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The biological carbon pump (BCP) stores ∼1,700 Pg C from the atmosphere in
the ocean interior, but the magnitude and direction of future changes in carbon
sequestration by the BCP are uncertain. We quantify global trends in export production,
sinking organic carbon fluxes, and sequestered carbon in the latest Coupled Model
Intercomparison Project Phase 6 (CMIP6) future projections, finding a consistent 19
to 48 Pg C increase in carbon sequestration over the 21st century for the SSP3-7.0
scenario, equivalent to 5 to 17% of the total increase of carbon in the ocean by 2100.
This is in contrast to a global decrease in export production of –0.15 to –1.44 Pg C y−1.
However, there is significant uncertainty in the modeled future fluxes of organic carbon
to the deep ocean associated with a range of different processes resolved across models.
We demonstrate that organic carbon fluxes at 1,000 m are a good predictor of long-term
carbon sequestration and suggest this is an important metric of the BCP that should be
prioritized in future model studies.

carbon cycle | marine biogeochemistry | biological carbon pump | CMIP6

A fraction of the carbon fixed in the surface ocean by phytoplankton is isolated away
from the atmosphere in the ocean via sinking organic detritus (particulate organic carbon
[POC]) that is respired in the ocean interior, a process known as the biological carbon
pump (BCP; here we focus on the organic carbon, or soft-tissue, part only). The relatively
fast timescale of sinking particles (days/weeks) versus the much longer timescales of ocean
circulation [10 to 1,000 y dependent on depth (1)] leads to the accumulation of ∼1,700
Pg of dissolved inorganic carbon (DIC) in the ocean beyond the concentration expected
solely with physiochemical drivers, effectively lowering the baseline atmospheric CO2

concentration by ∼150 to 250 ppm (2). The total amount of carbon sequestered by
the BCP (Csoft) can be conceptually simplified as a function of three key processes: the
flux of carbon leaving the surface ocean (export production), the average depth at which
organic carbon is respired [attenuation of the POC flux with depth (3)], and how long
respired DIC takes to return to the surface ocean and atmosphere [ocean residence time
(1)]. All three processes are expected to change in response to a changing climate. Both
export production and POC attenuation are affected by factors such as the temperature
dependence of metabolic rates and the diversity of plankton communities (4), while the
circulation timescales of the ocean are impacted by warming-driven stratification (5, 6)
(which additionally impacts export production rates through changing nutrient fluxes). As
such, the BCP is a vulnerable carbon pool in the Earth system, but there is low confidence
in the magnitude and direction of this ocean carbon feedback (7).

Here we quantify trends and uncertainties in the BCP within the Coupled Model
Intercomparison Project Phase 6 [CMIP6 (8)] ensemble for the historical period and
two future scenarios: mitigated carbon emissions Shared Socioeconomic Pathways (SSP)
(SSP1-2.6) and continued emissions (SSP3-7.0). Previous analyses of the BCP in CMIP5
models typically focused on export production as a metric of carbon storage (5, 6). We
provide a broader characterization of the BCP that quantifies all processes additional to
export production as well as carbon storage (Materials and Methods).

All models consistently predict that carbon storage by the BCP increases over the 21st
century (Fig. 1 A and B); i.e., the BCP acts as sink for atmospheric CO2. Carbon storage
relative to the preindustrial increases by 19 to 48 Pg C and by 10 to 34 Pg C for the
SSP3-7.0 and SSP1-2.6 scenarios, respectively. Although consistent with previous CMIP5
estimates (9) (4 to 50 Pg C), all models substantially underestimate the increase in Csoft
across the past 5 decades (–0.5 to 2 Pg C per decade) compared to observations (7 Pg C per
decade) (10). As per CMIP5 (11), global export production at 100 m declines across the
21st century by between –0.15 and –1.44 Pg C y−1 with exceptions for the IPSL-CM6A-
LR and IPSL-CM5A2-INCA models where the decline is much smaller (Fig. 1 E and F ).
Both trends reflect a common physical driver of warming-driven stratification that reduces
the rate at which deep water masses return to the surface ocean (Fig. 1 C and D) (5).
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Fig. 1. Modeled global mean historical and 21st century trends in the
biological carbon pump for the SSP1-2.6 and SSP3-7.0 scenarios. (A and B)
Carbon storage estimated by AOU. (C and D) Global area-weighted mean
stratification index. (E and F) Export production of particulate organic carbon
at 100 m. (G and H) The percentage of particulate organic carbon exported at
100 m reaching 1,000 m (transfer efficiency). C–H are smoothed with a 10-y
moving average. The gray dotted lines demarcate the historical and future
projections.

This acts to reduce the global supply of nutrients to the surface
ocean, limiting productivity, but also the supply of respired DIC
leading to the accumulation of respired CO2 in the ocean interior.
Assuming changes in Csoft predict the cumulative air–sea flux of
CO2 (12), the magnitude of change in the BCP is a small fraction
(5 to 17% for both scenarios) of total carbon storage projected for
the 21st century (7).

