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Abstract

The ocean biological carbon pump sequesters carbon from the atmosphere
through diverse pathways, including gravitational settling, physical transport,
and organism vertical migration. However, robust assessments of its magnitude
remain challenging. Traditional approaches treat individual pathways separately,
risking double counting fluxes when combining estimates, fail to capture the
full range of spatio-temporal scales involved (from kilometers to thousands,
hours to years), and focus on particulate carbon while overlooking dissolved
fluxes. Here, we apply a unified framework quantifying all pathways simul-
taneously to a high-resolution (3 km) idealized model of the North Atlantic
resolving seasonal, physical, and biological dynamics across scales, from regional
biomes to fine-scale fronts. We show that carbon sequestration is dominated
by the gravitational pump (~70%), followed by physical (17-25%) and migrant
(5-10%) pumps. Remarkably, carbon sequestration by the physical and migrant
pumps is driven by dissolved fluxes—dissolved organic carbon transport and
zooplankton respiration—which together account for over 20% of biological
pump sequestration. Our findings underscore how unresolved dissolved fluxes and
spatio-temporal variability —particularly physical pump fine-scale variability—
can bias current estimates of the biological carbon pump, and call for a paradigm



shift toward integrative approaches combining next-generation observations with
process-resolving models.
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1 Introduction

The ocean’s biological carbon pump is a critical engine of the climate system, seques-
tering carbon away from the atmosphere [1, 2]. This sequestration occurs through a
set of interconnected processes—referred to as 'pumps’—exporting and remineraliz-
ing both particulate and dissolved organic carbon in the ocean interior (Fig 1a,A1)
[3]. Current estimates suggest these pumps export between 5 and 12 PgC yr=! from
the surface ocean [4-8] and sequester between 1100 and 1500 PgC in the ocean inte-
rior [8, 9]. However, none of these estimates fully capture all the pumps and their
spatial and temporal scales, hindering our ability to accurately assess the biological
carbon pump’s current magnitude, its response to climate change, and role as a climate
feedback — reinforcing or dampening of climate change by biological pump changes[10].

A comprehensive assessment of the biological pump requires disentangling intricate
processes that export both particulate and dissolved organic carbon on different time
and space scales. The gravitational pump is fueled by sinking particles (Fig 1b).
The physical pumps transport both particulate and dissolved carbon through three
mechanisms (Fig 1c): the large-scale pump transfers carbon via Ekman transport
and overturning circulation [11], the mixed-layer pump exports carbon through sea-
sonal mixed layer deepening and restratification [12, 13], and the eddy subduction
pump through turbulent ocean dynamics, including fine-scale eddies and fronts (<
200 km)[14, 15]. Finally, the migrant pump is powered by vertically migrating organ-
isms, such as zooplankton, which actively transport particulate and dissolved carbon
through egestion, excretion, and respiration along their migration path (Fig 1d) [16—
18]. These pumps span a vast range of scales. Zooplankton migration occurs daily
over hours and hundreds of meters [19], climate-driven circulation changes extend over
decades and global scales [7, 20, 21], and in between, submesoscale fronts [14, 22] and
mesoscale eddies [15, 23, 24] act on spatial scales of 1-100 km and temporal scales
from days to months. This complexity and variability pose significant challenges for
existing observational and modeling tools [25].

Current assessments remain limited by partial pump characterization and poor res-
olution of seasonal and fine-scale dynamics, leading to fragmented and incomplete
estimates. Observational approaches often overlook dissolved carbon fluxes, which are



harder to measure than particulate fluxes [26, 27], and model studies rarely repre-
sent the migrant pump due to computational and conceptual trade-offs [7, 15, 20].
Typically, studies focus on a single pump at a time [26, 28-30], without isolating
the contributions of other pumps, potentially causing double counting when aggre-
gating individual estimates [3, 31]. Estimates are also constrained in spatio-temporal
scales. Observations provide valuable snapshots in time and space but are challenging
to extrapolate at regional and seasonal scales. Meanwhile, many global and regional
models fail to resolve fine-scale processes such as eddies and fronts, playing a criti-
cal role in carbon export [15, 32]. Finally, while most studies focus on export fluxes,
they rarely consider the depth at which this carbon is remineralized, which is key in
determining its sequestration timescale in the interior ocean [2].

