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Multi-faceted particle pumps drive
carbon sequestration in the ocean

Philip W. Boyd!*, Hervé Claustre®°®, Marina Levy>®, David A. Siegel*® & Thomas Weber>®

The ocean’s ability to sequester carbon away from the atmosphere exerts an important control on global climate. The
biological pump drives carbon storage in the deep ocean and is thought to function via gravitational settling of organic
particles from surface waters. However, the settling flux alone is often insufficient to balance mesopelagic carbon budgets
or to meet the demands of subsurface biota. Here we review additional biological and physical mechanisms that inject
suspended and sinking particles to depth. We propose that these ‘particle injection pumps’ probably sequester as much
carbon as the gravitational pump, helping to close the carbon budget and motivating further investigation into their

environmental control.

pen ocean waters store (sequester) carbon out of contact

with the atmosphere on decadal to millennial timescales; this

exerts a major control on global climate by regulating the partial
pressure of atmospheric carbon dioxide ( PCOZ)I. The magnitude of ocean
carbon storage is governed by two well established mechanisms that
maintain a surface-to-deep ocean gradient of dissolved inorganic carbon
(DIC)—the biological pump and the solubility pump?>. The solubility
pump delivers cold, dense, DIC-rich waters to depth mostly at high lati-
tudes, whereas the biological pump globally exports particulate organic
carbon (POC) from surface waters. POC export is largely attributed to
the gravitational settling of a subset of the particle assemblage!*—a pro-
cess we refer to as the biological gravitational pump (BGP).

The BGP is the key link between upper-ocean photosynthetic carbon
fixation, the sustenance of mid-water biota, and carbon storage in the
interior of the oceans*”. It is thought to account for around 90% of the
vertical DIC gradient, while the solubility pump explains the remainder!.
In the absence of the BGP, models predict that atmospheric P¢o, would
be nearly twofold higher®. Contemporary and paleoceanographic obser-
vations both reveal that carbon sequestration by the BGP is affected by
environmental changes in light, temperature, stratification and nutrient
availability”®, and can itself drive pronounced climate shifts such as
glacial-interglacial cycles®. Future climate projections suggest that the
functioning of the BGP will be altered by global oceanic changes”?, and
could potentially contribute to anthropogenic climate warming via a pos-
itive feedback mechanism!?. As a consequence, quantification of the
functioning of the BGP requires a reliable baseline of accurate
measurements.

The underlying principles of the BGP have long been established!!:
organic particles are continually produced and recycled in sunlit surface
waters, and a small fraction of these settle into the interior of the oceans.
The strength of the BGP is often quantified as the rate of particle ‘export’
from the euphotic zone, the surface mixed layer, or across an arbitrary
horizon at 100 m (ref. 12). As they sink, particles undergo myriad trans-
formations that lead to a pronounced vertical attenuation of the particle
flux; this is often described as a power-law relationship referred to as the
‘Martin curve’'. The efficiency of the BGP is defined here as the time
that exported carbon is kept sequestered from the atmosphere within the

interior of the oceans. It is driven by the depth scale of flux attenuation
and by pathways of ocean circulation that carry remineralized carbon
dioxide back to the surface!. Carbon is sequestered for longer than a
year by particles that penetrate the permanent pycnocline (beneath the
wintertime mixed layer), and for up to centuries by particles that reach
deep water masses (generally greater than 1,000 m). Together, the strength
and efficiency of the BGP determine the total quantity of carbon that is
sequestered biologically in the interior of the oceans.

Recently, analyses of global and regional ocean carbon budgets have
identified conspicuous imbalances (that is, two- to threefold less storage)
when BGP export fluxes are compared with those derived from geochem-
ical tracers'>!®, Such discrepancies highlight the need to reassess the path-
ways that contribute to carbon storage. Furthermore, rates of site-specific
particle export seem to be insufficient to meet the carbon demand of
mid-water life (termed mesopelagic biota) by two- to threefold'’~%, but
in one study this can be balanced using community respiration'®. There
is considerable debate over the reasons for these carbon deficits, ranging
from biases inherent in observational technologies'”*! to the potential role
of other mechanisms that deliver carbon (dissolved and/or particulate)
to deep waters'®?22, Traditionally, the biogeochemical functioning of
the BGP has been evaluated from quasi one-dimensional (1D) observa-
tions of particle flux (Box 1), and extrapolated using Earth system models
(ESMs; parameterized with observations?*~2%) and/or remote-sensing
observations®®. This approach cannot capture more complex mechanisms
of carbon export that are highly variable in space and time (Box 1), which
potentially results in the reported carbon budget deficits.

Several lines of research have revealed the importance of additional
export pathways that inject particles to depth, termed here particle-injection
pumps (PIPs)?>?7-3% These can be physically mediated (for example,
subduction) and/or biologically mediated (for example, by large mesope-
lagic migrators), and can potentially export all classes of particle.

