by other fields of research focusing on assessing the efficiency of CDR approaches (Bach &
Boyd, 2021; Siegel et al., 2021). Interestingly, macroalgae exported to the seafloor is considered as an important
carbon stock for conservation, management and mitigation and is often included in Blue Carbon assessments,
despite undergoing considerable remineralization en route to the seafloor (~75%; Krause-Jensen et al., 2018;
Ortega et al., 2019). Oceanic Blue Carbon mitigation strategies require long-term sequestration to be successful
and the results of this study highlight regions and depths within the North Atlantic where such strategies may
have a higher, or lower, levels of success.

Economic estimates of the value of reducing uncertainty on BCP estimates (Jin et al., 2020) depends heavily on
the choice of carbon sequestration horizon. For example, the economic value of scientific research carried out on
reducing the uncertainty around estimates of carbon sequestration via the global BCP has been estimated as being
on the order of US$0.5 trillion (Jin et al., 2020). The study used a sequestration horizon of 500 m to calculate
a lower and upper estimate of CSM and assumes all carbon at 500 m remains sequestered for climate-relevant
timescales (Jin et al., 2020). However, CSM estimates at 500 m decreased by 73.6 + 1.6% once scaled by the
centennial SEff presented in this study, which if considered in the Jin et al. (2020) approach may moderate the
economic value. This highlights that carbon sequestration by the BCP has a significant economic value and that
refining the sequestration horizon depths, and hence the magnitudes of sequestration, has high economic value
and is relevant to policy makers (Jin et al., 2020).

Our study also has implications for the reemergence of anthropogenic CO, into the mixed layer, which was found
to effect the buffering capacity of the upper ocean and may amplify the transient climate sensitivity of the Earth
system (Rodgers et al., 2020). Anthropogenic CO, has been shown to reemerge into the mixed layer in <10 years
in low resolution models (minimum 2° horizontal resolution) and the spatial pattern of positive upward fluxes
(obduction) aligns well in the North Atlantic with regions of greater re-entrainment in this study, such as in the
Labrador Sea, Gulf stream, North Atlantic Current and North West African Upwelling (Toyama et al., 2017).
Our study can provide insights from a higher resolution model of the timescales and locations of reemergence of
anthropogenic CO, that penetrate to the three depth horizons in the North Atlantic Ocean.

4.5. Advantages and Caveats of the Lagrangian Approach

Offline Lagrangian approaches are utilized due to the reduced computational cost of running simulations and
allows for experiments to be designed after the online run, meaning different simulation configurations and
criteria can be used. One particular advantage of the parcels package is the ability to extract local model varia-
bles along the trajectories. This approach combined with the MLD metric used in this study has the advantage
of being coupled with a high-resolution eddy-permitting model and allows for intra- and inter-annual variability
in MLD to influence the resulting particle trajectories and sequestration efficiencies, whereas previous studies
used temporally static MLD climatologies, often a mean of, or a proxy for, winter MLD (Drake et al., 2018;
Robinson et al., 2014). Interannual variability in winter MLD is shown to be important for high latitude ocean
ventilation in the North Atlantic in previous Lagrangian simulations, coupled with a similar NEMO-ORCAO025
model configuration, with the rate at which water moves away from the subduction region being the critical factor
(MacGilchrist et al., 2021). MacGilchrist et al. (2021) also highlights that using a temporally static winter MLD
leads to an accumulation of errors when estimating ocean ventilation in the North Atlantic.

The NEMO MLD spatial pattern in the North Atlantic matches well with ARGO-derived MLD observa-
tions (Figure 1) although winter MLDs in the Labrador Sea penetrate too deep and too far North (Marzocchi
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et al., 2015; Rattan et al., 2010) and in the Greenland, Iceland and Norwegian seas penetrate too deep and extend
too far (Figure 1). As our study is model specific we cannot assess the impact of how a shallower temporally vari-
able MLD in the Labrador Sea would alter our findings but using a suite of models in the future could expand on
this work, although at a considerable computational cost. As our general findings compare well with independent
methods (Siegel et al., 2021; Weber et al., 2016), we do not expect the described differences in MLD to affect
our conclusions.