Here, we address these challenges by quantifying carbon export and sequestration
across biological carbon pump components using a unifying framework applied to an
idealized high-resolution model of the North Atlantic Ocean. This region covers con-
trasting biomes featuring marked seasonality and fine-scale dynamics [15, 32], and
supports active gravitational, physical, and migrant carbon pumps [13, 16, 33, 34],
offering a representative setting to understand their contribution to global carbon
export and sequestration. The model explicitly resolves these three pumps and cap-
tures their spatio-temporal variability from hourly and kilometric scales to seasonal
and regional scales. We show that the dissolved carbon fluxes control sequestration
by physical and migrating pumps, and argue for increased attention to these fluxes in
future biological carbon pump assessments. We show that the spatio-temporal vari-
ability in carbon pump export and the omission of dissolved fluxes can significantly
bias previous estimates of the biological carbon pump.

2 Carbon flux contrasts in the North Atlantic

The high-resolution double gyre North Atlantic model reproduces the observed fine-
scale and large-scale biophysical variability that structures the biological carbon
pump, including primary productivity, zooplankton migrating biomass and vertical
winter mixing (Fig 2, see details in Poupon et al. 2025 [35]). Specifically, the model
captures the variability associated with turbulent dynamics, as shown by kilometric-
scale chlorophyll filaments, reflecting fine-scale variations in primary productivity,
and by eddy kinetic energy patterns, both matching satellite observations (Figs 2a-b,
A2). The model also simulates the regional contrast between the high-productivity,
high-seasonality subpolar biome (annual surface chlorophyll > 0.35 mg m~3) and low-
productivity, low-seasonality subtropical biome (annual surface chlorophyll < 0.15 mg
m~3, Fig 2c-d). In the subpolar biome, primary productivity peaks between May and
June (0.92 gC m~2 d~! in model and 0.65-0.93 gC m~2 d~! in satellite, Fig 2e), fol-
lowed by zooplankton migrating biomass that peaks between May and September (1.2
g m~2 in model and 1.4 g m~2 in observations, Fig 2g), with both reaching their min-
imum in winter (0.14 gC m~=2 d=! and 0.7 g m~2 in model, 0.10-0.24 gC m~2 and



d=! and 0.4 g m~2 in satellite, Fig 2e,g). In contrast, in the subtropical biome, pri-
mary productivity and zooplankton migrant biomass remain relatively low and stable
year-round (0.17-0.25 gC m~2 d=! and 0.1-0.3 g m~2, in both model and observa-
tions, Fig 2e,g). The model also captures the contrasting physical dynamics between
the subpolar biome, where the mixed layer depth strongly varies from shallow sum-
mer (25-35 m) to deep winter (120-140 m) values, and the subtropical biome where it
stays relatively shallow (30-60 m, Fig 2f).

These regional biophysical differences drive high carbon export and sequestration
contrasts between subpolar and subtropical biomes. The simulated annual carbon
export (defined as net carbon exported and remineralized below the euphotic zone,
see Methods) in the high-productivity subpolar biome is 3 times greater than in the
low-productivity subtropical biome (36 vs 12 gC m~2 yr—!, Fig 3a, A3). This con-
trast is further amplified because, at any given remineralization depth, carbon remains
sequestered for longer in the subpolar biome than in the subtropical biome (based
on sequestration times from the Ocean Circulation Inverse Model [8], see Fig A4 and
Methods). As a result, carbon sequestration is 3.6 times greater in the subpolar biome
than in the subtropical biome (5.8 vs 1.6 kgC m~2, Fig 3c). Despite these differ-
ences, we show in the following that relative contributions of the different pumps to
export and sequestration, and the contribution of dissolved components are remarkably
similar across biomes.