The biggest uncertainty in the BCP projections is the response
of POC transfer efficiency to 21st century climate change with
both projected increases and decreases across CMIP6 models
(Fig. 1 E and F ). The preindustrial global mean transfer efficiency
varies widely between 3% (UKESM1-0-LL) and 25% (IPSL-
CM5A2-INCA) compared with sediment trap observations of
∼20% (13). Spatial distributions of preindustrial POC transfer
efficiency also vary across models, with predictions of higher trans-
fer of export production to depth in upwelling regions (GFDL-
ESM4 and MPI-ESM1-2-HR), higher transfer matching patterns
of surface productivity (UKESM1-0-LL and IPSL-CM6A-LR),
and higher transfer in the high latitudes (CMCC-ESM2) (Fig. 2).
These differences reflect the range of processes that are variously
resolved in the different biogeochemical models, including
temperature and oxygen-dependent remineralization, ballasting
by inorganic material, and dependence of sinking velocities on
cell size and plankton groups (SI Appendix, SI Methods). The
range of processes resolved by models reflects the uncertainty in
the spatial patterns of transfer efficiency in observations (Fig. 2).
The variability in transfer efficiency for CMCC-ESM2 (Fig. 1F )
reflects the intensification of spatial patterns in areas such as
the North Atlantic seen in Fig. 2. Notably, GFDL-ESM4 and
MPI-ESM1-2-LR/HR have similar preindustrial patterns of
transfer efficiency despite different underlying drivers of POC,
which then deviate in their transient response under SSP3-7.0
(Fig. 2).

The uncertainty in POC fluxes to the deep ocean has implica-
tions for carbon storage by the BCP beyond 2100. At or near equi-
librium in the preindustrial simulations, the globally integrated
POC flux at 1,000 m is a better predictor of the nearly 500 Pg C
difference in Csoft than export production across the sampled
CMIP6 models (Fig. 3B vs. Fig. 3A). We further demonstrate the
validity of this relationship using a first-order global mean model
of the BCP (Fig. 3 C and D) (SI Appendix, SI Methods). The
model predicts steady-state Csoft using a fixed global mean profile
of ocean residence times (1) and varies export production and a
POC flux curve independently within observational constraints.
Assuming similarity in ocean residence times, the global mean
model shows that Csoft could vary across models with similar
export production by up to ∼1,000 Pg C, whereas it is reliably
predicted by POC fluxes at 1,000 m (Fig. 3 C and D). The
downward flux of POC at 1,000 m is therefore a crucial output
needed in future modeling studies to assess uncertainties about the
BCP and its impact on carbon sequestration. Ultimately, while
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Fig. 2. Spatial patterns in POC transfer efficiency (%) at 1,000 m for each
biogeochemical model. (Left) The baseline preindustrial control transfer ef-
ficiency. (Right) The change in POC transfer efficiency between the SSP3-
7.0 scenario and the preindustrial control. Spatial changes for the SSP1-2.6
scenario are similar to those of SSP3-7.0 but at a smaller magnitude. Sixth row
shows transfer efficiency estimated from sediment trap observations. Model
and data references are found in SI Appendix, SI Methods.
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Fig. 3. Relationship between the carbon storage by the BCP (Pg C) and
(A) export production (Pg C y−1) and (B) downward POC flux at 1,000 m
(Pg C y−1), for the preindustrial. Values are the mean across the control runs.
The maximum relative SD across all models for each variable is <2%. (C and
D) Theoretical predictions from a first-order model using a single circulation
model (SI Appendix, SI Methods).

the BCP is strongly determined by physical drivers in the 21st
century, currently uncertain environmental and biological drivers
of the BCP will have an increasing influence on carbon storage
beyond 2100.

Materials and Methods

Particulate Organic Carbon Fluxes. Three-dimensional fields for particulate
organic carbon fluxes (expc) were extracted at 100 and 1,000 m where available
or linearly interpolated to these depths. All POC fields were annually averaged
before calculating export production.

Apparent Oxygen Utilization and Csoft . Three-dimensional fields of apparent
oxygen utilization (AOU) were calculated as

AOU = O2 − O2,sat , [1]

where O2,sat uses the oxygen solubility coefficients derived from Garcia and
Gordon (14). The global mean BCP carbon storage (Pg C) was then calculated as

Csoft =
1

Vtot

∫
V
[AOU]RC:OmCdv, [2]

where RC:O is the stoichiometric ratio between carbon and oxygen (117:170),
mC is the molecular weight of carbon (12.01 g mol−1), and Vtot is the total ocean
volume.

Stratification. Stratification was calculated the area-weighted global mean
difference in density at 200 m and at the surface.

CMIP6 Models. Fifteen CMIP6 models reported both concentrations of dis-
solved oxygen (o2) and three-dimensional fields of the downward flux of par-
ticulate organic carbon fluxes (expc), limited by those that reported expc. Of
this subset, National Center for Atmospheric Research (NCAR) models did not
report dissolved oxygen. Of the remaining models, eight reported output for
the preindustrial, historical, and both SSP1-2.6 and SSP3-7.0 future projections
experiments. We did not include MPI-ESM-1-2-HAM as it reported results up to
2050.

Climate Signal and Drift Removal. All output is reported as the difference
to the equivalent part of the control experiment starting from the experiment
branch point. The length of control run available for IPSL-CM5A-INCA limited the
projection to 2080.

Data Availability. Python code has been deposited in GitHub (DOI: 10.5281/
zenodo.6481684) (15).
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