To depth, thus challenging the conventional view of gravitational
sinking as the dominant downward pathway for particles into the inte-
rior of the oceans. The characteristics of PIPs fundamentally change our
understanding of biological carbon sequestration. First, PIPs can animate
particle transport spatially into three dimensions (3D), in contrast with
the BGP in which the vertical dimension is predominant (1D); second,
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Box |
Investigation of downward particle export

The biological gravitational pump (BGP) has traditionally been studied at selected ocean sites using a range of particle interception techniques
such as sediment traps (deep-moored, surface-tethered free-drifting, or neutrally buoyant). In the past decade, new tools—including gliders and
profiling floats with biogeochemical and bio-optical sensors (BGC-Argo)—have greatly increased the sampling frequency of particle fields in the
mesopelagic region of the ocean. Over this period there has also been an upsurge of interest in studying the wide range of mesopelagic fauna
using bioacoustics and trawling approaches. Together, these diverse approaches are providing improved estimates of carbon sequestration.

Statistical
funnel

Box 1 Fig. 1 | Approaches used to investigate downward particle
export, from the BGP to PIPs. a, The BGP is quantified in a biologically
patchy upper ocean (green filaments) using ship-based surface sampling
(particle production) and subsurface particle interception by sediment
traps, most recently neutrally buoyant traps downstream of particle
source regions (orange instruments). This coupled surface-subsurface
sampling strategy is logistically complex, temporally and spatially
restricted (represented here by a ‘statistical funnel®>°%), and hence
provides a ‘1D’ view of particle export that is extrapolated to the basin
scale using satellite observations and/or modelling. This 1D viewpoint
cannot measure the PIPs presented in b to e, and is contrasted in a

with the 4D view?*** obtained by an ensemble of BGC-Argo floats
(white instruments). b, The mixed-layer pump, in which particles are
detrained when the pycnocline (blue dashed line) shallows, can be
addressed regionally through backscattering (a proxy for POC) profiles
measured by BGC-Argo floats®, or globally using satellite surface-ocean

backscattering and Argo/BGC-Argo (density/backscattering) vertical
profiles®. ¢, The seasonal lipid pump can be quantified using surveys of
overwintering copepods at depths below the permanent pycnocline and
subsequent scaling of their lipid-enriched biomass in carbon content™.
d, The eddy-subduction pump can be quantified using gliders (pink
instruments) and subsequent modelling*!', BGC-Argo floats (bio-
optics, oxygen, physics)® or surveys based on multiple POC profiles

in conjunction with coupled models (regional circulation/particle
dynamics)**#. e, The quantification of the mesopelagic-migrant pump
(active diel transport of carbon by mid-water biota, denoted by moon
and sun symbols) requires mid-water trawl surveys along with metabolic
modelling®*°. Some multidisciplinary studies***!*’ have combined
these approaches to cross-compare export flux from the BGP (green
arrows in d)) and the eddy-subduction pump (purple arrows represent
subsurface particle maxima recorded at the eddy periphery’!). We note
that the large-scale subduction pump?? is not presented here.

global estimates of PIP carbon fluxes are comparable to those for the
BGP?%; and third, these mechanisms cannot be readily quantified using
the traditional toolbox applied to investigate the BGP (Box 1). Overall, the
PIPs will increase the strength of the biological pump beyond estimates
based on gravitational flux alone, and can change its efficiency by altering
the depth of carbon export.

The fate of exported carbon after its delivery to depth has also proven to
be more complex and heterogeneous than previously recognized. Particle
flux attenuation is now known to vary systematically in space!**"*? and
time®, suggesting that the traditional empirical view!* must be replaced
by a mechanistic one that considers particle composition and architecture,
microbial metabolism, and transformation processes'”.

Together, these developments stand to reshape our understanding of
particle transport and remineralization in the interior of the oceans. Here,
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for open ocean systems, we review the mechanisms, rates and depths of
particle injection by each PIP; the potential for each mechanism to close
observed deficits in ocean carbon budgets; and the corresponding remin-
eralization depths of exported POC in the deep ocean. We finish by out-
lining future research directions needed to combine these developments
into a new mechanistic, four-dimensional (4D) view of carbon export and
sequestration. This Review does not detail the important role of dissolved
organic carbon subduction®*?*, nor does it cover the dark microbial car-
bon pump** or chemolithotrophy?®, which have been reviewed elsewhere
(Supplementary Table 1).