3 Carbon pump contributions to export and
sequestration

The relative contributions of the gravitational, physical, and migrant pumps to carbon
export and sequestration are similar across biomes (Fig. 3b). The gravitational pump
dominates export (~60% in both biomes), followed by the physical pumps (~30%;
mixed-layer: 10-12%, large-scale: 5-18%, eddy-subduction: 5-9%), and the migrant
pump (~10%; 6-11%). Pumps contributions to sequestration differ from export (Fig.
3b,d). The gravitational pump is highly efficient, with a contribution to sequestration
that exceeds that of export (~70% vs. ~60%). In contrast, physical pumps are less
efficient and contribute less to sequestration than to export (ranging from 17 to 25%
across biomes; mixed-layer: 1 to 4%, large-scale: 2 to 20%, eddy-subduction: 5 to 10%).
The migrant pump contributes similarly to both (5-10%, Fig. 3b,d).

These differences in pump efficiency are controlled by the depth at which carbon is
exported and remineralized by each pump. The deeper the remineralization —via bac-
terial breakdown of POC and DOC or zooplankton respiration (see Methods) — the
longer the carbon remains sequestered, and the more efficient the pump (Fig A4).
Overall, most of the carbon sequestered by the biological pumps in the model is rem-
ineralized in the mesopelagic zone in both biomes (75% in upper 1000 meters, 50%



in upper 500 meters, Fig 4a-f), consistent with recent findings [36]. However, each
pump injects remineralized carbon at distinct depths. In both biomes, the gravita-
tional pump sustains most remineralization across the mesopelagic zone (upper 1000
m, Fig 4a,b). In contrast, the carbon exported by the physical pumps is mostly rem-
ineralized in the upper mesopelagic zone (above 300 m, Fig 4c,d), where downward
ocean transport is most vigorous and accounts for 10-30% of total remineralization
occurring at these depths (Fig 4g,h). Carbon exported by the migrant pump is mostly
remineralized at migration depths (300-500 m, Fig. 4e,f), contributing 20-40% of rem-
ineralization there (Fig 4g,h). Thus, the physical pump is the least efficient due to its
shallower remineralization depths, followed by the migrant pump, which supports rem-
ineralization only up to zooplankton migration depths, and finally the gravitational
pump exporting over a deeper depth range.

4 Importance of dissolved carbon fluxes

Dissolved fluxes from the physical pump (DOC remineralization) and migrant pump
(zooplankton respiration) support more than 20% of the total simulated carbon export
and sequestration in the subpolar and subtropical biomes (gray bars in Fig 3c,d).
The transport and remineralization of DOC contributes ~ 62% to the physical pump
sequestration (4% from the mixed layer pump, 19% from the eddy-subduction pump
and 39% from the large scale pump), while POC only contributes ~ 38% (Fig 3d
and Fig A5). This large contribution of DOC to the physical pump sequestration
is controlled by the different fate of exported DOC and POC in the water column.
In fact, the physical pumps export more POC than DOC from the euphotic zone
(14-19% vs 12-14% of total export, Fig 3c,d and FigA5), but POC is more rapidly
remineralized (~hours to week) than DOC (days for labile DOC, months for semi-
labile DOC, and decades for semi-refractory DOC), allowing DOC to be transported
deeper by ocean currents before decomposition (Fig 4e,f). Specifically, remineralization
of semi-refractory DOC accounts for most of the sequestration by the physical pump
in the model (Fig A5) making it a key pathway of the biological carbon pump.

