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Abstract The ocean's organic carbon export is a key control on atmospheric pCO, and stimulating this
export could potentially mitigate climate change. We use a data-constrained model to calculate the sensitivity of
atmospheric pCO, to local changes in export using an adjoint approach. A perpetual enhancement of the
biological pump's export by 0.1 PgC/yr could achieve a roughly 1% reduction in pCO, at average sensitivity.
The sensitivity varies roughly 5-fold across different ocean regions and is proportional to the difference between

the mean sequestration time 7., of regenerated carbon and the response time ,

ore Of performed carbon, which is

the reduction in the preformed carbon inventory per unit increase in local export production. Air-sea CO,
disequilibrium modulates the geographic pattern of 7., causing particularly high sensitivities (2-3 times the
global mean) in the Antarctic Divergence region of the Southern Ocean.

Plain Language Summary Atmospheric CO, levels could be reduced by stimulating plankton in the
ocean to produce more organic carbon that then sinks to depth (is exported) at a higher rate. The resulting carbon
deficit in surface waters drives atmospheric carbon into the ocean. The efficacy of this process depends on how
long the exported carbon stays isolated from the surface and how quickly the surface deficit can be filled. Here
we investigate how sensitive atmospheric CO, levels are to a given enhancement in carbon export and where
such enhancements would be most effective. We show that the sensitivity is determined by the difference
between the time for which exported carbon stays sequestered at depth and the time with which the rest of the
carbon in the ocean responds to the additional export rate. High sequestration times are found where the organic
carbon is exported into old deep waters, while fast response times are found where it is easy for gas exchange to
inject carbon into the ocean and where the additionally exported carbon is less likely to resurface and escape into
the atmosphere. These factors result in the Southern Ocean and the tropics having greatest sensitivity.

1. Introduction

Carbon sequestration in the ocean is a major control on atmospheric CO, (e.g., Ducklow et al., 2001) and hence on
the radiative forcing of the climate system. A key mechanism for ocean carbon sequestration is the biological
pump, which removes dissolved inorganic carbon (DIC) from the surface ocean through photosynthesis and
exports organic carbon to depth where it is respired to DIC that remains sequestered for decades to centuries (e.g.,
DeVries et al., 2012; Holzer et al., 2021; Nowicki et al., 2022). Without the biological pump, atmospheric CO,
concentrations would have been about 200 ppm higher even in preindustrial times (e.g., Volk & Hoffert, 1985).
The importance of the biological pump for atmospheric CO, has focused intense interest on the inner workings of
the biological pump (e.g., Siegel et al., 2016) and how it might respond to changes in the marine environment
(e.g., Boyd, 2015; Henson et al., 2022; J. K. Moore et al., 2018; Pasquier, Holzer, & Chamberlain, 2023). To
combat accelerating climate change, deliberate manipulation of the biological pump is now being considered as a
strategy for carbon dioxide removal (CDR) from the atmosphere (e.g., Gattuso et al., 2021; NASEM, 2019).
Enhancing organic carbon export to depth will lower atmospheric CO, concentrations, raising the question as to
where such enhancement is most effective and how much CO, reduction is possible for a given export
enhancement.

Here we ask how the atmospheric CO, concentration responds in steady state to permanent local perturbations in
the biological pump. Perturbations in export could occur naturally as the system adjusts to changes in the
macronutrient supply (e.g., Liu et al., 2023) or to changing micronutrients such as iron (e.g., Ito et al., 2016), or
they could be deliberate through direct sustained fertilization (e.g., Buesseler et al., 2004; Hauck et al., 2016),
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manipulation of the light supply (Irvine et al., 2016), or other geo-engineering approaches aimed at enhancing the
biological pump for CDR. We quantify the response of atmospheric CO, to permanent steady-state export
perturbations in terms of a linear sensitivity in the spirit of what has been done for the sensitivity to dissolved iron
perturbations (Dutkiewicz et al., 2006) and recently for the sensitivity of the ocean's oxygen content to biological
production changes (Holzer, 2022). We generally expect higher sensitivity for regions where exported carbon
stays sequestered at depth longer, as this means that the surface DIC deficit maintained by enhanced export is
larger, leading to a greater drawdown of atmospheric CO, (e.g., Kwon et al., 2009). However, the sequestration
time alone is unlikely to completely determine the sensitivity pattern because surface disequilibrium modifies
both the rate at which atmospheric CO, replaces the DIC deficit and the rate at which resurfacing regenerated DIC
can escape back into the atmosphere (Eggleston & Galbraith, 2018; Ito & Follows, 2013). Importantly,
sequestration time alone cannot determine the magnitude of the sensitivity, which depends not only on carbon
export but also on air-sea CO, exchange.

