
1. Introduction
The ocean's biological carbon pump (BCP) plays an important role in determining the partitioning of carbon 
between the ocean and atmosphere, thereby influencing the Earth's climate. The biological pump functions as 
photosynthetic plankton take up dissolved inorganic carbon (DIC) in the sunlit photic zone, and the resulting 
particulate and dissolved organic carbon (POC and DOC, respectively) is transported to depth, or exported, as 
sinking particles (Boyd et al., 2019; Lampitt, Boorman, et al., 2008), by migrating animals (Archibald et al., 2019; 
Aumont et al., 2018), and by ocean mixing (Dall’Olmo et al., 2016; Resplandy et al., 2019). These processes 
help to maintain a vertical gradient in DIC in the ocean that reduces the surface ocean partial pressure of CO2 
(pCO2), allowing the ocean to take up additional carbon from the atmosphere. The net effect of the BCP is to 
increase the oceanic DIC inventory by about 8% (DeVries, 2022) and reduce the atmospheric pCO2 by approx-
imately 200 ppm relative to what it would be without the biological pump (Parekh et al., 2006; Sarmiento & 
Toggweiler, 1984). Note that throughout this study, we refer only to the organic or “soft tissue” component of the 
biological pump and do not include the effects of the inorganic or “hard tissue” component due to the formation 
and dissolution of calcium carbonate (CaCO3) exoskeletons.

Abstract The ocean's biological carbon pump (BCP) affects the Earth's climate by sequestering CO2 away 
from the atmosphere for decades to millennia. One primary control on the amount of carbon sequestered by 
the biological pump is air-sea CO2 disequilibrium, which is controlled by the rate of air-sea CO2 exchange 
and the residence time of CO2 in surface waters. Here, we use a data-assimilated model of the soft tissue BCP 
to quantify carbon sequestration inventories and time scales from remineralization in the water column to 
equilibration with the atmosphere. We find that air-sea CO2 disequilibrium enhances the global biogenic carbon 
inventory by ∼35% and its sequestration time by ∼70 years compared to identical calculations made assuming 
instantaneous air-sea CO2 exchange. Locally, the greatest enhancement occurs in the subpolar Southern Ocean, 
where air-sea disequilibrium increases sequestration times by up to 600 years and the biogenic dissolved 
inorganic carbon inventory by >100% in the upper ocean. Contrastingly, in deep-water formation regions of 
the North Atlantic and Antarctic margins, where biological production creates undersaturated surface waters 
which are subducted before fully equilibrating with the atmosphere, air-sea CO2 disequilibrium decreases the 
depth-integrated sequestration inventory by up to ∼150%. The global enhancement of carbon sequestration by 
air-sea disequilibrium is particularly important for carbon respired in deep waters that upwell in the Southern 
Ocean. These results highlight the importance of accounting for air-sea CO2 disequilibrium when evaluating 
carbon sequestration by the biological pump and for assessing the efficacy of ocean-based CO2 removal 
methods.

Plain Language Summary In the surface ocean, tiny organisms called phytoplankton convert 
CO2 to organic matter, a portion of which is transferred to the deep ocean where it then releases CO2. This 
regenerated CO2 can be stored for hundreds to thousands of years before it is brought back to the surface ocean 
and reenters the atmosphere. Through this transfer of carbon from the surface to the depth, the “biological 
carbon pump” helps the ocean take up more CO2 from the atmosphere. In this study, we used computer models 
to determine how the rate of CO2 exchange between the ocean and the atmosphere impacts the amount of time 
CO2 can be stored in the ocean. Since the air-sea exchange of CO2 is slow, the amount of carbon stored by the 
biological pump is about 35% greater than it would be if the exchange happened instantly. The slow air-sea 
exchange rate also increases the length of time this carbon will be stored in the ocean. It is important to take 
this effect into account when assessing methods for deliberately storing CO2 in the ocean.
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The amount of DIC sequestered in the ocean due to biological activity (CBCP) has been shown to depend on the 
carbon export rate and the sequestration time of the exported carbon once it is regenerated or “injected” (Pinti 
et al., 2023) as DIC in the interior ocean (Boyd et al., 2019; DeVries et al., 2012; Nowicki et al., 2022). The 
sequestration time refers to the amount of time that biogenic DIC will remain in the interior ocean before it is 
circulated back into the surface layer where it can re-enter the atmosphere. Several studies have estimated the 
average sequestration time of carbon exported by different biological pump pathways (Boyd et al., 2019; Nowicki 
et al., 2022) as well as the sequestration time for DIC released into the interior ocean (Siegel et al., 2021). These 
sequestration times can be convolved with rates of organic carbon respiration to determine the contribution of 
carbon export from different regions or mechanisms to CBCP (e.g., Boyd et al., 2019; Siegel et al., 2023) or to 
estimate the amount of carbon that can be sequestered by purposeful injection of DIC for marine CO2 removal 
(mCDR) purposes (Siegel et al., 2021).

A common issue with these previous estimates of biogenic DIC sequestration times is that they assume instanta-
neous equilibration of CO2 between the atmosphere and ocean once the regenerated DIC is circulated back into 
the surface layer. The equilibration of CO2 between the atmosphere and ocean is actually rather slow, with an 
equilibration timescale on the order of months to a year depending on factors such as the wind speed, mixed layer 
depth, seawater carbon buffering capacity, and ice cover (Emerson & Hedges, 2014; Sarmiento & Gruber, 2006; 
Williams & Follows, 2011). Simulations with ocean biogeochemical models have been used to quantify the influ-
ence of the slow air-sea CO2 equilibration on CBCP (Eggleston & Galbraith, 2018; Ito & Follows, 2013; Khatiwala 
et al., 2019; Marinov et al., 2008; Toggweiler et al., 2003). These studies have found that slow air-sea CO2 equi-
libration increases CBCP because upwelled waters that carry respired DIC to the surface in regions such as the 
Southern Ocean may be transported back to depth before they fully equilibrate with the atmosphere (Eggleston 
& Galbraith, 2018; Ito & Follows, 2013). However, the effect of air-sea CO2 disequilibrium on the sequestration 
times of biogenic DIC has not yet been quantified. Additionally, previous studies have only focused on the role of 
air-sea disequilibrium in affecting the distribution of biogenic DIC based on where it accumulates in the interior 
ocean. To the best of our knowledge, no study has quantified how air-sea disequilibrium affects the inventory 
of injected biogenic DIC (i.e., at the location where it was regenerated via respiration) despite its relevance to 
biogenic carbon sequestration metrics and importance for mCDR purposes.

Here, we address these issues using simulations with a data-assimilated ocean circulation model. First, we quan-
tify the effect of the air-sea CO2 disequilibrium on CBCP using an ocean biogeochemical model and a linearized 
version of this model, as described in Sections 2.1 and 2.2, respectively. Then, we demonstrate how the dise-
quilibrium effect can be incorporated into estimates of the sequestration time of biogenic DIC, and how these 
estimates can be convolved with respiration rates to determine CBCP, as described in Section 2.3. In Section 3, 
we compare these different approaches and demonstrate that they yield roughly equivalent estimates of CBCP. We 
then use the sequestration time approach to demonstrate the effect of the air-sea CO2 disequilibrium on global, 
basin-scale and regional patterns of the sequestration time of injected biogenic DIC. In Section 4, we compare 
our results to those of previous studies and discuss the effects of air-sea CO2 disequilibrium on different metrics 
of biogenic carbon sequestration.

2. Materials and Methods
Here, we describe model simulations that we used to quantify CBCP, and the effect of air-sea CO2 disequilibrium 
on CBCP and on the sequestration time of biogenic DIC in the ocean. We first compare an ocean biogeochemical 
model (Section 2.1) to a linearized model (Section 2.2) in order to quantify the errors introduced by linearizing 
the CO2 system chemistry. We then introduce a sequestration time model based on linearized CO2 system chem-
istry in order to quantify the effects of air-sea CO2 disequilibrium on the sequestration time of biogenic DIC 
(Section 2.3).