Particle injection pump mechanisms
PIPs differ in their mechanisms, temporal scales, spatial scales (Figs. 1, 2a)
and geographical extent, but they have common features: they can act
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Fig. 1 | Interplay between particle characteristics, mode of export (BGP
or PIP), delivery depth and larger-scale ocean circulation for a range of
pumps. In the upper layer, the box at the top right represents mixed-layer
particle types, which either form large sinking particles (that is, within the
BGP; such as faecal pellets and marine snow) or are injected to depth (that
is, by PIPs; such as suspended and/or slow-settling heterogeneous particles
and cells (including healthy, slow-sinking phytoplankton®®)). The vertical
yellow arrow signifies the BGP; black lines indicate physically mediated
PIPs; and purple lines indicate biologically mediated PIPs. The delivery
rates of particles to subsurface strata (in m d~'; ? denotes not known)

are presented for each pump. Patchiness in the distribution of vertically
migrating animals (top right) has a role in driving three-dimensional
particle delivery to depth®®*!, and is denoted by different fish or copepod
stocks in the upper ocean. The box to the right of the middle layer
presents different particle transformations that are central to the BGP'%;

on all particles, from those that are suspended to those that are sinking
(Fig. 1); they typically inject particles below the euphotic zone (that is,
the export depth for the BGP), potentially reaching depths of greater
than 1,000 m**-*° depending on the injection mechanism (Figs. 1, 2b);
they occur concurrently with the BGP, but cannot be measured with
techniques developed to quantify gravitational settling'**? (Box 1); and
their dynamic nature (that is, physical transport?»*?® or patchiness of
animal distributions®) means that the interplay between their vertical
and horizontal vectors and temporal scales varies considerably (Fig. 1).
As such, a 4D sampling framework is required to constrain PIPs
(Box 1). The main characteristics of each PIP are elucidated below.

Particle export driven by physical subduction includes several pro-
cesses that drive the vertical transport of near-surface particles and act on
different spatial scales and timescales: subduction caused by mixed-layer
shallowing (termed the mixed-layer pump?°); subduction by large-scale
(100-1,000 km) circulation (termed the large-scale subduction pump)*;
and subduction by mesoscale (10-100 km) to submesoscale (1-10 km)
frontal circulation (termed the eddy-subduction pump?**”-28),

Carbon export by the mixed-layer pump is driven by biological
accumulation of particles throughout the spring and summer growth
season; the particles are then diluted to the depth of the mixed layer
during winter, and left in the interior of the oceans during early
spring stratification (Box 1). This pump operates on wide-ranging
timescales—from days or weeks®” to seasons®**’—predominantly in
mid and high latitude regions that are characterized by strong seasonal
variability in mixed-layer depth (Fig. 2a). Although these concepts are
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however, their role is as yet unknown for PIPs. They include microbial
solubilization (throughout the water column), aggregation (marine snow
denoted by aggregation I; heterogeneous faecally dominated aggregates
denoted by aggregation II) and/or dissaggregation'® to form and/or break
down heterogeneous particles. In the lower layer, depths in parentheses
are the reported delivery depths, with the BGP (and some PIPs) exporting
some particles to the sea floor. Blue curved arrows represent the transport
of subsurface material along downward-sloping isopycnals (white dashed
lines). Major unknowns include whether physical transport by PIPs can
cause particle aggregation (signified by ? in the middle section; this is
applicable for both subduction and mixed-layer pumps) and hence alter
their mode of injection towards gravitational settling (that is, the BGP).
Other unknowns include the potential ballasting role of small mineral
particles such as aerosol dust for PIPs.

long-established*®, only recently have they been scrutinized in detail
using advances in optical profiling (BGC-Argo) floats and satellite
particle proxies to track particle accumulation rates in relation to
changes in surface mixed-layer depth (Box 1).

The large-scale subduction pump is a 3D advective mechanism that
transports particles from the seasonal mixed-layer into the interior of
the oceans, driven by Ekman pumping and horizontal circulation across
a sloping mixed-layer®. Subduction rates were first estimated for the
North Atlantic®®, and then estimated globally using data-assimilating
models*’. The wide-ranging subduction rates (1-100 m yr~1)3%40
are small relative to particle-settling rates of the BGP!'%; however,
subduction occurs over large regions of the global ocean, which boosts
the magnitude of carbon delivery to depth.

The frontal-associated eddy-subduction pump subducts particle-rich
surface waters on timescales of days and across spatial scales of 1-10 km,
driven by strong vertical circulation associated with fronts and
eddies?”?341-4_ Gliders are now used to map 3D dynamic eddying flow
fields (Box 1), and have found that high particle stocks (that is, co-located
POC and chlorophyll indicative of viable phytoplankton) from the
spring bloom penetrate the interior of the oceans, and are visible as
distinct filaments at depths of 100-350 m at the eddy periphery®®
(Box 1). Mapping revealed the co-location of high POC filaments and
negative vorticity to depths near the permanent pycnocline?®, and the
mechanism is supported by high-resolution simulations in which eddy
subduction of particles is a recurring feature*>~*%, The strength of the
eddy-subduction pump is governed by the vigour and penetration of the
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Fig. 2 | Carbon export and storage by PIPs compared to the BGP.