2. Methods

We use an optimized steady-state model of the ocean's carbon, phosphorus, and oxygen cycles (PCO2, Pasquier,
Holzer, Chamberlain, Matear, et al., 2023) embedded in a steady data-assimilated ocean circulation model
(OCIM2, DeVries, 2014; DeVries & Holzer, 2019), which has a resolution of 2° X 2° with 24 vertical levels. In
the version of PCO2 employed here, the ocean exchanges CO, with the atmosphere, modeled as a single well-
mixed reservoir. The atmospheric CO, mixing ratio is determined from conservation of carbon by the
atmosphere-ocean system; changes in the terrestrial carbon pool are neglected for simplicity. The model does
not include the nitrogen cycle, but a nitrate contribution to total alkalinity (TA) is parameterized using a fixed
nitrate-to-phosphate stoichiometry (Wolf-Gladrow et al., 2007). Photosynthetic organic-carbon production at
rate U is modeled as proportional to phosphate (PO,) uptake with variable C:P stoichiometry (Galbraith &
Martiny, 2015) and parameterized in terms of PO, and light colimitation and temperature though a simple
logistic model of phytoplankton mortality (Pasquier & Holzer, 2017). Photosynthesis takes place only in the
model euphotic zone defined by a 1% threshold of photosynthetically active radiation as used in the ACCESS-
1.3 climate model (Bi et al., 2013). Organic-carbon production is routed, in fixed globally uniform proportions,
to rapidly (“fast”) and slowly sinking particulate organic carbon (POCf and POCs), and to semi-labile dissolved
organic carbon (DOC).

The model state is determined by the concentrations of DIC, POCf, POCs, particulate inorganic carbon, DOC,
PO,, oxygen, and TA, whose grid values are organized into vectors. If y denotes the concatenated tracer con-
centration vectors, the biogeochemical steady state is the solution to

F(y,U) =0, @)

where the organic-carbon production rate per unit volume U is a function of y, and F is the vector of tracer
tendencies set to zero for steady state. The nonlinear Equation 1 is solved using a Newton method (e.g., Kel-
ley, 2003; also Pasquier, Holzer, Chamberlain, Matear, et al., 2023).

We stimulate the biological soft-tissue pump by considering, separately for each euphotic grid box, enhancements
in the POC production Upg per unit volume. (DOC production and export are not perturbed.) After perturbing
Upoc in a given euphotic grid cell by dU, we calculate a new steady state of the system, that is, we determine the
steady-state response to permanent changes SU. In the limit of small-amplitude perturbations U, the tracer
response Jy can be computed from the linearization

OF . OF
&y +—08U =0, 2
o T (2)

where the partial derivatives and U are evaluated at the model's base state (U is held fixed at its unperturbed values
everywhere except in the grid box where U is enhanced by adding POC-production perturbation 6U). Organizing
the partial derivatives of Equation 2 into matrices J = dF/dy and M = 0F/oU, and collecting the production
perturbations for every euphotic grid cell into the columns of diagonal matrix §U (every column containing the
perturbed production of the corresponding single euphotic grid box), we have
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Sy =-J'"MsU. 3)

Each column of dyrepresents a tracer solution for every column of 6U, with as many columns as there are euphotic
grid points. Because we are only interested in the response of the atmospheric carbon inventory, or equivalently of
the total ocean carbon content, we use the adjoint of Equation 3 and solve a single linear system for the volume
integral of dy (Text S1 in Supporting Information S1).

In the linear limit of small-amplitude 6U, the response in carbon inventories is proportional to oU. U itself is
poorly constrained by the observations because rapid recycling in the euphotic zone does not impact the DIC
concentrations against which the model is optimized. For this reason, we quantify the magnitude of the pertur-
bations in terms of the export production per unit volume ¢, which strongly influences tracer concentrations and
is therefore directly constrained by the optimization. Moreover, POC export rates are in principle available
through direct measurement and changes in these rates are a robust metric of biological pump changes. We
therefore normalize the response of the system to a perturbation in a given grid box, identified by its position r, by
the change in export production ¢, (r), where the export production ¢, (r) is defined as the globally integrated
aphotic respiration rate of organic carbon that was produced at r per unit volume (Primeau et al., 2013). (In
practice ¢, and 6¢., are calculated using an adjoint approach; Text S1 in Supporting Information S1.) The
perturbation d¢,,(r) has a dominant component directly proportional to 6U(r) and in principle also contributions
from the perturbed oxygen field, but the oxygen component is negligible (Text S1 in Supporting Information S1).