2.1. Quantifying CBCP Using Ocean Biogeochemical Model Simulations

The impact of the biological pump on the oceanic DIC inventory has traditionally been estimated using ocean 
biogeochemical model simulations with and without biological activity (e.g., Murnane et al., 1999; Toggweiler 
et  al.,  2003). The difference between the two simulations can be attributed to the effects of the biological 
pump.  Likewise, the models can be run with instantaneous gas exchange and realistic gas exchange rates to 
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quantify the impacts of incomplete air-sea CO2 equilibration on the magnitude of the biological pump (Marinov 
et al., 2008).

Similar to these previous studies, we performed simulations with a steady-state data-assimilated ocean circula-
tion inverse model (OCIM; DeVries, 2014; DeVries & Primeau, 2011), which has a horizontal resolution of 2° 
and 24 depth levels ranging in thickness from ∼36 m near the surface to ∼500 m in the deep ocean, coupled to a 
well-mixed atmosphere with a fixed CO2 concentration. We ran simulations both with and without biology. For 
simulations with biology, the governing equation for DIC is

𝜕𝜕DICtot(𝐱𝐱)

𝜕𝜕t
= 𝐀𝐀DICtot(𝐱𝐱) + Jtot

gas(𝐱𝐱) + Jbio(𝐱𝐱), (1)

where DICtot(x) represents the total DIC concentration, x is a discrete location in the three-dimensional ocean 
grid, and A is the OCIM1 ocean circulation transport operator (DeVries, 2014). Jbio is the biological DIC source-
sink vector (with negative values in the euphotic zone where net primary production occurs, and positive values 
in the aphotic zone where remineralization occurs; see global mean profile in Figure S1 of Supporting Informa-
tion S1), and 𝐴𝐴 J

tot
gas is the transfer of CO2 across the air-sea interface (with non-zero values only at the sea surface).

The Jbio values used here are taken from Nowicki et  al.  (2022), who implemented an ensemble of 
ecosystem-biogeochemical models in the OCIM1 circulation model. We use the mean Jbio from the ensemble 
of 124 data-constrained models presented in Nowicki et al. (2022). The ecosystem component of each ensem-
ble member consists of two phytoplankton groups (small and large) and three zooplankton types (small, large 
non-migrating and large migrating). Each of these produces sinking POC (small or large), a fraction of which is 
buried in sediments at the seafloor, and releases DOC, the cycling of which is simulated with four pools of vary-
ing lability. In each ensemble member, Jbio fluxes were constrained to be consistent with satellite-based estimates 
of primary productivity and phytoplankton size distribution, as well as in situ observations of POC fluxes, DOC, 
dissolved oxygen and mesozooplankton. As previously mentioned, these simulations and their Jbio values only 
include the effect of the soft tissue component of the BCP, and not the carbonate component resulting from the 
formation and dissolution of CaCO3 exoskeletons.

Air-sea CO2 exchange is parameterized as being proportional to the difference between the atmospheric and 
seawater CO2 partial pressure,

Jtot
gas(𝐱𝐱) =

Kw

∆z1
𝛼𝛼
(

pCO2,atm − pCOtot
2,sw(𝐱𝐱)

)

 (2)

where Kw is the CO2 gas transfer velocity, α is the solubility of CO2 in seawater, and ∆z1 is the depth of the surface 
layer of the model, which is 36 m. The atmospheric CO2 partial pressure, pCO2,atm, is set to pre-industrial levels 
(280 μatm), while the seawater CO2 partial pressure, 𝐴𝐴 pCOtot

2,sw , is computed from the modeled total DIC concentra-
tion using CO2SYS (Lewis & Wallace, 1998). Other inputs to CO2SYS include alkalinity from the GLODAPv2 
mapped climatology (Lauvset et al., 2016), and World Ocean Atlas climatology for salinity (Antonov et al., 2010), 
temperature (Locarnini et al., 2010), phosphate and silicate (Garcia et al., 2010).

To assess the influence of the biological pump on oceanic DIC, we ran identical simulations using Equation 1 but 
without the biological DIC flux (i.e., Jbio(x) = 0). This yields an estimate of the abiotic DIC (DICabio(x)), which is the 
ocean DIC concentration without the impact of biological activity. We then derive the biogenic DIC concentration, 
DICbio(x), by taking the difference between the DIC concentration in the full model with biology, and that in the 
abiotic model (Table 1). DICbio(x) represents the excess or deficit of DIC in the ocean due to the influence of biology.

To assess the influence of air-sea CO2 disequilibrium on the biogenic DIC concentration, we ran two gas exchange 
scenarios with both the biotic and abiotic models. In the instantaneous gas exchange scenario, Kw was set to an 
arbitrarily large value (10 10 m yr −1) to mimic instantaneous gas exchange. In the realistic gas exchange scenario, 
Kw was parameterized following Ho et al. (2006) and Wanninkhof et al. (2013),

Kw = a(u10)
2
(1 − fice)

(

Sc

660

)−
1

2

,

 (3)

where a is a scale factor (22 s 2 m −1 yr −1), u10 is the root-mean-square wind speed (in m yrs −1) at 10 m above the 
surface from the NCEP-DOE Reanalysis II data product, fice is the annually averaged fractional ice cover from 
the NCEP-DOE Reanalysis II data product, and Sc is the temperature-dependent Schmidt number for CO2. Using 
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these simulations, biogenic DIC can be decomposed into the sum of the biogenic DIC that would occur with 
instantaneous air-sea CO2 equilibration, 𝐴𝐴 DIC

eq

bio
(𝐱𝐱) , and that due to the air-sea CO2 disequilibrium, 𝐴𝐴 ∆DIC

diseq

bio
(𝐱𝐱) 

(Table 1). Taking the volume integral of these different DIC pools yields their total global inventory, 𝐴𝐴 C
eq

BCP
 and 

𝐴𝐴 ∆C
diseq

BCP
 , respectively (Table 1).

2.2. A Linear Model for Biogenic DIC

An approximation of the effects of the biological pump on oceanic DIC concentrations can be derived using a 
linear model for the biogenic DIC concentration. This linearization (see Supporting Information) allows us to 
directly compute the biogenic DIC inventory using a single model simulation, eliminating the need to run full 
biotic and abiotic ocean biogeochemistry models separately to assess the differences between them. A linear 
formulation will also be used in our sequestration time model (Section  2.3), so the linearized biogenic DIC 
formulation will allow us to assess the magnitude of any errors introduced by this approximation.

Subtracting the abiotic formulation of Equation 1 from the full biotic model yields the equation for the biogenic 
DIC concentration,

𝜕𝜕DICbio(𝐱𝐱)

𝜕𝜕t
= 𝐀𝐀DICbio(𝐱𝐱) + ∆Jbio

gas(𝐱𝐱) + Jbio(𝐱𝐱), (4)

where 𝐴𝐴 ∆Jbio
gas(x) is the air-sea CO2 flux anomaly due to the biological pump,

∆Jbio
gas(𝐱𝐱) = −

Kw

∆z1
𝛼𝛼pCObio

2,sw(𝐱𝐱). (5)

𝐴𝐴 pCObio
2,sw is the anomaly in seawater pCO2 due to the biological pump (the difference between the seawater pCO2 

with and without biology). Note that these values are calculated for the surface layer of the model, since that is 
where the gas exchange occurs. The biological pCO2 anomaly can only be fully assessed with the model simula-
tions presented in Section 2.1, but an approximation can be derived by linearizing the CO2 system chemistry (see 
Supporting Information) yielding an air-sea equilibration timescale,

𝜏𝜏air−sea(𝐱𝐱) =
∆z1𝛽𝛽

KwR
, (6)

where β is the equilibrium ratio of the concentration of total DIC to dissolved CO2 in the surface ocean, and 
R is the Revelle buffer factor (Revelle & Suess, 1957). To compute β and R, we used CO2SYS with the same 
inputs used in Equation  2 but replaced the modeled DIC concentration with the modern DIC concentration 
from GLODAPv2 mapped climatology (Lauvset et al., 2016). Therefore, it is important to note that this air-sea 
equilibration timescale is specific to surface water properties derived from the modern GLODAPv2 climatology. 
Keeping this in mind, this timescale can be substituted into Equation 5 to yield a linear approximation for the 
air-sea gas exchange driven by biogenic DIC,