We carried out an MLD sensitivity analysis using a temporally static 20-year average of the annual mean and
maximum MLD on a subset of particles (Table S2; Text S1 in Supporting Information S1). The mean re-entrain-
ment timescales of Lagrangian particles were more sensitive to the choice of MLD compared to the SEff but in
general, the differences between the different MLD climatologies and the local temporally variable model MLD
were small. As expected, using the static mean MLD climatology led to longer median re-entrainment times and
greater sequestration efficiencies, whilst the maximum MLD climatology generally led to longer re-entrainment
times and lower sequestration efficiencies, but the differences between the latter and the local temporally variable
model MLD were negligible (Table S2 and Text S1 in Supporting Information S1).

By using 5 cycles of looped 20-year circulation forcing, our implementation of the Lagrangian approach effec-
tively assumes negligible long-term changes in both the ocean circulation that transports Lagrangian particles and
the mixing that ventilates them to the atmosphere. In reality, climate-mediated changes in circulation have already
been observed on timescales >20 years, in particular for the Atlantic Meridional Overturning Circulation, a key
feature of the ocean's thermohaline circulation in the North Atlantic (DeVries et al., 2017; Menary et al., 2020;
Smeed et al., 2018). Similarly, ocean mixing is predicted to generally decline as climate change increases the
vertical stratification of the ocean (Capotondi et al., 2012). By decreasing the volume of the ocean that is season-
ally mixed, this could increase SEff into the future.

The trajectories are not influenced by mixing or diffusion, both of which are processes that act on dissolved
inorganic carbon in the real ocean. We assume here that, below the mixed layer, these two processes should be of
lesser importance than the horizontal and vertical velocity components. As we employ an eddy-permitting rather
than eddy-resolving model the role of eddies on dissolved carbon distributions in the model will not be fully
captured by our Lagrangian approach. More generally, model circulation, mesoscale features and MLDs may vary
compared to the real ocean and the results presented here are inevitably model specific. Model resolution may
also impact on the particle trajectories and their advective and re-entrainment timescales (Drake et al., 2018), and
this is an area that requires further attention. However, our results compare well to other studies using different
models and approaches in terms of SEff at different depth horizons (Orr et al., 2001; Siegel et al., 2021).

5. Conclusions

1. Lagrangian analysis shows that North Atlantic Ocean SEff of REC has significant regional variability

2. Assuming a depth horizon of 500 m, 1,000 m and 2,000 m, 28%, 66% and 94% of Lagrangian particles repre-
senting REC, respectively was sequestered for a minimum of 100 years, implying long-term storage in the
interior ocean

3. The key regions in the North Atlantic Ocean for carbon sequestration are the Subpolar North Atlantic (exclud-
ing regions of deep mixing), the Gulf Stream, the North Atlantic Current and the Eastern (sub) tropical North
Atlantic

4. Meanwhile, regions of deep winter mixed layers, such as the Labrador Sea, are key regions for re-entrainment
of REC into the mixed layer

5. Using our study's SEff maps combined with spatially estimated downward carbon fluxes at 500 m, 1,000 m
and 2,000 m finds similar overall sequestration fluxes of 41.3 + 26.9 TgC yr~! at all depths, with a 74%, 39%
and 10% decrease, respectively, from the fixed sequestration horizon estimates that do not account for subse-
quent ventilation. These results emerge due to the balance between carbon flux attenuation throughout the
water column, and SEff increasing with depth

6. Using static and uniform depth horizons across basins may overestimate or underestimate carbon sequestra-
tion depending on the region but the cumulative effect is an inflated estimate of North Atlantic CSM
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7. No convincing proxy relationships were found to allow carbon SEff to be estimated for low resolution ESMs.
This underscores the importance of resolving the downstream pathways of REC for the efficiency of long-
term carbon storage

8. These findings have implications for estimates of future predictions of carbon sequestration by global biogeo-
chemical models, which may be overstated, as well as for carbon management strategies, such as oceanic CDR
and Blue Carbon schemes, that require long-term sequestration to be successful
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