To eliminate dependence on grid size, we calculate all perturbations and responses per unit perturbation volume,
that is, per unit volume of the grid box where production and export are perturbed. Specifically, if C,,,,, and C,
are the atmospheric and oceanic carbon inventories, with responses 6C,,,(r) and 6C,.,(r) to perturbations in
volume element dV(r), we calculate the per-unit-perturbation-volume responses Op,um(r) = 0C,m(r)/dV(r) and

Ooen(T) = 8C,.,(r)/dV(r). Similarly, for the gross CO, flux across the sea surface ®,,, we use the per-unit-

as»
perturbation-volume response 8¢, (r) = 6®,/dV(r) so that é¢,, and d¢., have the same dimensions. [D,, is
the globally integrated gross air-sea flux k pCO, (e.g., Friedlingstein et al., 2023), while the net air-sea flux is
k(pCO2 —pCOS™), where pCOS™ is the effective partial pressure of dissolved CO, and & is the local gas-
exchange coefficient.] Note that for all these quantities the r dependence signifies the dependence on where
the perturbation is applied. The quantities dpocn, Oftyims OPex» a0d O, are all per-unit-volume intensive quantities;

if export is perturbed over a larger region, the total changes are obtained by volume integrating with respect to r.

3. Sensitivity Metric and Relation to Key Timescales

The central quantity of interest is the change in atmospheric carbon inventory per unit export perturbation, that is,
O am()/8¢ho (1), at every point r in the euphotic zone. Sy, (r)/0¢.,(r) has dimensions of time and is proportional
to the atmospheric turnover time 7., = Coim/Pas = IHam/ 0P, Where the last equality follows because both Cy,,
and @, are proportional to atmospheric pCO,. We thus have

Saim
5¢SX

_ 5¢db

=—twS  with  S=-,
ex

4)

where we have defined the flux-sensitivity ratio S, and the atmospheric turnover time is 7,,,, = 9.6 years for our
model with an atmospheric carbon inventory of 593 PgC (CO, at 278 ppm) and a gross air-sea flux of 62 PgC/yr.
The negative sign is introduced so that S > 0, as for positive d¢., both é¢,, and Su,,,,, are negative (reduction in
atmospheric CO,). S can be considered the fundamental dimensionless metric of the sensitivity.

Given S(r) and the export perturbation field d¢(r), the response of atmospheric pCO, is readily available. Because
the gas-exchange coefficients (pressure-weighted global integral K) do not change in response to biological
perturbations, and with ®,, = K pCO,, it follows that 5pCO,/pCO, = 6@, /P,.. With 6@, = [5¢,, dV and
Op,s = —S 8¢, by definition (Equation 4), we have

5pCO,  [S(X)6¢pe,(r)dV g 5D,

= ®)
pC02 q)as (Das
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where 6®,, = [6¢., dV and S is the 5¢p,,-weighted volume average of S. In terms of typical numbers, if a hy-
pothetical volume-integrated export enhancement were to be 6®,, ~ 0.1 PgC/yr with § ~ 6, then the fractional
change 5pCO,/pCO, ~—6 (0.1/62) ~—1%. For steady states with higher atmospheric CO, concentrations, @, and
to a good approximation the global-mean S scale linearly with atmospheric pCO, implying a similar fractional
change in pCO, for a given export perturbation.