Realistic 
gas 

exchange Method
Instantaneous 
gas exchange Method

Disequilibrium 
effect Method

Biogenic DIC (concentration) DICbio(x) DICtot(x) − DICabio(x), or 
Equation 4

𝐴𝐴 DIC
eq

bio
(𝐱𝐱) DICtot(x) − DICabio(x), or 

Equation 4
𝐴𝐴 ∆DIC

diseq

bio
(𝐱𝐱) 𝐴𝐴 DICbio(𝐱𝐱) − DIC

eq

bio
(𝐱𝐱) 

Biogenic DIC (inventory) CBCP 𝐴𝐴 ∫
V

DICbio(𝐱𝐱) 𝐴𝐴 C
eq

BCP
 𝐴𝐴 ∫

V

DIC
eq

bio
(𝐱𝐱) 𝐴𝐴 ∆C

diseq

BCP
 𝐴𝐴 ∫

V

∆DIC
diseq

bio
(𝐱𝐱) 

Biogenically injected DIC 
(concentration)

𝐴𝐴 DIC
inj

bio
(𝐱𝐱) Equation 12 𝐴𝐴 DIC

inj,eq

bio
(𝐱𝐱) Equation 12 𝐴𝐴 ∆DIC

inj,diseq

bio
(𝐱𝐱) 𝐴𝐴 DIC

inj

bio
(𝐱𝐱) − DIC

inj,eq

bio
(𝐱𝐱) 

Biogenically injected DIC 
(inventory)

𝐴𝐴 C
inj

BCP
 𝐴𝐴 ∫

V

DIC
inj

bio
(𝐱𝐱) 𝐴𝐴 C

inj,eq

BCP
 𝐴𝐴 ∫

V

DIC
inj,eq

bio
(𝐱𝐱) 𝐴𝐴 ∆C

inj,diseq

BCP
 𝐴𝐴 ∫

V

∆DIC
inj,diseq

bio
(𝐱𝐱) 

Mean Sequestration Time 𝐴𝐴 S(𝐱𝐱) Equation 10 𝐴𝐴  eq

S
(𝐱𝐱) Equation 10 𝐴𝐴 ∆ diseq

S
(𝐱𝐱) 𝐴𝐴 S(𝐱𝐱) −  eq

S
(𝐱𝐱) 

Table 1 
Relevant Terms for the Different Biogenic Dissolved Inorganic Carbon Pools and Sequestration Times
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∆J
bio,lin
gas (𝐱𝐱) = −

DICbio(𝐱𝐱)

𝜏𝜏air−sea(𝐱𝐱)
. (7)

Replacing 𝐴𝐴 ∆Jbio
gas(𝐱𝐱) in Equation  4 with 𝐴𝐴 ∆J

bio,lin
gas (𝐱𝐱) from Equation  7 yields the linearized anomaly model for 

biogenic DIC.

We ran this linearized anomaly model with both instantaneous and realistic gas exchange rates. In the instan-
taneous gas exchange scenario, 𝐴𝐴 𝐴𝐴air−sea(𝐱𝐱) is vanishingly small and the biological pCO2 (and DIC) anomalies 
are therefore zero at the sea surface. In the case of realistic gas exchange, 𝐴𝐴 𝐴𝐴air−sea(𝐱𝐱) ranges from ∼2 months to 
∼2 years, with the longest equilibration times in the tropics and the high-latitude ice covered regions, and the 
shortest equilibration time in the Southern Ocean and the subpolar North Pacific and North Atlantic (Figure 
S2 in Supporting Information S1). Like with the full biogeochemical model, the disequilibrium effect can be 
determined by taking the difference of the model with realistic gas exchange and the model with instantaneous 
gas exchange (Table 1).

2.3. Quantifying CBCP Using the Sequestration Time of Biogenic DIC

Another method for quantifying biogenic DIC in the ocean is by tracking it from its point of injection (i.e., the 
location at which organic carbon is remineralized to DIC) to its removal from the ocean by air-sea gas exchange. 
The fate of injected biogenic DIC and its equilibration with the atmosphere can be tracked as a function of time 
after injection throughout the ocean using techniques previously employed to track water masses (Primeau, 2005) 
and the sequestration time distribution of injected CO2 (Siegel et  al.,  2021), which is analogous to the “first 
passage time distribution” of water parcels (Primeau, 2005). This is a fundamentally different approach from 
those discussed in Sections 2.1 and 2.2, which solve for the accumulated concentration of biogenic DIC, or the 
DIC anomalies due to biological activity. The sequestration time approach instead computes the sequestration 
time of injected biogenic DIC, from which the time history of the inventory of biogenic DIC at its point of 
injection can be computed. We can then use this method to assess commonly used metrics, such as fixed depth 
and  time horizons, for evaluating the efficiency of the biological pump (see Section 4.2).

The sequestration time distribution for biogenic DIC can be obtained by generalizing the approach used by 
Siegel et al. (2021), which assumed instantaneous air-sea CO2 equilibration, to account for realistic air-sea CO2 
gas exchange. In this framework, the governing equation for the leakage rate 𝐴𝐴 �̃�𝐺 of biogenic DIC (or any tracer 
that  exchanges with the atmosphere) from the interior ocean to the atmosphere is

𝜕𝜕G̃(𝐱𝐱, t)

𝜕𝜕t
= 𝐀𝐀

†G̃(𝐱𝐱, t) −
G̃(𝐱𝐱, t)

𝜏𝜏air−sea(𝐱𝐱)
, (8)

where A † is the adjoint of the OCIM1 transport operator, which allows us to track biogenic DIC from its point of 
injection in the interior ocean to its equilibration with the atmosphere. Solving Equation 8 essentially follows the 
temporal evolution of the boundary condition propagator 𝐴𝐴 G̃ with the initial condition 𝐴𝐴 G̃  = 1 yr −1 at the sea surface 
and 𝐴𝐴 G̃  = 0 in the interior at t = 0. In the instantaneous gas exchange case, 𝐴𝐴 𝐴𝐴air−sea(𝐱𝐱)  → 0 which is equivalent to 
the boundary condition of 𝐴𝐴 G̃  = 0 yr −1 at the sea surface for t > 0 (Siegel et al., 2021), meaning DIC is instantly 
removed from the ocean once it reaches the sea surface. In the realistic gas exchange scenario, once DIC reaches 
the surface layer, it is removed according to the air-sea equilibration timescale (i.e., 𝐴𝐴 𝐴𝐴air−sea ) given by Equation 6. 
For the calculations described below, we solved Equation 8 under both instantaneous and realistic gas exchange 
scenarios for t = 0 to 7,000 years using a backward Euler time step of 1-year. This produces a distribution of 
times for DIC in the interior ocean to exchange with the atmosphere, since the transport operator defines path-
ways connecting each grid cell in the ocean to every other grid cell, yielding a nearly infinite number of possible 
pathways connecting an interior grid cell to a surface grid cell (e.g., Primeau, 2005).

The time dependency of 𝐴𝐴 �̃�𝐺 is made explicit in Equation 8 because this time history can be used to derive informa-
tion on the distribution of sequestration times for biogenic DIC in the ocean. For instance, the fraction of biogenic 
DIC sequestered for t years or longer is

𝑓𝑓 (𝐱𝐱, 𝑡𝑡) = 1 −

𝑡𝑡

∫
0

G̃(𝐱𝐱, 𝜏𝜏)d𝜏𝜏, (9)
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and integrating this function over all possible sequestration times yields 
the mean sequestration time, or the amount of time on average before DIC 
injected at location x will exchange with the atmosphere,

S(𝐱𝐱) =

∞

∫
0

f (𝐱𝐱, 𝜏𝜏)d𝜏𝜏𝜏 (10)

We perform these calculations for both the realistic and instantaneous gas 
exchange cases to obtain the mean sequestration times for each case (𝐴𝐴  eq

S
(𝐱𝐱) 

and 𝐴𝐴  diseq

S
(𝐱𝐱) , respectively, in Table 1).