a, Idealized seasonality of the PIPs for regions that exhibit strong
seasonality, where a spring bloom dominates carbon export by the BGP
(dark blue line). Coloured bars indicate the season of peak carbon export
by the PIPs. We note that the large-scale physical pump should be strongest
when mixed layers are deepest, but is probably operative all year (dashed
line). ESP, eddy-subduction pump; LSP, large-scale physical pump; MLP,
mixed-layer pump; mesopelagic-migrant pump; SLP, seasonal lipid pump.
b, Sequestration efficiency of the PIPs. Black lines represent the global-
mean sequestration timescale for carbon injected at a given depth, defined
as the time for remineralized carbon to circulate back to the ocean surface,
computed in a data-constrained circulation model (see Supplementary
Methods). The solid line assumes that particles are suspended, so
remineralization occurs at the injection depth, whereas the dashed line
assumes that particles are sinking and remineralize over depth (see
Methods). Coloured bars show the injection depth range of the BGP and
the PIPs. The efficiency of each pump is defined as the sequestration time
from its injection depth. ¢, Strength of the pump mechanisms, defined as
their rate of carbon export or injection (see Supplementary Table 1). ‘All
PIPs’ refers to the sum of the five individual PIPs. d, Ocean carbon storage
by each pump, defined as the product of the strength (c) and efficiency
(b). Two scenarios are shown for each PIP, using the sequestration time
for suspended (circles) and sinking (squares) particles, whereas the BGP is
assumed to export only sinking particles. For the sum of PIPs, we present a
‘most likely’ scenario, in which the migrant pump injects sinking particles
(faecal pellets), and all other PIPs inject suspended particles (triangle).

vertical circulation, in conjunction with local POC stocks over the fron-
tal area?”*’, Eddy-subduction rates span 1-100 m d ! (compared with a
range of 20 to more than 100 m d ! for the BGP'"!?) depending on the
eddy or frontal structure. Modelling indicates that particles subducted
by the eddy-subduction pump are remineralized more rapidly (that is,
at shallower depths) relative to gravitationally sinking particles®.

The concept of the mesopelagic-migrant pump is based on long-
established observations of diurnal vertical migration®® (Box 1).
This pump extends the remineralization scale by injecting particles
to greater depth before decomposition begins®**2, as determined by
the gut-retention time of migrating animals® > and the depth of
their migration (typically around 400 m)**. The injected particles are
zooplankton faecal pellets with sinking rates of tens to hundreds of
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metres per day’!; compared with loosely packed organic aggregates
settling from the surface, these pellets have a faster sinking rate!!?
and will penetrate deeper in the water column before remineralization.
The mesopelagic-migrant pump therefore influences all important facets
of the particle flux that govern carbon sequestration —total export rate,
depth of peak flux, and the depth scale of flux attenuation.

Diurnal vertical migration results in active subsurface transport
and carbon sequestration; it is usually reported for mesozooplankton
and is often included in estimates of the BGP>!. However, vertical
migration by larger mesopelagic carnivorous organisms (from greater
daytime depths than mesozooplankton) is not sampled by conven-
tional BGP approaches®***, Targeted studies (Box 1) have quantified
that this pump is driven by large mesopelagic migrant carnivores in the
Pacific** and in other regions (Supplementary Table 1). The underlying
mechanism is upward migration to graze mesozooplankton® followed
by rapid (hours) downward migration®*—with respiration (release
of CO,), exudation, and defaecation (release of POC/DOC)>"> at
depths as deep as 600 m (Box 1), often below that of the permanent
pycnocline®.

Trawl surveys suggest that approximately 50% of mesopelagic
organisms migrate, with this value ranging regionally between 20%
and 90% depending on temperature, turbidity and oxygen concentra-
tions>**%. Carbon sequestration by mesopelagic migration is governed
by the metabolic transfer efficiency of migrators, and particles are
injected at their residence depth; this is often at the upper boundary
of oxygen minimum zones where their respiration intensifies oxygen
depletion®.

Active transport by vertically migrating metazoans can also occur
on longer timescales (Box 1). For example, in high-latitude regions the
hibernation of copepods (members of the mesozooplankton) at depths
between 600 m and 1,400 m gives rise to a so-called ‘seasonal lipid
pump>®: during winter hibernation, copepods catabolize carbon-rich
lipids that they accumulated in the upper layers during summer; in
doing so, they shunt carbon (but not nitrogen and phosphorus) below
the permanent pycnocline®. The strength of the seasonal lipid pump
is governed by mesopelagic temperature along with the abundance
and size of copepods; together, these factors control their respiration
rate and help to explain the existence of carbon flux hotspots (that is,
patchiness).