Contrary to the traditional view, the migrant pump sequesters carbon primarily
through the injection of DIC via migrating zooplankton respiration. This injection of
DIC by respiration accounts for 90% of the migrant pump carbon sequestration (Fig
3d, 4g,h). In contrast, POC egested by migrating zooplankton is largely confined to
the euphotic zone (upper 100 m) and therefore contributes little to sequestration (Fig
A6). This is mainly because digestion and egestion of POC by zooplankton occurs
rapidly —within 15 minutes to 3 hours after feeding (Fig A7)- while zooplankton are
still in the upper ocean. In contrast, zooplankton continuously respire [37, 38], inject-
ing a larger amount of DIC at their migration depth (~300-500 m, Fig 4g,h) where
they spent 9-17 hours during daytime (Fig. A7), leading to longer sequestration times
for the injected DIC than for the egested POC (Fig 4e,f). Carbon sequestration by



dissolved components of the physical and migrant pumps exceeds that of their partic-
ulate components, at odds with the focus of previous studies quantifying these pumps
[3, 26, 27].

5 Biological carbon pump spatio-temporal variability

The contribution of each pump to carbon export and sequestration vary significantly
over time and space, even within biomes. Pump contributions exhibit strong season-
ality in the subpolar biome, where biological and physical dynamics are marked by
strong seasonal changes (Fig. 2e-g, 5a-b), while seasonality is much weaker in the sub-
tropical biome (Fig. A8). The gravitational pump accounts for most of the subpolar
seasonality (Fig. 5a) and follows the changes in organic particle production that peaks
in spring — production of phytoplankton aggregates — and remains high in summer/-
fall — production of fecal pellets and zooplankton carcasses (Fig. A9). Physical pumps
exceed gravitational pump sequestration during winter and remain active through
spring, summer and fall (Fig CC). The mixed-layer pump closely peaks in winter, fol-
lowing the deepening of the mixed layer (Fig. 5b, Fig 2f). The eddy subduction pump
takes over in spring, when fine-scale dynamics restratifies the mixed layer [15, 39], and
remains the main driver of the physical pump until the following winter (Fig. 5b).
Carbon sequestration by the migrant pump peaks in summer (Fig. 5a), due to the
combination of high zooplankton biomass, warmer temperatures enhancing metabolic
rates, and longer day lengths causing zooplankton to spend more time at depth, all
contributing to more respiration and carbon release at depth (Fig A7). As a result,
the pumps sequester four times more carbon in spring than in winter.

The contribution of each pump also exhibits substantial spatial variability at fine-scale,
potentially obscuring its mean influence on export. In the subpolar and subtropical
biomes, the annual export is highly patchy, with variations within biomes rivaling the
mean net export values (spatial standard deviation within each biome of 29 and 26 gC
m~2 yr~! compared to annual means of 36 and 12 gC m~2 yr=!, Fig 3b). Most of this
variability is attributable to the physical pumps (Fig 5a,A10), and more specifically
the eddy subduction pump (Fig 5b). Fine-scale eddies and fronts drive intense and
heterogeneous organic carbon fluxes on scales of a few kilometers (Fig 5d). However,
downwards and upwards carbon export fluxes largely offset each other when aver-
aged in space and time, resulting in a much smaller net flux at the biome scale and
on average annually (Fig A11). Such variability in the physical pumps exists all year
round and is concentrated within the top 500 meters (blue shading, Fig 4¢,d), beneath
which the intensity of the fine-scale dynamics decreases. Local estimates of carbon
export and sequestration by the physical pumps are therefore unlikely to adequately
represent their average values over a biome or on longer time scales. In contrast, the
gravitational and migrant pumps are significantly less spatially variable (Fig 5a,c,e)



and their local measurements could be generalized more easily. This spatial and tem-
poral variability complicates the quantification of each pump’s contribution to carbon
export and sequestration.