The sequestration time model can be used to quantify the oceanic inventory 
of biogenic DIC just as the ocean biogeochemical model simulations do. 

However, in the sequestration time model DICbio is quantified at the point of injection (i.e., when organic carbon 
is converted to DIC), whereas in the biogeochemical model DICbio is quantified at the point of accumulation due 
to ocean circulation after it has been injected. Furthermore, in the sequestration time model DICbio can also be 
quantified by the time since injection, whereas in the biogeochemical model this tracking is not possible. For 
example, the amount of biogenic carbon that is injected at location x and that is sequestered for t years or less in 
the ocean is given by

DIC
inj

bio
(𝐱𝐱, 𝑡𝑡) =

𝑡𝑡

∫
0

Jbio(𝐱𝐱, 𝑡𝑡 − 𝜏𝜏)𝑓𝑓 (𝐱𝐱, 𝜏𝜏)d𝜏𝜏, (11)

where for our calculations Jbio is the same steady-state climatological biological source-sink term used in the 
ocean biogeochemical model simulations (Section  2.1). The “inj” superscript refers to biogenic DIC at the 
injection point to distinguish this DICbio from those in Section 2.1 (i.e., DICbio accumulated due to circulation). 
Assuming that Jbio is a constant, combining Equations 9–11 and using t = ∞ yields an expression for the biogenic 
DIC inventory at steady-state,

DIC
inj

bio
(𝐱𝐱) = Jbio(𝐱𝐱)S(𝐱𝐱). (12)

Like for the ocean biogeochemical model simulations, these calculations can be done with both instantaneous 
and realistic gas exchange rates (by varying 𝐴𝐴 𝐴𝐴air−sea appropriately in Equation  8), and the total biogenic DIC 
concentration can be expressed as the sum of the concentration that would exist if there were instantaneous air-sea 
CO2 equilibration, 𝐴𝐴 DIC

eq,inj

bio
(𝐱𝐱) , and the difference in concentrations due to air-sea disequilibrium, 𝐴𝐴 ∆DIC

diseq,inj

bio
(𝐱𝐱) 

(Table 1).

3. Results
3.1. Global Biogenic DIC Inventory and the Effect of Air-Sea Disequilibrium

Each of methods described above (Sections 2.1–2.3) produces an estimate of the global biogenic DIC inventory 
(CBCP) under both instantaneous and realistic gas exchange assumptions, which can be used to compute 𝐴𝐴 C

eq

BCP
 and 

𝐴𝐴 ΔC
diseq

BCP
 , as shown in Table 2. The total amount of carbon sequestered by the biological pump is the sum of 𝐴𝐴 C

eq

BCP
 

and 𝐴𝐴 ΔC
diseq

BCP
 , which ranges from 1,751 Pg C in the linearized models to 1,780 Pg C in the ocean biogeochemical 

model.

In the instantaneous gas exchange scenario, the global inventory (𝐴𝐴 C
eq

BCP
 ) estimated by each method is identical 

at 1,293 Pg C. This equivalence is expected because in the limit of instantaneous gas exchange, the linearized 
equations are identical to the full non-linear carbon cycle equations since the seawater and atmospheric pCO2 are 
identical in both the abiotic and biotic models, and thus 𝐴𝐴 pCObio

2,sw = 0 (Equation 4). The biological carbon seques-
tration estimates of Nowicki et al. (2022) were based on this instantaneous gas exchange limit. The magnitude 
of 𝐴𝐴 ΔC

diseq

BCP
 in the full ocean biogeochemical model is 487 Pg C, while in the linearized anomaly and sequestration 

time models the magnitude is slightly lower at 458 Pg C. This shows that our linearization of the CO2 system 
chemistry underestimates 𝐴𝐴 ΔC

diseq

BCP
 by about 6% (see Section 4.3 for further discussion).

Ocean biogeochemical 
model

Linearized 
anomaly model

Sequestration 
time model

𝐴𝐴 CBCP (Pg C) 1,780 1,751 1,751

𝐴𝐴 C
eq

BCP
 (Pg C) 1,293 1,293 1,293

𝐴𝐴 ΔC
diseq

BCP
 (Pg C) 487 458 458

Table 2 
Comparison of Global Biogenic Dissolved Inorganic Carbon Inventories 
Computed Using Three Different Methods

 19449224, 2024, 2, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

B
007880 by Ifrem

er C
entre B

retagne B
lp, W

iley O
nline L

ibrary on [06/03/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Global Biogeochemical Cycles

NOWICKI ET AL.

10.1029/2023GB007880

7 of 17

The spatial distribution of 𝐴𝐴 DICbio , and of the equilibrium 𝐴𝐴 (DIC
eq

bio
 ) and disequilibrium components (𝐴𝐴 ∆DIC

diseq

bio
) , 

is shown in Figure 1 for both the full biogeochemical model and the linearized anomaly model. The spatial 
distribution of 𝐴𝐴 DIC

eq

bio
 estimated by these two models are identical (Figures 1c and 1d). Their spatial distributions 

in the realistic gas exchange scenario are not quite identical, but as with their estimates of 𝐴𝐴 CBCP (Table 2), the 
discrepancies are small. The disequilibrium effect (𝐴𝐴 ∆DIC

diseq

bio
) in the biogeochemical model (Figure 1e) is slightly 

larger than that in the linearized anomaly model, particularly in the Southern Ocean and bottom waters ventilated 
from the Southern Ocean (Figure 1f). In the biogeochemical model, the zonally averaged 𝐴𝐴 ∆DIC

diseq

bio
 is ∼7% larger 

than in the linearized anomaly model in the deep North Pacific and Southern Ocean below ∼1,500 m. In the 
low-latitude surface ocean where 𝐴𝐴 ∆DIC

diseq

bio
 is negative, values are ∼7% greater in the linearized anomaly model 

than in the nonlinear biogeochemical model (Figures 1e and 1f).

𝐴𝐴 DIC
eq

bio
 and 𝐴𝐴 ΔDIC

diseq

bio
 have different spatial patterns and magnitudes (Figure 1). The North Pacific is the largest 

reservoir for 𝐴𝐴 DIC
eq

bio
 , with a zonally averaged 𝐴𝐴 DIC

eq

bio
 maximum of 200 mmol C m −3 at ∼1,000 m (Figures 1c 

and 1d). This corresponds with the nutrient maximum in the poorly ventilated North Pacific “shadow zone” 
(Holzer et al., 2021). 𝐴𝐴 ΔDIC

diseq

bio
 is greatest in the Southern Ocean, reaching values of up to 75 mmol C m −3 in the 

Atlantic sector near the surface (Figures 1e and 1f). In majority of the ocean, the net effect of the biological pump 
is to increase the inventory of accumulated DIC, but in the tropical and subtropical surface waters, the biological 
pump actually reduces DIC accumulation (Figures 1a and 1b; blue contours). This effect is due to air-sea CO2 
disequilibrium (Figures 1e and 1f). In the tropical and subtropical surface ocean, primary production reduces the 
DIC concentration, and air-sea gas exchange is unable to completely compensate for this effect by taking up more 
CO2 from the atmosphere because of the slow air-sea CO2 equilibration. Contrastingly, in the Southern Ocean the 
upwelling of biogenic DIC from subsurface waters creates an excess of DIC that is prevented from fully outgas-
sing to the atmosphere by air-sea CO2 disequilibrium, leading to a positive 𝐴𝐴 ΔDIC

diseq

bio
 in surface waters here. This 

supports previous findings that air-sea CO2 disequilibrium in the Southern Ocean is the primary driver of the net 
positive effect of air-sea disequilibrium on CBCP (Eggleston & Galbraith, 2018; Ito & Follows, 2013).