Another vertical export mechanism that operates on seasonal-
migration timescales is zooplankton mortality at their hibernation
depth, particularly in high latitude regions®”*%, which sequesters carbon
at depths of greater than 500 m. Global extrapolation of seasonal-lipid-
pump fluxes, along with the over-wintering mortality flux, is problematic
owing to difficulties in sampling and generalizing across distinct
regional mechanisms* (Supplementary Table 1).

The potential for double accounting

The export flux from the BGP is mediated by sinking particles, whereas
PIPs can provide additional pathways for all particle classes—from sus-
pended to sinking—to exit the surface ocean (Fig. 1). Thus, there is
potential overlap between particles that are delivered from the surface
ocean to depth via the BGP and by injection from PIPs. Such overlap—
which here is termed ‘double-accounting’—may occur when particles
associated with the BGP and a PIP are difficult to distinguish and hence
could be attributed to more than one pump (Fig. 1). At depth, trans-
formations such as aggregation alter the characteristics of particles,
including their size and sinking rate, and hence particles injected by
the PIPs can join the sinking flux that is usually attributed to the BGP
(Fig. 1). A further factor that introduces overlap between the BGP
and PIPs results from the inclusion—for historical reasons®—of one
component of the mesopelagic migration pump (diurnal migration by
mesozooplankton) into the 1D sampling framework of the BGP, while
other components (for example, patchier diurnal migration by larger
mesopelagic carnivores®) are not included. As such, double-accounting
can confound our understanding of the relative importance of PIPs to
carbon storage in the oceans.



Whether or not it is possible to tease apart the impacts of the individual
PIPs is an important question. Forty years of studying the BGP
has uncovered a complex biogeochemical system that has multiple
drivers and distinguishing characteristics'"". This body of research
helps to frame the differences and similarities between particles
delivered to depth by PIPs and those settling via the BGP. Each PIP
is distinct with respect to its combination of the type of injected
particle (suspended cells to faecal pellets of large mesopelagic
migrants), the timing and depth of injection (Fig. 2a, b), and associ-
ated particle transformations (aggregation or disaggregation)!"1261,
Additionally, the subsurface ‘fate’ of particles (that is, where they
remineralize)—which determines the longevity of carbon sequestra-
tion—is driven by the complex interplay between these properties and
transformations'?%6L; the composition and architecture of particles
determine their sinking speed, whereas myriad processes that are bio-
logically mediated (by microbes and/or zooplankton) and physically
mediated (by fragmentation or disaggregation)!%¢>-%4 decompose and
repackage them over depth (Fig. 1). Therefore, particle fate provides
another avenue by which to distinguish the contributions of PIPs from
those of the BGP.

So far, evidence of the subsurface fate of injected particles has been
largely indirect?”?#%. Surveys of eddy-subduction pumps suggest that
injected particles may be remineralized at depths of less than 200 m,
based on ammonium peaks®’, time-series of biogeochemical gradi-
ents?®, or particle modelling studies”. In the northeast Atlantic, the
reported high rates of particle remineralization (from glider-based
biogeochemical gradients) must be reconciled with concurrent evi-
dence of coincident, coherent chlorophyll plumes at depths of greater
than 300 m, which are indicative of subducted viable phytoplankton®,
This glider-based time-series reveals pronounced patchiness?, which
suggest that inference of the fate of injected particles—even from state-
of-the-art observations—is challenging.

Better constraining of the contribution of each PIP to mesopelagic
carbon budgets will require characterization of the injected particle
assemblage and their transformations during downwards trans-
port!%65-68 Particle aggregation in PIPs may be driven by convergence
or subduction®’° and differential sinking®>®’, potentially leading to
altered modes of subsurface transport (Fig. 1). BGC-Argo profile obser-
vations enable quantification of the size, type, seasonal succession and
penetration depths of particles injected by the mixed-layer pump?**—
properties that have the potential to differentiate them from fast-sinking
particles (that is, those transported by the BGP), the distinctive ‘spiky’
bio-optical signature of which is readily detected using multiple
sensors’! (Supplementary Figs. 2, 3). Advances in bio-optics are already
making ambiguous signatures associated with slow-sinking particles
and zooplankton vertical migration less opaque, lessening the possi-
bility of double-accounting. Such double-accounting may be avoided
through the identification of unique characteristics of pumps—includ-
ing their seasonality (Fig. 2a) or their distinctive regional features**—or
through multivariate oceanographic diagnostics’.

Carbon sequestration potential
The potential carbon sequestration by each PIP can be quantified
as the product of their carbon-injection rate and their sequestration
timescale; that is, the time until remineralized carbon is returned to
the surface (Supplementary Methods). This timescale is determined
both by the injection depth of particles and by their eventual fate; that
is, the degree to which they sink or circulate through the ocean before
remineralizing to CO,. In general, deeper particle injection and rapid
sinking translates to longer carbon sequestration, because the ‘pas-
sage time’ from the ocean interior to the surface increases with depth
(Fig. 2b). Here we assemble previous estimates of carbon injection rate
and depth (Supplementary Table 1)—along with new modelling projec-
tions (Fig. 2)—to estimate carbon sequestration by each PIP, and assess
the significance of the PIPs relative to the BGP.