6 Toward new observational and modeling paradigms

These findings suggest paradigm shifts in understanding and quantifying the biological
carbon pump. Historically, export and sequestration of particulate organic carbon have
been easier to measure, using tools such as sediment traps [22] and backscattering sen-
sors [26], and have thus received more attention [3]. However, dissolved fluxes remain
difficult to measure and so far have been inferred by few observation- and model-based
studies [11, 40-42], all focused on surface export, leaving the fate of deep DOC unre-
solved. Advancing our understanding of these dissolved components requires novel
methodologies. For the migrant dissolved fluxes, global constraints such as zooplank-
ton biomass, potentially measurable via LIDAR[43], and migration timing drivers need
further exploration[44], alongside deeper investigations into mechanisms controlling
metabolic rates (e.g., temperature[45], food availability[46] and internal cycles[47]).
For the physical dissolved fluxes, more efficient methods to sample dissolved organic
carbon and its lability are essential, complemented by studies into microbial processes
that alter this lability[48, 49], often referred to as the "microbial pump” [50, 51].

Another major challenge in quantifying the biological carbon pumps lies in capturing
their full spatio-temporal variability. We argue here that seasonal variations in pump
contributions and the high spatial variability of physical pumps, with offsets between
their downward and upward export fluxes, must be captured to constrain these pumps.
Although float- and glider-based methods have been developed to measure the physi-
cal pumps at high spatio-temporal resolution [27, 52], they fail to capture the upward
fluxes needed to evaluate these compensations, as well as their dissolved component.
Previous studies have shown that small-scale atmospheric processes such as storms
and cloud cover changes could also affect particle sinking [53] or migratory behavior
[19]. This study does not represent these processes, nor physical processes smaller than
3 km, resulting in a potential underestimate of the biological carbon pump variability.
Satellite methods show promising results for capturing fine-scale physical dynamics
[54], phytoplankton ecosystem composition [55] and migrating biomass [43]. These
direct approaches could be strategically complemented by biogeochemical tracer-based
approaches integrating signals over time and filtering out variability [56, 57]. Overcom-
ing these challenges is critical to improving our understanding of the biological carbon
pump, constraining current estimates, and anticipating its response to future changes.
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7 Methods

Model description

The study uses an idealized double gyre model reproducing the North Atlantic dynam-
ics, described in Poupon et al. (2025)[35]. This model couples an ocean physical model
(Modular Ocean Model version 6)[58], developed by the Geophysical Fluid Dynamics
Laboratory, with a biogeochemical module detailed below. The model domain is a box
3570 km side length and 4 km deep, centred around 40°N. To better represent fine-
scale dynamics, we increased the horizontal resolution from 9 km to 3 km compared to
Poupon et al. (2025)[35], with updated model parameters available in supplementary
(Table Al). This 3 km model is initialized from outputs of the 9 km model run for
100 years. The 3 km model is then spun-up for 25 years. The surface of the model is
continuously forced by an idealized seasonal cycle, including a sinusoidal zonal wind
profile inducing a double gyre circulation.

The physical model is coupled to the COBALTv2-DVM (Carbon, Ocean Biogeo-
chemistry and Lower Trophics version 2 with Diel Vertical Migration) biogeochemical
module [35, 59]. This module features 45 biogeochemical tracers, including the main
nutrients (i.e. nitrogen, phosphorus, silica, and iron) and a planktonic ecosystem com-
posed of 3 phytoplankton and 5 zooplankton, 3 non-migrating and 2 migrating. This
module represents the dynamics of suspended particulate organic carbon, in the form
of a planktonic ecosystem, sinking organic carbon in the form of detritus produced by
phytoplankton aggregation or zooplankton egestion and mortality, dissolved inorganic
carbon, and dissolved organic carbon (labile, semi-labile, and refractory). Labile dis-
solved organic carbon is remineralized over a few days, semi-labile over 90 days, and
refractory over 10 years. The COBALTv2-DVM module also explicitly represents the
diel vertical migration of zooplankton as well as their compartmentalized physiology
that temporally and spatially decouples ingestion, digestion, respiration, and growth.