3.2. Sequestration Time of Biogenic DIC and the Effect of Air-Sea Disequilibrium

Having established that the linearized anomaly model accurately captures the effects of air-sea disequilibrium 
in the full ocean biogeochemical model, we can use the linearized sequestration time model (Section 2.3) to 
quantify the effects of the air-sea CO2 disequilibrium on biogenic carbon sequestration times. The average 
sequestra tion  time of biogenic DIC with realistic gas exchange (𝐴𝐴 𝑆𝑆 ) ranges from less than 100 years near the sea 

Figure 1. Comparison of zonally averaged biogenic dissolved inorganic carbon computed from the full biogeochemical models (see Section 2.1; Equation 1) (left 
column) and the linearized anomaly model (see Section 2.2; Equation 4) (right column). Both the (a and b) realistic and (c and d) instantaneous gas exchange scenarios 
are shown, as well as the disequilibrium effect (realistic gas exchange—instant gas exchange; e, f).
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surface to roughly 1,600 years in the deep North Pacific (Figures 2a and 2b). In the deep ocean, carbon seques-
tration times are much longer in the Pacific than in the Atlantic Ocean, reflecting the fact that the Atlantic Ocean 
is more rapidly ventilated by the ocean's overturning circulation. With instantaneous air-sea CO2 equilibration, 
the mean sequestration times (𝐴𝐴  eq

𝑆𝑆
 ) are everywhere shorter than with realistic gas exchange, but the inter-basin 

differences remain similar (Figures 2c and 2d). 𝐴𝐴  eq

𝑆𝑆
 is identical to the mean sequestration times presented by 

Siegel et al. (2021), which were calculated assuming instantaneous air-sea equilibration.

The difference between the sequestration time with realistic and instantaneous gas exchange is considered the 
disequilibrium sequestration time (𝐴𝐴 Δ diseq

𝑆𝑆
 ) (Table 1; Figures 2e and 2f). Globally, air-sea CO2 disequilibrium 

increases the average sequestration time of biogenic DIC by ∼75 years for DIC injected near the surface and 
∼200 years for DIC injected in the deep ocean, with a peak of slightly over 300 years at ∼3,500 m (Figure 2f). 
Locally, the largest disequilibrium effect occurs in the Southern Ocean and North Atlantic above ∼1,000 m, 
where air-sea disequilibrium increases the zonally averaged sequestration time of biogenic DIC injected in these 
regions by more than 600 years (Figure 2e). This reflects the inefficiency of air-sea CO2 equilibration in these 
regions of deep-water formation. In the Southern Ocean, rapid circulation due to upwelling along the Polar Front, 
combined with subduction north of the Polar Front and deep-water formation along the Antarctic margin (Ito & 
Follows, 2013; Toggweiler & Samuels, 1995) gives biogenic DIC in the surface waters little time to equilibrate 
with the atmosphere, so subducted water parcels are not in equilibrium with the atmosphere. Sea ice coverage 
can also play a role in preventing surface waters from contacting the atmosphere and subsequently outgassing 
biogenic DIC (Ferreira et al., 2018), effectively increasing the sequestration time. Similarly, air-sea CO2 disequi-
librium enhances sequestration times in the North Atlantic due to deep water formation, which results in incom-
plete equilibration of surface waters before they are subducted (Follows & Williams, 2004).

The disequilibrium effect is weakest in the Pacific Ocean, where 𝐴𝐴 Δ diseq

𝑆𝑆
 is negligible near the surface and 

∼150  years in the deep ocean. Surface waters of the Pacific Ocean are better equilibrated than those in the 
Southern or Atlantic Oceans, which is due to differences in the circulation dynamics of these basins (keep in 
mind the values shown in Figure 2 are basin-averaged). In the Pacific Ocean, upwelling of DICbio-rich waters 
occurs primarily in the Eastern Equatorial Pacific and Northwest Pacific (Sarmiento & Gruber, 2006). These 

Figure 2. Zonally averaged sequestration time for the Pacific, Atlantic, and Southern Oceans under realistic (a) and instantaneous (c) gas exchange scenarios. Panel 
(e) shows the impact of the air-sea CO2 disequilibrium on the sequestration time (realistic gas exchange—instantaneous gas exchange). Panels (b, d, and f) show the 
corresponding depth profiles for the global- and basin-averaged sequestration times. The Pacific and Atlantic basins refer to waters north of ∼45°S in these basins. The 
Southern Ocean refers to waters south of ∼45°S.
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regions are not associated with deep-water formation regions, and thus excess biogenic DIC in upwelled waters 
is able to equilibrate with the atmosphere. The intermediate waters of the Pacific exhibit stagnant circulation 
compared to the Southern and Atlantic Oceans (de Lavergne et al., 2017; Holzer et al., 2021), and these waters are 
partially ventilated by mode and intermediate waters that are better equilibrated than waters formed in the polar 
regions. The deep Pacific is primarily ventilated by Antarctic Bottom Waters (Holzer et al., 2021), which have a 
larger air-sea disequilibrium that causes them to have longer disequilibrium sequestration times than intermediate 
waters (Figure 2f).

3.3. Air-Sea CO2 Disequilibrium Effect on Biogenic DIC Sequestration

The mean sequestration times illustrated in Section 3.2 can be convolved with the biological DIC flux (Jbio) to 
yield the total carbon sequestered by the biological pump (Equation 12). We note again that this calculation 
quantifies the biogenic DIC inventory at the location where the DIC is remineralized (i.e., the injection location) 
and, as such, is closely tied to the location of carbon export. Vertically integrating this 3-dimensional field yields 
the carbon sequestration due to the biogenic DIC fluxes throughout the water column, which can be viewed as a 
map of the contribution of the biological pump to carbon sequestration (Figure 3a). This map reveals that carbon 
sequestration by the biological pump is largest in the North Atlantic, North Pacific, and the eastern boundary 
upwelling regions in the Pacific and Atlantic Oceans (Figure 3a). These regions all have water column carbon 
sequestration inventories of greater than 10 kg C m −2. Furthermore, the mean sequestration time of biogenic DIC 
can be determined for each location by dividing the total carbon sequestration by the vertically integrated carbon 
remineralization rate. Since most carbon remineralization occurs in the same vertical water column where it is 
exported in our model, the vertically integrated carbon remineralization rate is very close to the carbon export 
at each location. This calculation reveals that the sequestration time of exported carbon averages 193 years, with 
significant spatial variability (Figure 3b). Sequestration times are longest in the Southern Ocean, where mean 
sequestration times exceed 500 years near the Antarctic margin. Sequestration times are also high (>250 years) in 

Figure 3. Left-hand column shows the vertical integral of the total injected biogenic dissolved inorganic carbon with realistic 
gas exchange (a; see Equation 12), with instantaneous gas exchange (c; see Equation 12), and the effect due to air-sea CO2 
disequilibrium (e; a minus c). Right-hand column (b, d, and f) shows the average sequestration time of exported carbon under 
each scenario, calculated by dividing the total vertically integrated carbon sequestration (left-hand column) by the carbon 
export at each location (approximated as the vertical integral of remineralization within each water column). Values printed 
on panels (b, d, and f) are globally averaged sequestration times for each gas exchange scenario.
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the North Atlantic and North Pacific as well as the equatorial upwelling and eastern boundary upwelling regions, 
while sequestration times are lowest in the subtropical gyres and western boundary current regions (Figure 3b).

The carbon sequestration that would occur with instantaneous air-sea CO2 equilibration and the corresponding 
sequestration time of exported carbon are shown in Figures  3c and  3d. This has been discussed before (cf., 
Nowicki et al. (2022), their Figure 6), but here we will note that the mean biogenic DIC sequestration time of 
124 years with instantaneous air-sea CO2 equilibration is significantly shorter than the 193 years with realistic 
gas exchange. The difference is attributed to air-sea CO2 disequilibrium (Figures 3e and 3f). In most regions 
of the ocean, the disequilibrium effect enhances the ability of the biological pump to store carbon in the ocean 
(Figure  3e) and increases the sequestration time of exported carbon (Figure  3f; global average of 69  years). 
Air-sea CO2 disequilibrium enhances carbon sequestration inventories and sequestration times the most for 
carbon exported in the Atlantic Ocean and the Southern Ocean (recall that these quantities are all tied to the loca-
tion where the DIC is first injected, not where it resurfaces). In these regions, air-sea disequilibrium enhances the 
sequestration time of injected biogenic DIC by 50–200 years. Presumably this is because biogenic DIC injected 
in these regions preferentially resurfaces in the Southern Ocean (DeVries & Primeau, 2011), a region where large 
air-sea CO2 disequilibrium prevents the outgassing of biogenic DIC (Ito & Follows, 2013; Takahashi et al., 2009). 
Air-sea CO2 disequilibrium enhances the strength of the biological pump in the Indian Ocean as well, although 
the effect is smaller than in the Atlantic and Southern Oceans, while in the Pacific Ocean the disequilibrium effect 
is very small (Figures 3e and 3f).