Enhanced export production increases the ocean's regenerated DIC inventory and at the same time reduces its
preformed DIC inventory. If there were no atmosphere, the regenerated increase and preformed reduction would
match exactly. With the atmosphere present, reduced surface DIC drives an influx of atmospheric CO, that
lessens the reduction of the preformed DIC inventory. To analyze this quantitatively, we decompose the response
of the ocean's carbon inventory dy,.,, into the changes of the preformed and regenerated DIC inventories, that is,
Otocn = OMpre + Oreg, Where we omitted the negligible response of carbon tied up in POC and DOC. (For per-
turbations of both POC and DOC export, the DOC term is important as discussed in Text S1 of Supporting
Information S1.) Conservation of carbon by the atmosphere-ocean system, —dpt ., = Sy, then means that

_éﬂatm _ 6Mreg 5ﬂpre

S e O ©

where every term has the dimensions of time. The left-hand side becomes S 7, from Equation 4. 0p;¢e/0¢pey = Tyeq
is the sequestration time, which is the mean time that exported carbon stays sequestered below the euphotic zone
as regenerated DIC (Boyd et al., 2019; DeVries et al., 2012; Holzer et al., 2021; Siegel et al., 2021). An alternative

definition of 7., in terms of the time taken for biogenic DIC to equilibrate with the atmosphere was recently

proposed by Nowicki et al. (2024), which accounts for the effects of slow air-sea CO, equilibration on biogenic

carbon sequestration. Here, we maintain the original definition of 7., and account for the influence of air-sea

disequilibrium by its effect on the preformed carbon inventory as discussed below.

We define the preformed response time 7, = — e/ O¢hex, Which is the reduction in the preformed DIC inventory
per unit increase in export flux, and hence simply the bulk timescale with which the export perturbation would

flush out the response of the preformed DIC inventory. An interpretation of 7, in terms of a mean residence time

of labeled carbon (as is the case for 7., and 7,,,,,) is not available to the best of our knowledge. However, 7. as

pre
defined here is a convenient timescale for characterizing the preformed DIC response, while 7, is the natural
timescale for characterizing the export perturbation. Conservation of carbon as expressed by Equation 6 relates

the flux-sensitivity ratio S to these timescales through

seq

Tseq — Tpre
§=-a_ pre @)

Tatm

High sensitivity thus corresponds to long 7., and/or short 7.

as Oplyeq, Which would occur in the limit of no gas exchange when the preformed DIC deficit is entirely “filled” by

resurfacing regenerated DIC. This guarantees that 7, > 7., thus ensuring S > 0.

Note that S, can at most be as large in magnitude

4. Magnitude and Patterns of the Sensitivity

Figure 1a shows a map of the euphotic-mean flux-sensitivity ratio S. The largest sensitivities occur in the polar
Southern Ocean, tropical oceans, subpolar Pacific and North Atlantic. The global mean of S is 5, with the peak
sensitivities occurring in the Southern Ocean where S exceeds 14. Figures 1b and 1¢ show euphotic-mean maps of
Tgeq and 7,,... Comparison with Figure 1a shows that to a first approximation the geographic pattern of S is set by
Tseq- High 7.4 occurs where exported organic carbon is injected into slowly ventilated or old waters such as the
tropical eastern Pacific, and where deep-water formation in the North Atlantic and Southern Ocean transports
exported carbon into the deep ocean (DeVries et al., 2012; Holzer et al., 2021; Nowicki et al., 2022). The response
time 7, has a similar pattern as 7., but is generally shorter (by 47 years in the global mean) due to the invasion of
atmospheric carbon, which fills some of the preformed DIC deficit created by the export anomaly. If the sea

surface were impermeable (no gas exchange) 7., and 7.

pre would be identical in both pattern and magnitude. If air-

seq
sea exchange were instantaneous allowing surface waters everywhere to equilibrate with the atmosphere, air-sea
exchange would have almost no influence on the pattern of 7. which would thus be expected to be nearly

identical to that of 7., except for modest modulations due to variations in the Revelle buffer factor (Revelle &

seq
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Figure 1. (a) Euphotic vertical means of the dimensionless flux-sensitivity ratio S = —d¢,/5¢., (b) the mean sequestration time 7,
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(Latitudes north of 72°N are not shown due to the model's coarse resolution there producing potential numerical artifacts.)
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Figure 2. (a) The euphotic vertical mean of the reference and (b) disequilibrium components of the preformed response time 7

ore- 10 quantify how these contribute to the

pattern of the flux-sensitivity ratio S relative to that of the sequestration time 7., panel (c) shows 1 — et/ 7yeq and panel (d) shows —Agdisy Tyeq» Which can be added to

give the ratio 7, S/t

atm

seq’

pre’ pre

Suess, 1957). For the real ocean, the circulation and mixing often do not allow waters to linger in contact with the
atmosphere long enough for DIC to equilibrate.