Model biomes

The model replicates the dynamics of a low-productivity, low-seasonality subtropical
biome and a high-productivity, high-seasonality subpolar biome typical of the North
Atlantic Ocean. The subtropical biome is defined by an annual mean surface chloro-
phyll concentration below 0.15 mg m~2. The subpolar biome is defined by a mean
chlorophyll concentration above 0.35 mg m~3 and a mean mixed layer depth below
200 meters, to exclude model regions where deep convection is too strong and repre-
sentative of dynamics occurring in the Norwegian and Greenland seas (see Poupon et
al. 2025[35]).
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Observations and validation

To evaluate the spatial and temporal variability of the biogeochemical dynamics sim-
ulated by the double-gyre model, we use satellite, ship-based, and float observations.
The mixed layer depth is calculated from hydrographic profiles collected between 1941
and 2022 [60], zooplankton migrating biomass from LIDAR measurements between
2007 and 2019 [43], and nets collected at the Bermuda Atlantic Time Series (BATS)
station between 1994 and 2010 [61]. Net primary productivity estimates are produced
by three algorithms (Eppley, CbPM, and CAFE) applied to Moderate-Resolution
Imaging Spectroradiometer measurements between 2002 and 2023 [62-64]. POC pro-
files come from optical backscatter measurements collected by Biogeochemical-Argo
floats between 2010 and 2021[65], DIC profiles from the GLODAPv2.2023 database
[66], and DOC profiles from a GEOTRACES compilation of ship measurements
ranging from 1994 to 2021 [67].

Framework description

Carbon remineralization and sequestration

In our model, the total organic carbon remineralization (gC m~3 yr=!) which produces
dissolved inorganic carbon is the sum to the remineralization of particulate and organic
carbon by bacteria, and the respiration of migrating and non-migrating plankton:

Remineralization(z) = POC remineralization(z) + DOC remineralization(z)

+ Biological respiration(z)

We derive carbon sequestration (gC m~3) as the product of this remineralization

rate and carbon sequestration time (yr) in subtropical and subpolar biomes from the
Ocean Circulation Inverse Model (OCIM) [6]):

Sequestration(z) = Remineralization(z) x Sequestration time(z) (2)

The carbon export is the amount of carbon remineralized below the euphotic zone
depth, defined as 0.1% of the photosynthetically active radiation at the surface [68]:

Euphotic Depth
Export(z) = / Remineralization(z)dz (3)
Bottom

The amount of carbon sequestered in the water column corresponds to the vertical
integration of Sequestration(z).
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Carbon export pathways

The contribution of export pathways (gravitational, physical, migrant) to carbon rem-
ineralization is calculated considering that their organic carbon supply balances the
remineralization flux:

Biological respiration = Migrant respiration + Non-Migrant respiration (4)
P -
POC remineralization = — wgaaﬂ —¥-VPOC + KyV3POC
z
5)
9 (. OPOC _groc
7 (Kzaz) + POC production — 5
DOC remineralization = — 7 - VDOC + KyV3,DOC
D P 6
+ 2 KZM + DOC production — oPoC (6)
0z 0z ot

DOC and POC are the concentrations of dissolved and particulate organic carbon,
v = (u,v,w) is the fluid velocity, wg is the gravitational sink velocity relative to
the fluid, Ky and K, are the horizontal and vertical diffusion coefficients. POC and
DOC are produced by both migrating and non-migrating animals (egestion, excretion,
mortality). Below the euphotic zone, production by non-migrant animals is marginal
and can be neglected. On an annual average, the gyre is close to equilibrium. As a
result, dDOC/dt and dPOC/dt are also marginal and can be neglected. Thus, the
carbon remineralization equation (1) can be written:

Remineralization(z) = Gravitational pathway(z) 4+ Physical pathway(z)

(7)

+ Migrant pathway(z)

With:

OPOC
0z

Gravitational pathway = —wy,

yb aQ a h — - {’7 ’)( ) 2 6 ()P
])] "C [) Vvay v - C l( V POC (FV ()O)

—7-VDOC + KyV%DOC + 9 K. 9DoC
0z 0z
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Migrant pathway = Migrant respiration + Migrant POC and DOC production (10)

Physical pathway decomposition

The physical export pathway encompasses transport by large-scale circulation such as
Ekman transport or overturning circulation (large-scale pathway), subduction induced
by finescale structures such as sub-mesoscale fronts and mesoscale eddies (eddy sub-
duction pathway), and transport induced by mixed layer deepening and restratification
(mixed layer pathway).

Physical pathway = Large scale pathway 4+ Eddy-subduction pathway

(11)

+ Mixed layer pathway

We isolate the small and large advective components using a Reynold’s
decomposition[69]:

Ci=Ci+Cv (12)
Where (—) is a gaussian spatial mean operator with a radius of 100 km and (') the
small scale residual. We isolate the vertical mixing in the mixing layer from the mixing
in the interior ocean using an indicator function (Ind.<nrp), which takes the value
1 for depths within the mixed layer and 0 otherwise, and vice versa for (Ind.snrp).
This way, the three pathways of the physical pump are:

Large scale pathway = — V - (¢ POC + ¢ DOC) + KyV (POC + DOC)
) dPOC  dDOC (13)
t3; (Kz ( 2 T 2, >) x Ind.>nrLp
Eddy subduction pathway = —V - (77POC" + 7 DOC") (14)

P D
Mixed layer pathway = % (Kz (8 agc + 9 agc>> x Ind.<prp (15)

This framework makes it possible to quantify not only the various components of
the biological carbon pump, but also their respective spatial and temporal variability
across all space and time scales.
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Fig. A1l Interconnection of the biological carbon pumps. Dissolved and particulate organic car-
bon is produced in the euphotic zone after photosynthesis (green block). The gravitational pump
exports carbon out of the euphotic zone (white line) via gravitational settling. The physical pumps
export the particles and the dissolved carbon via oceanic transport. The migrant pump exports car-
bon via respiration, the production of particles by egestion (fecal pellets) or mortality (carcasses),
and the production of dissolved organic carbon (excretion) by the zooplankton migrating below the
euphotic zone. The particles produced can then be exported deeper by the gravitational and physi-
cal pumps, while the dissolved organic carbon can be transported by the physical pump. This export
sustains remineralization and injects DIC into the mesopelagic zone. The DIC from remineralization
is sequestered in the interior ocean before being brought back to the surface by oceanic transport.

18



Eddy kinetic energy (cm?s™)
300

=== Mode| - Subtropical ==« Obs (AVISO) - Subtropical
=== Model - Subpolar == Obs (AVISO) - Subpolar

250¢

200

150

100k

50

0 1 1 1 1 1 1 1 1 1 1
& ¢e® w]\‘as pot ‘Naﬂ e \\)\ P"‘)Q' e® ot Qo e
months

Fig. A2 Seasonal cycle of observed (dashed lines AVISO product) and modeled (solid lines) eddy
kinetic energy in the subtropical (red) and subpolar (blue) biome. Shading represents the spatial
variability of monthly values within the biomes (one standard deviation).
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Fig. A3 Biological carbon export annual average in the double gyre model. Subtropical and subpolar
biomes are defined by annual chlorophyll concentrations lower than 0.15 mg m-3 and higher than 0.35
mg m-3 respectively (black lines). Deep convection (~55-60°N) region defined by an annual mixed

layer depth j 150 m, and the jet region (~35-40°N) defined by chlorophyll concentrations between
0.15-0.35 mg m-3, are excluded from the biome analysis (dotted areas).
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Fig. A4 Vertical profile of remineralized carbon sequestration time in the interior ocean in (a) the
subpolar biome and (b) the subtropical biome from the OCIM model [6]. The fillings show the annual
spatial variability of each pump within the biomes (two standard deviations). Grey boxes are the