Interestingly, there are some regions where the disequilibrium effect weakens the ability of the biological pump 
to sequester carbon. This is seen most prominently in the Southern Ocean along the Antarctic margin, and the 
subarctic North Atlantic in the Labrador Sea and Nordic Seas (Figure 3e), which are all regions of deep-water 
formation. In these regions, biological uptake reduces the CO2 concentration in surface waters to below satura-
tion, and these waters are then subducted before they can take up additional CO2 from the atmosphere. Thus, 
while the global effect of the air-sea CO2 disequilibrium is to enhance the biogenic DIC inventory by preventing 
the outgassing of upwelled respired DIC, locally, air-sea CO2 disequilibrium can reduce the efficiency of the 
biological pump. In deep-water formation regions, we find that air-sea disequilibrium can reduce the sequestra-
tion time of biogenic DIC by about 50–100 years (Figure 3f).

4. Discussion
We now shift our focus to discussing our results as they relate to previous studies on carbon sequestration by the 
biological pump. We then look at sequestration metrics that are commonly used to evaluate the biological pump 
and to quantify the potential of some marine CO2 removal (mCDR) methods, and we evaluate the impact of 
air-sea CO2 disequilibrium on these metrics. Lastly, we discuss important caveats to consider when interpreting 
our results.

4.1. Comparison to Previous Studies

Here, we compare our estimates of 𝐴𝐴 C
eq

BCP
 and 𝐴𝐴 C

diseq

BCP
 to estimates from a variety of previous studies (Table 3). 

Numerous studies have estimated 𝐴𝐴 C
eq

BCP
 , where it has also been called DICsoft (e.g., Eggleston & Galbraith, 2018), 

Corg (Ito & Follows, 2005), or Cbio (Ito & Follows, 2013) (Table 3). Eggleston and Galbraith  (2018) used an 
Earth system model (ESM) under various preindustrial and last glacial maximum configurations and calculated 
a 𝐴𝐴 C

eq

BCP
 ranging from 900 to 1,800 Pg C. Khatiwala et al. (2019) found a 𝐴𝐴 C

eq

BCP
 of 971 Pg C using an ESM config-

ured for preindustrial conditions. Marinov et al. (2008) found that 𝐴𝐴 C
eq

BCP
 ranged from 1,278 to 2,350 Pg C in a 

suite of biogeochemical models configured under different idealized conditions. For the modern ocean, Wilson 
et al. (2022) computed values ranging from ∼1,625 to 2,150 Pg C for 𝐴𝐴 C

eq

BCP
 based on the apparent oxygen utili-

zation (AOU) from an ensemble of seven CMIP6 models. However, the AOU approach may overestimate 𝐴𝐴 C
eq

BCP
 

due to oxygen undersaturation in deep water formation regions, leading to an overestimate of respiration (Ito 
et al., 2004).

Observation-based estimates of preformed nutrients and oxygen in the ocean have also been used to calculate 
𝐴𝐴 C

eq

BCP
 . Ito and Follows (2005) used AOU observations to estimate that about 36% of the phosphate in the ocean 

is derived from regenerated organic matter. At a C:P ratio of 106:1 (Redfield, 1934) and a mean ocean phos-
phate concentration of 2.2  μmol/kg, this implies a 𝐴𝐴 C

eq

BCP
 of about 1,340 Pg C. Similarly, Carter et  al.  (2021) 
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used data-based estimates of preformed nutrients and oxygen to estimate a 𝐴𝐴 C
eq

BCP
 of 1,300 (±230) Pg C. These 

data-based estimates match up well with our model estimate for 𝐴𝐴 C
eq

BCP
 of 1,293 Pg C, which is consistent with the 

fact that our model is constrained by ocean oxygen observations.

Compared to 𝐴𝐴 C
eq

BCP
 , fewer estimates of 𝐴𝐴 C

diseq

BCP
 can be found in the literature (Table 3). Our data-constrained model 

suggests that air-sea CO2 disequilibrium increases the carbon stored by the biological pump by 487 Pg C, which is a 
35% increase compared to the carbon stored by the biological pump under instantaneous gas exchange. This is similar 
to the 33% increase in biological pump strength found by Toggweiler et al. (2003) using the difference  in the surface 
to deep DIC in an “organic only” version of a simple box model run with standard and fast gas exchange. Toggweiler 
et al. (2003) also ran “organic only” versions of an ocean biogeochemistry model with standard and fast gas exchange, 
finding a 60% increase in the strength of the biological pump due to air-sea CO2 disequilibrium. Other recent studies 
have found even larger effects. Ito and Follows  (2013) performed a suite of experiments with an ocean biogeo-
chemical model and estimated a 70% increase in biogenic carbon inventory due to air-sea CO2 disequilibrium, and 
Khatiwala et al. (2019) diagnosed a 𝐴𝐴 C

diseq

BCP
 of 1,079 Pg C using an ESM configured in a preindustrial state (Table 3).

Most of the previous estimates of 𝐴𝐴 C
diseq

BCP
 from ocean biogeochemical models show a much larger impact of 

air-sea disequilibrium on the biological pump (60%–111% increase) compared to our results (35% increase). 
It is not fully clear what causes this difference, but it is unlikely to be caused by differences in the air-sea 
CO2 gas transfer velocity because all models use similar parameterizations for this process. It is more likely 
related to differences in ocean circulation and/or carbon export among the models. We hypothesize that it 
could be related to the magnitude of carbon export in the Southern Ocean in particular. Our results demon-
strate that the Southern Ocean is the crucial region where air-sea CO2 disequilibrium can increase the seques-
tration time of exported carbon, particularly the region near 60 oS (Figure 3f). In fact, in this region of the 
Southern Ocean, the disequilibrium sequestration time meets or exceeds the equilibrium sequestration time 
(Figures 3d and 3f). Thus, the magnitude of 𝐴𝐴 C

diseq

BCP
 is closely tied to how much carbon export occurs in this 

region. Our model uses satellite-based estimates of NPP, which may be too low in the Southern Ocean south 
of 50°S (Schlitzer,  2002). In particular, satellite NPP products lack data poleward of 65°S, which causes 
very low carbon export in this region (Nowicki et al., 2022). This could bias our estimates of 𝐴𝐴 C

diseq

BCP
 too low. 

Another potential source of bias in our estimates of 𝐴𝐴 C
diseq

BCP
 is the OCIM's lack of seasonally varying circula-

tion. The extent to which unresolved seasonality in the OCIM may bias our estimates of 𝐴𝐴 C
diseq

BCP
 is unclear, but 

any such effect would likely be seen most prominently in regions like the Southern Ocean, which exhibits 
large seasonality in processes important to 𝐴𝐴 C

diseq

BCP
 such as sea ice extent and deep-water formation (Morley 

et al., 2020; see Section 4.3 for further discussion of caveats). However, it is also possible that 𝐴𝐴 C
diseq

BCP
 is misrep-

resented in coarse-resolution GCMs, since these models have serious deficiencies in their representation of 
deep convection in the Southern Ocean (Heuzé et al., 2013; Li et al., 2023), which could bias their estimates 
of carbon export and air-sea disequilibrium in this region. Relative to free-running coarse-resolution GCMs, 
the circulation of the OCIM is improved by the assimilation of tracer data such as radiocarbons and CFCs 
(DeVries, 2014).