Some targeted studies provide concurrent estimates of carbon
injection by individual PIPs and the BGP*”?, whereas others®*>457:58
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facilitate comparison of regional-scale PIP fluxes with independent
estimates of the BGP. Both approaches show that PIPs each have the
potential to contribute substantial rates of POC export. The reported
upper bound of global PIP estimates summed together is 8.7 Pg Cyr~!,
which is comparable to the BGP export flux (Supplementary Table 1).
This comprises 1.1-2.1 Pg C yr™! for the large-scale (and mesoscale)
physical pumps (which also includes DOC?>%*), and 0.25-1.0, 0.9-3.6
and —0.09-2.0 Pg C yr™! from the lipid seasonal, mesopelagic migra-
tion, and eddy-subduction pumps, respectively (Fig. 2c). Thus, the
cumulative contribution of PIPs may be as much as around 40% of
total particle export (that is, BGP + PIPs). This suggests a considerable
potential to resolve the imbalances reported for mesopelagic carbon
demand'” and between nutrient and carbon export budgets'®, and to
lessen the variability between model estimates of global carbon seques-
tration (Supplementary Table 1).

We estimated the sequestration timescales for each PIP based on
the passage time from the injection depth to the surface in an observa-
tionally constrained ocean circulation model'*. Particles injected at the
depth of the wintertime mixed-layer by the large-scale physical pumps
(mixed-layer and subduction) result in sequestration for 25-100 years,
assuming that subduction occurs before re-entrainment the next win-
ter. In turn, deeper injection by the eddy-subduction pump (up to 450
m), the mesopelagic migration pump (up to 600 m) and the seasonal
lipid pump (up to 1,400 m) translates to sequestration timescales of up
to 150, 250 and 500 years respectively (Fig. 2b). These timescales will
increase if it is assumed that sinking rather than suspended particles
are injected, as sinking particles remineralize deeper than the injection
horizon (Supplementary Methods).

Given the wide-ranging estimates of carbon injection rate (Fig. 2c)
and depth (Fig. 2b) for each PIP, oceanic carbon sequestration by these
mechanisms cannot be estimated with precision (Fig. 2d). However,
choosing central values from the reported ranges of each property
enables a first-order comparison between PIPs and the BGP. The
mesopelagic migration pump emerges as the most important PIP,
potentially storing around 60% as much carbon as the BGP in the ocean
interior if large, sinking particles (that is, faecal pellets) are injected. The
carbon-storage potential of the seasonal lipid, eddy-subduction and
large-scale subduction pumps are approximately 20%, 10% and 5% that
of the BGP, respectively, assuming that each pump injects suspended
particles. The small net value for the large-scale subduction pump
is due to the offsetting of subduction by strong obduction (upward
transport of water parcels) in the equatorial oceans®. On the basis of
these central values (Fig. 2d), it is likely that the reservoir of respired
carbon in the ocean interior contributed by the PIPs approaches that
contributed by the BGP, and may therefore help to close global-scale
mesopelagic carbon budgets'>®.

Tracer constraints on the fate of exported carbon

Oceanic carbon sequestration by the BGP and by wide-ranging bio-
physical mechanisms that inject biogenic particles to depth depend
critically on the fate of exported carbon (Fig. 2). However, at present,
tracing the remineralization of particles (regardless of their export
pathway) as they settle and circulate through the global ocean remains
alogistical challenge, owing to the difficulties of deep-water particle
sampling. Recently, new methods have used 3D ocean data assimilation
models to leverage geochemical ‘remineralization tracers, including
oxygen and nutrients. These tracers integrate particle remineralization
signatures over long timescales, and their global distributions are char-
acterized by orders-of-magnitude more observations than are available
for particles'®*73, Two distinct approaches have been applied. The first
diagnoses remineralization rates directly from phosphate accumulation
along transport pathways in a circulation model, and reconstructs par-
ticulate flux profiles that are required to explain the global distribution
of remineralized phosphate®'. The second assimilates geochemical and
satellite data into mechanistic biogeochemical models to optimize key
particle flux parameters, yielding mechanistic insights while leveraging
the observations less directly”.
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Fig. 3 | Fate of exported organic matter constrained in models from
geochemical remineralization tracers. a, Organic matter flux over depth
(normalized to flux at the base of the euphotic zone), averaged across
subtropics, tropics and high latitude regions (as defined in ref. *!). Lines
show flux profiles from a mechanistic model”® that is optimized to match
geochemical constraints (shading represents the range between 12 model
configurations); circles represent the transfer efficiency diagnosed directly