and 7

How do the broadly similar patterns of S, 7. pre

seqr differ in detail and what is the role of air-sea disequi-

librium? To investigate this, we partition 7,,,. into a rapid-gas-exchange reference value 7l and a disequilibrium

pre
dis _ ref
contribution A7yt = 7 — 750,

ref
We compute 7

sea exchange is near-instantaneous (we use uniform coefficients set to 10 times the maximum realistic value).

which can have either sign (e.g., Marinov et al., 2008; Toggweiler et al., 2003).

by performing the sensitivity calculation with the gas-exchange coefficients set so large that air-

To quantify how the pattern of S differs from that of 7., and how disequilibrium contributes to the differences, we

consider ratios with 7., and rewrite Equation 7 as zym S/7eq = (1 = T/ Tseq) — AT/ Teeq- The euphotic-mean

terms of this equation are plotted in Figure 2 together with maps of rg‘;i and Argg Figures 2a and 2c show that r;;g

is the dominant contributor to the amplitude of S, but the pattern of 7'’ barely differs from that of Toeq- Weak

pre

variations in T;e/ T4eq are consistent with those of the Revelle buffer factor (e.g., Holzer & DeVries, 2022; Sabine

et al., 2004). A smaller than average buffer factor at low latitudes means that a given reduction in atmospheric
ref

pCO; equilibrates with a higher DIC response, and hence a higher 75, and a lower value of (1 — el rreg) . The

pre’
converse is true at high latitudes where the buffer factor is larger than average.

The disequilibrium term shown in Figure 2d contributes only about 10% to the global mean sensitivity (—4 years

out of 7,,, S ~ 48 yr) but is important locally in modulating the pattern of S relative to that of Tseq- Negative Argirse

is most pronounced in the Atlantic and Southern Ocean (Figures 2b and 2d), indicating that there 7, is shorter,
giving a larger sensitivity S. Short 7,,,., that is, a small response in the preformed DIC inventory, occurs when the
negative preformed DIC anomaly continually created by stimulated export is effectively erased (Figure 3):
Effective erasure through the invasion of atmospheric CO, is achieved when the negative surface preformed DIC
anomalies in the vicinity of the perturbation equilibrate quickly with the atmosphere (low disequilibrium), and
when the positive preformed DIC anomalies due to resurfacing regenerated DIC are prevented from equilibrating
(high disequilibrium) and escaping back into the atmosphere. Because organic carbon is generally respired with a
surface-intensified profile (approximately a power law, Martin et al., 1987), most of the regenerated DIC re-
surfaces near the export perturbation, mitigating the effect of disequilibrium which has opposing effects on in-
vasion and escape. Deep regenerated DIC that resurfaces far from the point of export tends to do so preferentially
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short Tpre

short Tseq

podxa

Figure 3. Schematic to contrast conditions leading to high or low sensitivity of atmospheric CO, to local steady-state export
enhancement. Permanently enhanced export continually creates a negative anomaly in surface dissolved inorganic carbon
(DIC) (blue box) in the vicinity of the perturbation, and a positive surface DIC anomaly where regenerated DIC upwells to
the surface (reddish box). High sensitivity of atmospheric CO, to the export perturbation occurs where the sequestration time
of exported carbon is long, which gives atmospheric carbon time to invade before regenerated DIC resurfaces and erases the
negative preformed DIC anomaly. Air-sea disequilibrium enhances this sensitivity if it occurs where regenerated DIC
resurfaces, but reduces the sensitivity if it occurs in the region where the export perturbation is applied.

in the Southern Ocean (Nowicki et al., 2024), especially for DIC regenerated in the Atlantic and in the Southern
Ocean itself. The Southern Ocean is a region of rapid overturning and mixing and hence characterized by high

disequilibrium, which is consistent with smaller values of 7, for Atlantic and Southern Ocean perturbations.