𝐴𝐴 C
eq

BCP
 (Pg C) 𝐴𝐴 ΔC

diseq

BCP
 (Pg C) Method

This study 1,293 487/458 (+35%) Ocean biogeochemical model/linearized model

Eggleston and Galbraith (2018) 900–1,800 a NR b Earth system model ensemble

Khatiwala et al. (2019) 971 c 1,079 d (+111%) Earth system model

Marinov et al. (2008) 1,278–2,350 e NR b Ocean biogeochemical model ensemble

Wilson et al. (2022) ∼1,625–2,150 c NR b Ensemble of CMIP6 models using AOU

Ito and Follows (2005) 1,340 f NR AOU and nutrient observations

Carter et al. (2021) 1,300 ± 230 NR b Data-based preformed nutrients/oxygen

Toggweiler et al. (2003) NR b +33%/+60% 3-box model/ocean biogeochemical model

Ito and Follows (2013) NR b +70% Idealized GCM

 aReferred to as DICsoft.  bValue not reported.  cReferred to as Csoft.  dReferred to as Cdis,bio.  eReferred to as OCSsoft.  fReferred to as Corg.

Table 3 
Comparison With Previous Studies
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4.2. Impact of Air-Sea Disequilibrium on Sequestration Metrics for the Biological Pump

A commonly used metric for assessing the sequestration efficiency of the biological pump is the flux of organic 
carbon reaching the deep ocean. This is generally set at a fixed depth horizon, typically 1,000 m (Passow & 
Carlson, 2012; Robinson et al., 2014) or 2,000 m (Guidi et al., 2015). The flux passing this depth horizon is 
commonly considered to be the only flux that can contribute to long-term carbon sequestration and therefore 
be climatically relevant (Baker et al., 2022). However, sequestration time calculations assuming instantaneous 
air-sea CO2 equilibration have revealed that in fact roughly half of the biogenic DIC inventory in the ocean is 
due to the respiration of organic carbon above 1,000 m (Siegel et al., 2023). This is shown in Figure 4, which 
illustrates the carbon sequestration due to respiration above a given depth horizon for the instantaneous and 
realistic gas exchange scenarios. With instantaneous gas exchange, ∼1,300 Pg C is sequestered due to injection 
above the seafloor (i.e., the entire 𝐴𝐴 DIC

eq,inj

bio
 ) and half of this is due to respiration that occurs above ∼900 m (blue 

star in Figure 4).

With our disequilibrium sequestration time calculations, we can also assess the impact of air-sea CO2 disequilib-
rium on the depth distribution of biogenic carbon sequestration. Unlike 𝐴𝐴 DIC

eq,inj

bio
 , which is positive everywhere, 

𝐴𝐴 ΔDIC
diseq,inj

bio
 only becomes positive below about 500 m (Figure 4). Above this depth, the integrated effect of the 

air-sea CO2 disequilibrium is to weaken the biological pump, due to biological DIC uptake in the euphotic zone. 
In a mathematical sense (see Equation 12), this can be understood by considering that the disequilibrium seques-
tration time (𝐴𝐴 Δ diseq

S
 ) is positive at the sea surface (Figures 2e and 2f), while Jbio is negative in the euphotic zone 

due to biological DIC uptake (i.e., NPP; see Figure S1 in Supporting Information S1). This leads the disequilib-
rium carbon sequestration (𝐴𝐴 ΔDIC

diseq,inj

bio
 ) to be negative in the euphotic zone. Conceptually, this can be understood 

because biological DIC uptake in the euphotic zone causes CO2 deficits relative to saturation. Since air-sea CO2 
disequilibrium prevents the uptake of CO2 from the atmosphere, the disequilibrium effect in response to biologi-
cal DIC uptake reduces the biogenic DIC inventory relative to the instantaneous gas exchange scenario. It is only 
when the organic carbon is regenerated in the subsurface, and the resulting excess DIC is upwelled to the surface 
that the air-sea CO2 disequilibrium effect becomes positive by preventing the outgassing of this excess CO2 to the 
atmosphere. This means if the total amount of biological DIC uptake remained the same, but DIC regeneration 
were limited to the amount that occurs above 500 m, the air-sea CO2 disequilibrium would have a net zero effect 
on the strength of the biological pump. Considering the fully depth-integrated inventory, however, the air-sea 
CO2 disequilibrium effect increases the net storage of DIC by the biological pump by about 450 Pg C (red curve 
in Figure 4 at the seafloor).

Figure 4. Globally integrated biogenic dissolved inorganic carbon (DIC) due to injection above each depth level in Pg C. 
Both the instantaneous (blue line) and realistic (black line) gas exchange scenarios are shown, as well as the disequilibrium 
effect (realistic gas exchange—instant gas exchange; (dashed red line)). Stars indicate the depth above which 50% of the DIC 
inventory is sequestered due to injection. Note the break in the x-axis at 0 Pg C. Calculations are performed by integrating 
Equation 12 from the sea surface to the depth on the y-axis, as indicated in the legend.
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In addition to fixed depth horizons, fixed time horizons are often used to delineate “temporary” from “permanent” 
carbon sequestration, especially in the context of marine CO2 removal (mCDR) strategies (e.g., NASEM, 2022). 
An effective time horizon of sequestration for at least 100 years has been often suggested as a reasonable target 
for “permanent” sequestration (IPCC, 2021; Lampitt, Achterberg, et  al.,  2008; NASEM, 2022). Does carbon 
stored by the ocean's biological pump support this definition of permanent carbon sequestration? To examine 
this, we assess the amount of DIC stored by the BCP for t years or longer (Figure 5). Assuming instantaneous 
gas exchange, 1,190 Pg C, or about 92% of the total 𝐴𝐴 C

eq

BCP
 , is sequestered for 100 years or longer (Figure 5). With 

realistic gas exchange rates, our results suggest that 1,680 Pg C, or 96% of the total CBCP, is sequestered for at 
least 100 years. This means that only about 4% of the biogenic DIC inventory, or slightly less than 100 Pg C in 
the case of realistic gas exchange, is stored for less than 100 years.

Furthermore, the enhancing effect of the air-sea CO2 disequilibrium on biogenic carbon sequestration becomes 
more important for carbon that is sequestered on long timescales. For example, for carbon sequestered for 
0 years or longer (i.e., the entire CBCP inventory), the disequilibrium effect is roughly 35% (see Table 2), but for 
carbon sequestered for >1,000 years, air-sea CO2 disequilibrium enhances CBCP by 80% (Figure 5). The reason 
for the increasing importance of the air-sea CO2 disequilibrium with increasing sequestration times is that the 
longer sequestration pathways are associated with deep waters that tend to upwell preferentially in the Southern 
Ocean (Marshall & Speer,  2012; Talley, 2013), which is a region of large air-sea CO2 disequilibrium (Ito & 
Follows, 2013; Takahashi et al., 2009).

Although the carbon sequestration inventories presented here are specific to the mean state of the biological 
pump in the contemporary ocean (see Section 4.3 for further discussion of this caveat), the sequestration times 
for CO2 injected in the water column, and the influence of air-sea CO2 disequilibrium on the sequestration time 
(Figure 2) are relevant to numerous applications including many mCDR approaches (NASEM, 2022). Although 
an in-depth analysis of these approaches is beyond the scope of this study, in general the air-sea CO2 disequilib-
rium will increase the sequestration time of injected CO2 in the water column, making the estimates of Siegel 
et al. (2021), which were based on the assumption of instantaneous gas exchange, a lower-bound for direct CO2 
injection. For nutrient fertilization or other approaches that stimulate the biological pump, the impact of air-sea 
CO2 disequilibrium on carbon sequestration times will depend on where the fertilization is applied, and on the 
depth and location of the subsequent remineralization. Fully addressing this is beyond the scope of this study, but 
should be a priority for future work.