Both approaches have yielded similar results and provide evidence
for regional variability in particle flux attenuation, with the flux atten-
uating slowly at high latitudes and quickly in subtropical gyres; the
tropics lie between these two extremes (Fig. 3a). These simulations
reveal that carbon exported from high latitudes and tropical surface
waters is sequestered longer in the interior of the oceans than is carbon
exported in the oligotrophic gyres (Fig. 3b). This has important impli-
cations for feedbacks between the particle export and the global climate.
Atmospheric P, is probably more sensitive to past changes in
high-latitude export than has previously been recognized?, and the
future expansion of subtropical habitats’ may result in less efficient
(although not currently quantifiable) carbon sequestration in a warm-
ing world.

Regional variations in particle flux attenuation have largely been
interpreted in terms of the balance between decomposition and sinking
rates®2. A likely explanation for the observed latitudinal pattern is the
temperature-dependent metabolism of heterotrophs that are responsi-
ble for particle decomposition®*7%; however, variations in particle size
and/or ballast are valid alternatives’>. There may also be a secondary
effect of oxygen, as decomposition rates are slower in anoxic zones’>”*
and even in hypoxic waters, due to the formation of anaerobic microen-
vironments in the particles’.

To some degree, model-derived particle flux profiles may also
reflect the relative magnitude of different export pathways (PIPs and
BGP)—which vary in the injection depth and nature of particles they
supply—because geochemical tracers integrate the effects of all export
mechanisms. Deep injection by PIPs would result in slower flux atten-
uation over depth, whereas the injection of suspended particles that
remineralize shallower in the water column would be diagnosed as
rapid flux attenuation. Predicting future changes in ocean carbon
sequestration will require a better understanding of the contribution
of injection versus remineralization processes to the sequestration effi-
ciency (Fig. 3b), given the different environmental sensitivity of these
processes.

The need for prediction motivates the development of new
techniques to distinguish between particle flux associated with
the BGP and with each PIP. Particle stoichiometry (that is, carbon:
nitrogen:phosphorus) may be central to identifying particular
mechanisms that decouple their export. For example, diagnosing
oxygen consumption between 500-1,500 m (the depth of zooplank-
ton hibernation) without concomitant nutrient accumulation would
point to carbon export by the seasonal lipid pump?’. Alternatively,
diagnosing seasonal cycles of nutrient accumulation and oxygen-
consumption rates would help to distinguish between the
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remineralization of particles exported by physical pumps and particle
settling, both of which should exhibit distinct seasonality (Fig. 2a).
This approach may soon be possible, given the burgeoning spatial
and temporal resolution of tracer data provided by BGC-Argo floats
(Supplementary Fig. 1) as well as emerging float sensor technology
(Supplementary Table 2).

Extrapolation: towards a 4D view of particle export

To improve the accuracy of the initial estimates of the magnitude of
carbon sequestration presented in Fig. 2d, the development of a 4D
picture of particle flux and storage in the interior of the oceans would
be required. It is clear from our development of PIP mechanisms that
multiple scales—from sub-mesoscale to basin—must be accommo-
dated if PIPs are to be assembled, first spatially and then temporally,
into a complete 4D picture. Again, lessons on how to approach such
upscaling can be gleaned from BGP research, which has imprinted
both spatial and seasonal signatures (satellite remote-sensing and
modelling)®® onto short-term (days and weeks) observations taken at
specific sites (Box 1). The timescales and lifetimes of features such as
submesoscale eddies and fronts or seasonal mesopelagic export signa-
tures (Fig. 2a) must be characterized to define the temporal footprint
of each PIP and move towards a 4D viewpoint. This framework must
be linked to the seasonality of pelagic particle production to assess
whether a large portion of these upper ocean particles are subducted
during a distinctive time period (Fig. 2a). For example, it is well estab-
lished that submesoscale dynamics are strongly seasonal, with stronger
and deeper penetration during winter than during summer”®.

Some published approaches towards extrapolating PIPs globally, and
to climatological timescales, are outlined in Supplementary Table 1.
The identification of the specific drivers of each PIP mechanism should
help to improve modelling and hence extrapolation. We advocate the
utility of explicitly incorporating the different PIP mechanisms into
predictive, mechanistic models as a means to extrapolate PIPs into 4D.
In the case of the extrapolation of the submesoscale eddy-subduction
PIP, increasing the model grid resolution to incorporate these features is
necessary and is now achievable in regional configurations’”’®. By con-
trast, other physically mediated PIPs—such as the large-scale subduc-
tion and mixed-layer pumps—are already represented in global models,
and so their extrapolation requires the development of diagnostics to
enable the simulated POC and DOC distributions to be better evaluated
against observations®*. At present, the biologically mediated PIPs are
not incorporated into state-of-the-art biogeochemical models®!4317778,
Although simulating animal behaviour at the global scale remains a
grand challenge in ocean modelling, simple parameterizations have



been developed to predict the geochemical effect of the mesopelag-
ic-migrant pump®, which might be further expanded to incorporate
hibernation and therefore the seasonal lipid pump. It is only very
recently that diel vertical migration has been incorporated for the first
time in a global ocean general-circulation model and used to estimate
the associated flux of carbon at the global scale”. Although promising,
this approach remains challenging because it is based on a computa-
tionally intensive, end-to-end ecosystem model, involving the interac-
tion of all trophic levels from phytoplankton to top predators.