mean euphotic zone (EZ) extending down to the depth where irradiance is 0.1% of surface irradiance:
85m in the subpolar biome and 115 m in the subtropical biome.
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Fig. A5 Relative contribution of dissolved and particulate fluxes to (a) carbon export and (b) carbon
sequestration by physical (blue) and migrant (red) pumps. Physical pumps export and sequester par-
ticulate carbon (light blue), labile and semi-labile dissolved carbon (dark blue) and semi-recalcitrant
carbon (dark blue to point). The migrating pump exports and sequesters particulate carbon pro-
duced by the egestion or death of zooplankton (light red) as well as the respiration of zooplankton
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Fig. A6 Average annual vertical profile of remineralized carbon by the migrant pump in (a) subtrop-
ical and (b) subpolar biomes. Remineralization is supported by the production of organic particles
(e.g., particle or carcass management, brown line), DOC production (excretion, blue line), and res-
piration by migrant zooplankton (red line). The euphotic zone (EZ) boundary in both biomes is
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Fig. A7 (a) Time scale of gut clearance observed by Irigoien ([70], dots) and modeled in the
COBALTv2-DVM model (black line) as a function of temperature. Observations are binned by degree
of temperature and the gray lines represent a standard deviation. (b) Time spent at depth by migrat-
ing zooplankton as a function of the duration of daylight in the model (black shading) and the
observation-based data product compiled by Bianchi et al. (2016[71], red dots).
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Fig. A8 (a) Seasonal cycle of carbon sequestration in the subtropical biome by the biological carbon
pumps (dashed black), which is the sum of the gravitational (yellow), physical (blue) and migrant
(red) pumps. (b) Seasonal cycle of carbon sequestration in the subpolar biome by the physical pumps
(dashed black), which is the sum of the large scale (dark blue), the eddy subduction (light blue) and
the mixed layer (grey) pumps. The shadings show the daily spatial variability of the pumps within
the biome (two standard deviations).
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Fig. A9 Seasonal cycle of carbon sequestration by the gravitational pump in the (a) subpolar and
(b) subtropical biome (black dotted lines). Sinking particles originate from phytoplankton aggregation
(green), zooplankton caracasses (red) and zooplankton fecal pellets (orange).
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Fig. A10 Annual carbon remineralization vertical distribution in (top row) the subpolar biome and
(bottom row) the subtropical biome by (a,b) the gravitational pump, (c,d) the physical pumps and
(e,f) the migrant pump. The gray lines is the annual average value.
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Fig. A11 Daily carbon remineralization vertical distribution in (top row) the subpolar biome and
(bottom row) the subtropical biome by (a,b) the gravitational pump, (c,d) the physical pumps and
(e,f) the migrant pump. The gray lines is the annual average value.
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Table A1 Major parameters and associated values used in the physical ocean component of the model

Parameter Values References
Horizontal grid and resolution 1082 x 1082, 3.1 km

Vertical coordinate 75 layer hybrid z*-isopycnal (Adcroft et al. 2019)
Number of CPUs 1024

Barochnlc and Biogeochemical 100 s, 300 s

time steps

Planetary boundary layer ePBL (Reichl and Hallberg. 2018)
parameterization

Subgrid Meso?cale EKE No (Hallberg et al. 2013)
parameterization

Submesoscale restratification Frontal length = 1500 m (Fox-Kemper et al. 2008)

parameterization

B.ackg.round kinematic Ky=10—6 m2.s—!
viscosity

Background diapycnal Kp=10—6 m2.s—1

diffusivity
Smagorinsky biharmonic
Horizontal viscosity Smagorinsky coefficient = 0.015 (Griffies et al. 2000)
Resolution-dependent = 0.01 A2 m*s—1
Opacity Scheme 3-band with chlorophyll (Manizza et al. 2005)
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