Figure 5. Global inventory of biogenic dissolved inorganic carbon (DIC) that remains sequestered for at least t years. 
This quantity is obtained by subtracting the globally integrated amount of carbon that is sequestered for t years or less 
(see Equation 11) from the total DICBCP. The black line represents the realistic gas exchange scenario, while the blue line 
represents the instantaneous gas exchange scenario. The disequilibrium effect is shown in red as the normalized percent 
difference between the realistic and instantaneous gas exchange scenarios. Stars indicate the amount of time after which 50% 
of the DIC inventory remains sequestered (blue for instantaneous and black for realistic gas exchange).
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4.3. Caveats

As with any modeling study, our results are subject to important caveats associated with the representation 
of real-world processes in a simplified computer model. One of the most significant caveats of this study is 
our assumption of a steady-state system. When we track the temporal evolution of the injected biogenic DIC 
inventory, we use a constant ocean circulation, air-sea CO2 equilibration timescale, and biogenic DIC flux. This 
neglects any future (or ongoing) changes in ocean circulation, sea ice, wind speed, the Revelle buffer factor, 
NPP, etc., all of which would impact the inventory of biogenic carbon in the ocean. Changes in ocean circulation, 
such as a weakening of the Atlantic Meridional Overturning Circulation (Caesar et al., 2018), will impact 𝐴𝐴  eq

𝑆𝑆
 as 

ocean ventilation rates and pathways evolve (Holzer et al., 2020), while changes in wind speeds and the Revelle 
buffer factor will impact the degree of air-sea CO2 disequilibrium and hence the disequilibrium sequestration 
times. For example, future ocean acidification will lead to an increase in the Revelle buffer factor (Emerson & 
Hedges, 2014), which, all else being equal, will lead to a reduction in the air-sea CO2 equilibration timescale 
(Equation 6), and therefore a reduction in the air-sea CO2 disequilibrium and in the disequilibrium carbon seques-
tration. With a Revelle factor increase of 34% by 2100, as predicted by ESMs under business-as-usual emissions 
(Jiang et al., 2019), we can expect a 25% decrease in the air-sea CO2 equilibration timescale. However, the effect 
of these changes on carbon sequestration are not necessarily straightforward, as a higher Revelle factor in the 
future will lead to greater seasonality of air-sea CO2 exchange (Hauck & Völker, 2015), a factor which we have 
not explored here. Another potentially important factor is future changes in the extent of sea ice coverage, which 
will affect ocean circulation, productivity, and the degree of air-sea disequilibrium. A reduction in sea ice cover-
age would expose more surface waters to the atmosphere, which could facilitate an increase in the biogenic DIC 
inventory due to enhanced biological productivity and carbon export (Morley et al., 2020). However, a reduction 
in sea ice could also result in a decrease in DICBCP due to increased outgassing of upwelled DIC, which would 
have otherwise been prevented by sea ice.

In addition to the lack of interannual variability in our model, the steady-state assumption also leaves any intra-annual 
(seasonal) variability in these processes unresolved. As discussed previously (see Section 4.1), any biases resulting 
from unresolved seasonality in the model would likely be greatest in high-latitude regions like the Southern Ocean, 
where processes such as deep-water formation and sea ice coverage (as well as biological activity) are highly seasonal. 
However, similar to the effects of interannual variability, the interactions of these seasonally variable processes are 
complex, and their overall impact on biogenic carbon sequestration remains uncertain. Resolving the effects of 
seasonality on the metrics presented here should be a priority for future research, especially given the importance of 
the Southern Ocean in enhancing the strength of the biological pump due to air-sea CO2 disequilibrium.

Another source of uncertainty in our calculation results from the linearized CO2 system chemistry used for the 
sequestration time calculations. As noted previously (see Section 3.1), there are small (∼6%) discrepancies between 
the non-linear ocean biogeochemical and linearized anomaly model estimates of 𝐴𝐴 ΔC

diseq

BCP
 . This is due to the nonline-

arities in the realistic gas exchange scenario with respect to DIC, which the linearized models cannot capture, as well 
as the value of DIC used in the calculation of the linearized air-sea gas exchange timescale (Equation 6). Our lineari-
zation of CO2 chemistry (see Supporting Information S1) used the observed contemporary DIC from GLODAPv2 
(Lauvset et al., 2016) to compute the air-sea equilibration timescale, and these DIC values implicitly include the 
effects of biology and anthropogenic CO2 accumulation on sea surface CO2 system chemistry. If instead we use 
the preindustrial abiotic DIC simulated by our model, which does not include either of these effects, we find that 
the  linearized model overestimates 𝐴𝐴 ΔC

diseq

BCP
 by about 12%. If we repeat our ocean biogeochemical model simulations 

using a fixed atmospheric pCO2 of 400 μatm at equilibrium, and then use the resulting DICtot (Equation 1) to diag-
nose the air-sea CO2 equilibration timescale, we find that the linearized model underestimates the effects of air-sea 
CO2 disequilibrium by ∼12% (401 Pg C vs. 352 Pg C). This suggests that linearized models are accurate to within 
about ±10% for estimating disequilibrium effects, depending on the DIC values used in the computation of 𝐴𝐴 𝐴𝐴air−sea .

Our results are also subject to the simplifications and assumptions made in the model ensemble described by 
Nowicki et al. (2022), which produced the biological DIC fluxes used here. In addition to the lack of seasonality 
in the OCIM as discussed previously that model did not resolve seasonal variability of biological fluxes, did not 
fully resolve flux poleward of about 65° due to data limitations, and did not represent the impact of larger meta-
zoans such as krill and fish, which could play an important role in carbon export and sequestration (e.g., Pinti 
et al., 2023). The model was also based on satellite estimates of NPP, which have known deficiencies (Siegel 
et al., 2023). Future work will need to address the uncertainties introduced by these simplifications.
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5. Conclusions
The BCP is an integral component of the ocean carbon cycle and functions as a strong natural regulator of atmos-
pheric pCO2 by transferring photosynthetically fixed organic carbon from the surface ocean to depth where it is 
temporarily sequestered. Due to the magnitude and importance of the BCP for global climate, we must be able to 
accurately quantify the inventory of carbon sequestered in the ocean due to the BCP as well as its sequestration 
time. Understanding this will allow us to more accurately inform climate change mitigation efforts such as marine 
CO2 removal (mCDR), which is of rapidly growing interest to both scientists and policy makers (IPCC, 2021; 
NASEM, 2022).

Here, we extended the sequestration time approach for quantifying the biogenic DIC inventory to account for 
air-sea CO2 disequilibrium. This method accurately estimates the effects of air-sea disequilibrium on biogenic 
DIC inventories, with ∼10% uncertainty due to the linearization of CO2 system chemistry. The results of 
these simulations suggest that the air-sea CO2 disequilibrium increases sequestration times of biogenic DIC 
by potentially hundreds of years depending on the region and depth, and enhances the global inventory of 
biogenic DIC by ∼35%. In the Southern Ocean, air-sea disequilibrium increases the sequestration time of 
exported carbon by several hundred years in some locations, enhancing carbon sequestration in this region and 
amplifying the Southern Ocean's role in the global carbon cycle. Our results confirm previous findings that 
nearly half of the biogenic DIC inventory in the ocean is due to respiration above 1,000 m depth, even when 
accounting for air-sea CO2 disequilibrium, which tends to reduce the biogenic DIC inventory in the upper 
ocean. Finally, we demonstrated that the vast majority (>95%) of the biogenic DIC inventory is sequestered for 
more than 100 years, and that the influence of air-sea CO2 disequilibrium becomes greater as the sequestration 
time increases.

A benefit of the sequestration time method used here is that it imparts additional information that cannot be 
obtained from traditional ocean biogeochemical models. These include the contribution of carbon export in 
different regions and at different depths to CBCP, the mean sequestration time of exported carbon, and the seques-
tration time distribution of the ocean's biogenic DIC inventory for both the “equilibrium” and “disequilibrium” 
components of the biological pump. All of these metrics are useful not only for quantifying the strength of the 
ocean's natural BCP, but for considering purposeful manipulation of the biological pump for mCDR purposes. 
For example, our estimate of the mean sequestration time of CO2 (e.g., Figure 2) generalizes the equilibrium 
sequestration times computed by Siegel et al.  (2021) to account for the influence of the air-sea CO2 disequi-
librium and is useful for assessing the sequestration time of directly injected CO2. In addition, our maps of the 
sequestration time of exported carbon (e.g., Figure 3) may be useful for determining where purposeful stimula-
tion of the biological pump can be most effective at sequestering CO2.
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