Figure 2b shows that Argii is strongly positive (~30 years or more) in deep-water formation regions (Ross,

Weddell, Labrador, Greenland seas) and slightly positive in the North Pacific (less than ~10 years). In these
regions 7, is thus longer than the equilibrated reference value, meaning reduced effectiveness of the atmosphere
at erasing the negative preformed DIC anomaly, which indicates disequilibrium for invasion. (Because the rapid-

gas-exchange reference state has virtually zero disequilibrium, Az%

pre
for escape.) The pattern of positive Argirse

> ( cannot mean yet lower disequilibrium
is consistent with the expectation of high disequilibrium for the deep-

water formation regions and for ice-covered seas, where the negative preformed DIC anomaly from stimulated
export is either rapidly subducted and mixed away from the surface or physically shielded from the atmosphere. In
agreement with these findings, Nowicki et al. (2024) also found that air-sea disequilibrium reduces the amount of
dis

DIC sequestered by organic carbon export in deep-water formation regions. The slightly positive Az in the

North Pacific indicates less sensitivity than in the reference case and must therefore be associated with modest
disequilibrium proximal to the North Pacific perturbations.

To support these interpretations of Az

pre’

Pacific export perturbations, and Atlantic perturbations indeed tend to outgas more in the Southern Ocean (Figure

we examined the response in net air-sea carbon flux for Atlantic and

S1 in Supporting Information S1). To confirm the key role of Southern Ocean disequilibrium in controlling ..,

we recomputed Arg';z for the hypothetical case with near-instantaneous air-sea exchange south of 40°S. Relieving

surface disequilibrium in the Southern Ocean reduces the negative values of Afgg in the North Atlantic by a factor
dis

of roughly 2, while leaving the positive values of Az

in the North Atlantic largely unchanged (Figure S2 in
Supporting Information S1).

The ratio between S and 7, (the sum of the terms plotted in Figures 2c¢ and 2d) quantifies the effect of the

preformed response time in modifying the pattern of S from that of 7,.; a uniform ratio would indicate identical

seq’

patterns. The ratio shows that S is enhanced relative to 7., by up to about 40% in the Atlantic and even more in the

seq
Southern Ocean, with corresponding reductions elsewhere. Thus, the effect of the preformed response time,

dominantly through its disequilibrium contribution, is to enhance the sensitivity in the Atlantic and Southern
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Oceans outside the deep-water formation regions of the polar/sub-polar North Atlantic and Antarctic margin. This
enhancement, as quantified by —Ar‘;i;/rseq, is particularly pronounced in the Antarctic Divergence region
(Figure 2d). Here, a large fraction of the positive subsurface DIC anomalies created by enhanced export upwell
into a region of intense air-sea disequilibrium, preventing their equilibration with the atmosphere and thus
enhancing the sensitivity S (Figure 3). Elsewhere in the tropical and subtropical Atlantic, sensitivity is also
enhanced but to a lesser degree because a smaller fraction of the regenerated DIC anomaly from these regions

upwells into the Antarctic Divergence.

5. Discussion

The sensitivity patterns calculated here are relevant for marine CDR strategies, such as iron fertilization (e.g.,
Buesseler et al., 2004; Hauck et al., 2016), that seek to draw down atmospheric CO, by stimulating the biological
pump. Our results show that the average flux-sensitivity ratio S is about 5, which translates to roughly a 1%
drawdown in atmospheric CO, for a 0.1 PgC/yr permanent export enhancement. However, S varies widely across
the ocean, ranging from 2 to 4 in the sub-Antarctic and the western North Atlantic and North Pacific, to 8-10 in
the equatorial Pacific and Indian Ocean, and >12 in the Antarctic Divergence region of the Southern Ocean. The
equatorial Pacific and Southern Ocean are both iron-limited regions (C. M. Moore et al., 2013) that would be
conducive to iron fertilization (e.g., Aumont & Bopp, 2006). If carbon export were enhanced in these regions
where S ~ 10, then atmospheric CO, would decrease by 2% for a 0.1 PgC/yr export increase. The main reason for
enhanced sensitivity in the tropical Pacific and Indian Ocean is their long sequestration time, while air-sea
disequilibrium significantly enhances the sensitivity in the Antarctic Divergence region. Sensitivity declines
sharply to the north and south of the Antarctic Divergence, indicating that fertilization north of the polar front or
along the Antarctic margin would not be effective. The sharp divide to the north of the polar front has previously
been termed the Southern Ocean “biogeochemical divide” (Marinov et al., 2006). The divide toward the Antarctic
margin is from air-sea disequilibrium preventing the ingassing of atmospheric CO, in response to enhanced
export along the Antarctic margin, due to rapid deep convection and sea ice in this region.