Transforming our view of ocean carbon export

Our synthesis of physically and biologically mediated PIPs reveals that
they are directly transporting substantial stocks of biogenic particles
to depth, of a cumulative magnitude that may be equivalent to the
carbon storage of the BGP. The potential of PIPs to make a major con-
tribution to the ocean carbon budget must now be explored in more
detail, commencing with those PIPs that are most likely to contribute to
carbon sequestration. The development of estimates of particle export,
injection depth and circulation timescales reveals that the mesope-
lagic-migrant pump has the greatest potential to contribute to carbon
sequestration, followed by the seasonal lipid pump and the various
physical pumps (Fig. 2d). In the case of the seasonal lipid pump, its
geographical realm of influence is already established’, whereas less
is known about the regional contributions of the mesopelagic-migrant
pump®.

For all PIPs, the most pressing research issue—needed to address
double-accounting issues and improve estimates of carbon sequestra-
tion—is to better understand the mechanisms of particle transforma-
tions!”%>7%8 (Fig. 1) within a 4D framework. Specifically, the fate of
exported particles between their injection depth and the permanent
pycnocline remains poorly constrained. A first step will be improved
particle characterization, in particular the ability to distinguish zoo-
plankton from other particle types, and to construct aggregate particle
size distribution (PSD) profiles through the development and appli-
cation of new sensors (Supplementary Table 2). Future developments
in acoustic and imaging technologies®® must be deployed on a range
of platforms from ships (that is, to provide data for sensor calibra-
tion purposes) to an array of long-lived (that is, years), geographically
diverse BGC-Argo floats. These developments towards the improve-
ment of particle characterization will reduce the likelihood of dou-
ble-accounting. Moreover, the alignment of BGC-Argo deployments
(Box 1) with the characteristic space- and timescales of PIPs will enable
better quantification of the role of patchiness in driving observed local
and regional hotspots in biological PIPs*>**%, In time, following the
development and testing of a Coastal-Argo platform, they can also be
deployed to coastal and shelf seas to explore the role of PIPs in these
regions (Supplementary Table 2).

The way forward in refining estimates of the contribution of PIPs
in closing the ocean carbon budget!>-!7 also requires leveraging
advancements in ocean biogeochemical modelling. Models are valu-
able testbeds on which to investigate the sensitivity of carbon storage
mechanisms and guide future observations. For example, model sen-
sitivity analyses point to the pivotal role of PSD in determining the
fate of exported carbon73; however, the processes that determine the
PSD of exported particles and its evolution over depth remain only
crudely parameterized. The development of robust models of particle
transformations between multiple size classes, and incorporating them
into general circulation models, will enable us to trace the fate of parti-
cles injected by different PIPs and dissect their contribution to carbon
sequestration, while avoiding double-accounting issues.

Inverse methods that can assimilate PSD fields from new BGC-Argo
technologies®! will enable models to learn’ from the data, further refin-
ing them to better reflect the real ocean. Furthermore, downscaling of
physical models is essential in order to simulate the locations of PIP
injections—to support observational programmes such as high-reso-
lution altimetry®>—and to integrate detailed particle transformations
into submesoscale models®.

REVIEW

To transform the comprehension of particle export from one- to
three- and eventually four dimensions, it will be necessary to use
machine-learning methods® that can be trained to predict unknown
variables—such as particle flux—from better-sampled variables.
Approaches such as artificial neural networks® will enable and enhance
the upscaling of local and/or regional datasets that is needed to provide
more robust extrapolation®*® to depth, both regionally and annually,
for each PIP. This upscaling is essential to refine estimates of the con-
tribution of each PIP to carbon sequestration. BGC-Argo datasets will
also eventually be combined with new satellite products, such as hyper-
spectrally resolved ocean colour observations of biology processes®®
and submesoscale characterization of sea level using high-resolution
altimetry®2,

Satellite and water-column remote-sensing, along with targeted pro-
cess studies, will yield expansive datasets that can be assimilated into
regional and global models of ever-increasing realism and resolution.
Together, these approaches will lead towards a robust, four-dimensional
view of carbon sequestration by the ocean’s multi-faceted biophysical
particle pumps.
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