The steady-state sensitivities and timescales calculated here can be regarded as fundamental metrics of the carbon
cycle obtained from a linearization about the current ocean state. While sensitivities were calculated for prein-
dustrial CO, concentrations as these were approximately steady, the response sSpCO,/pCO, (see Equation 5) is
insensitive to the equilibrium atmospheric CO, concentration (and hence to the Revelle buffer factor), and the
OCIM?2 circulation and biogeochemical parameters have been optimized against late-twentieth-century clima-
tology. Thus, the sensitivities computed here are applicable to the climatological mean state of the modern ocean.
However, the effects of seasonal to interannual variability on the preformed and regenerated DIC inventories are
not captured by our steady-state model.

In terms of applicability to marine CDR, there are several caveats. First, we considered only the steady-state
response to permanent perturbations in organic-carbon export. Because realistic export enhancements are un-
likely to be sustained in perpetuity, the transient response to pulsed enhancements is more relevant to CDR.
However, the same mechanisms and large-scale patterns identified here likely also shape the transient response.
Realistic iron fertilization strategies would also have to consider changes in ocean state on the timescale of 7., as
the ocean circulation and thermodynamic state are predicted to vary considerably over the next century (e.g.,
Weijer et al., 2020). For the time-dependent case one can still define a flux-sensitivity ratio as in Equation 4, and
because it simply re-expresses carbon conservation by the atmosphere-ocean system Equation 7 still holds if there
are no changes in terrestrial carbon storage. However, all timescales would become time dependent, requiring
explicit time stepping of a different tracer for each euphotic grid box in a dynamic ocean model, which is beyond
the scope of our study. Second, realistic export enhancements will stimulate both POC and DOC export. While
our model represents only a single semi-labile DOC pool with a fixed 2-year lifetime, we find that when we
perturb both POC and DOC export, the sensitivity is reduced (global mean S = 3.6) with both shorter values of 7.4
and 7. Inclusion of perturbed DOC export further amplifies the differences between the patterns of S and 7,
(Figures S3 and S4 in Supporting Information S1). Third, our study only applies to CDR approaches for which
organic particles are exported naturally through gravitational settling. Export enhancements that involve artificial
transport to the ocean bottom or that remove carbon from the atmosphere-ocean system are no longer solely
governed by the biological pump and hence expected to have different sensitivities.
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6. Conclusions

The sensitivity to export perturbations at any given point in the euphotic zone is naturally quantified by the
dimensionless flux-sensitivity ratio S, which is the ratio of the response in the gross air-sea CO, flux to the
perturbation in the organic-carbon export rate. For a given field of perturbed export d¢., the volume integral
JS 8¢p dV provides the response of atmospheric pCO, through Equation 5. The global average of S is about 5
and at this value of sensitivity a 0.1 PgC/yr export enhancement would draw down atmospheric CO, by
roughly 1%.

The geographic sensitivity pattern is dominantly determined by the sequestration time 7,4, which is longest where

export accesses slowly ventilated deep-water masses in the tropical eastern Pacific, and in the deep-water for-
mation regions of the North Atlantic and Southern Ocean. The amplitude of the sensitivity is set by the difference
between 7., and the preformed response time 7,.. The preformed response time modulates the geographic
sensitivity pattern primarily through the effects of air-sea CO, disequlibrium. This results in a sensitivity pattern

with higher Southern Ocean sensitivity than what would be expected from the pattern of 7., alone, especially in a

seq
narrow band along the Antarctic Divergence.

Our analysis has highlighted the subtle interplay between carbon sequestration and air-sea exchange that de-
termines the steady-state response of atmospheric carbon to perturbations in organic-carbon export. The time-
scales and patterns of the response are fundamental metrics of the global marine carbon cycle and should be useful
for assessing carbon models as well as for potentially guiding future geo-engineering efforts for CDR to mitigate
climate change.

Data Availability Statement

This research used the PCO, biogeochemistry model whose code is publicly available (Pasquier, 2023). The
photosynthetically available radiation fields used by PCO, are from the “historical” ACCESS1.3 model runs
publicly available as part of the Australian CMIP5 archive (NCI-ESGF, 2013). The OCIM2 transport matrix
and corresponding salinity and temperature fields are publicly available at UCSB (DeVries, 2019). Sea-ice
and surface-wind data are from the NCAR-NCEP Reanalysis 1 (Kalnay et al., 1996). Gridded observed
silicic-acid concentrations used with the carbonate chemistry are from the World Ocean Atlas 2018 (Garcia
et al., 2018).
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