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Abstract
Marine carbon dioxide removal (mCDR) is gaining interest as a tool to meet global climate goals.
Because the response of the ocean–atmosphere system to mCDR takes years to centuries, modeling
is required to assess the impact of mCDR on atmospheric CO2 reduction. Here, we use a coupled
ocean–atmosphere model to quantify the atmospheric CO2 reduction in response to a CDR
perturbation. We define two metrics to characterize the atmospheric CO2 response to both
instantaneous ocean alkalinity enhancement (OAE) and direct air capture (DAC): the cumulative
additionality (α) measures the reduction in atmospheric CO2 relative to the magnitude of the CDR
perturbation, while the relative efficiency (ε) quantifies the cumulative additionality of mCDR
relative to that of DAC. For DAC, α is 100% immediately following CDR deployment, but declines
to roughly 50% by 100 years post-deployment as the ocean degasses CO2 in response to the
removal of carbon from the atmosphere. For instantaneous OAE, α is zero initially and reaches a
maximum of 40%–90% several years to decades later, depending on regional CO2 equilibration
rates and ocean circulation processes. The global mean ε approaches 100% after 40 years, showing
that instantaneous OAE is nearly as effective as DAC after several decades. However, there are
significant geographic variations, with ε approaching 100% most rapidly in the low latitudes while
ε stays well under 100% for decades to centuries near deep and intermediate water formation sites.
These metrics provide a quantitative framework for evaluating sequestration timescales and carbon
market valuation that can be applied to any mCDR strategy.

1. Introduction

Carbon dioxide removal (CDR) refers to the deliber-
ate removal of CO2 from the atmosphere and stor-
age in a semi-permanent reservoir (NASEM 2019).
If effective technologies for deploying CDR at large
scales are developed, they could help reduce atmo-
spheric CO2 concentrations to keep warming to
within 2 ◦C above pre-industrial values (IPCC 2022).
The most direct CDR strategy is direct air capture
(DAC), where CO2 is stripped out of the atmo-
sphere and stored in geologically permanent reser-
voirs (Keith et al 2006). Marine-based CDR (mCDR)
strategies have also garnered interest due to the
ocean’s capacity to sequester carbon at the scale

needed to offset anthropogenic CO2 emissions (Fuss
et al 2018, Friedlingstein et al 2023).

Marine CDR strategies lower atmospheric CO2

(Catm) by first reducing the dissolved CO2 concentra-
tion in the ocean, which leads to increased oceanic
uptake of Catm (NASEM 2022, Doney et al 2024).
Most studies assessing mCDR efficacy have focused
on the oceanic uptake of Catm assuming a constant
atmospheric CO2 concentration (Köhler et al 2013,
He and Tyka 2023, Bach et al 2023a). This additional
uptake of Catm relative to a counterfactual baseline
without mCDR is referred to as the ‘additionality’
(Michaelowa et al 2019). However, assuming a con-
stant Catm ignores the fact that perturbations in the
ocean carbon reservoir (Cocn) will inevitably lead to
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perturbations in Catm and vice versa (Oschlies 2009,
Keller et al 2018). For a more realistic estimate of
mCDR additionality, the two-way exchange of car-
bon between the ocean and atmosphere must be
considered.

Here, we use a coupled ocean–atmosphere model
to quantify the magnitude and timescales of Catm

reduction in response to small CDR perturbations.
We focus our analysis on chemically mediatedmCDR
strategies, such as direct seawater capture and ocean
alkalinity enhancement (OAE). Direct seawater cap-
ture refers to the electrochemical extraction of
CO2 from surface seawater and subsequent storage
(Eisaman et al 2012), and OAE refers to the amend-
ment of alkaline minerals and solutions to the surface
ocean (Hartmann et al 2013, Bach et al 2019). Since
OAE reduces dissolved CO2 by shifting the CO2 spe-
ciation in seawater, direct seawater capture and OAE
are effectively equivalent if we assume that the alkalin-
ity changes instantly. Therefore, we will refer to both
direct seawater capture and OAE as ‘instantaneous
OAE’.

First, we introduce a model of the ocean–
atmosphere carbon system linearized about the mod-
ern ocean state, which we use to simulate both DAC
and instantaneous OAE (section 2). Then, we eval-
uate the additionality of both strategies and the rel-
ative efficiency of instantaneous OAE with respect
to DAC to show that instantaneous OAE can be as
effective as DAC in the long term, but with delays
in efficacy and regional variability driven by differ-
ences in CO2 equilibration and ocean circulation
timescales (section 3). Finally, we address the model
assumptions and simplifications, and discuss how the
mCDR metrics introduced here inform the monitor-
ing, reporting, verification, and market valuation of
mCDR (section 4).

2. Methods

2.1. Ocean–atmosphere carbonmodel
A coupled ocean–atmosphere model is used to simu-
late the ocean and atmospheric carbon perturbation
from CDR. For the ocean, we use a data-assimilated,
global ocean circulation inverse model (OCIM). The
OCIM estimates the climatological mean state of the
ocean circulation for the modern ocean and casts it
as a matrix transport operator (DeVries and Primeau
2011, DeVries 2014, 2022). Here we use the latest ver-
sion, OCIM2-48L, which has a 2◦ horizontal resol-
ution and 48 depth levels (Holzer et al 2021). The
atmosphere is represented by a single well-mixed
reservoir that exchanges CO2 with each surface ocean
grid cell. The distribution of dissolved inorganic car-
bon in the ocean (DIC, µmol kg−1) and CO2 in the
atmosphere (xCO2, ppm) is coupled by the air–sea

CO2 exchange:

∂DIC

∂t
= T ·DIC− 1

ρz1
Fsea−air + Jbio (1)

∂xCO2

∂t
=

1

Mair
∫
A
Fsea−airdA+ Jother (2)

where T is the transport operator from OCIM2-
48L (yr−1), Fsea–air is the sea-to-air CO2 flux
(µmol m−2 yr−1), Jbio is the biological sources and
sinks of DIC (µmol kg−1 yr−1), Jother represents the
combined fluxes from the terrestrial biosphere and
anthropogenic CO2 emissions (ppm yr−1), ρ is the
seawater density (1025 kg m−3), z1 is the depth of the
top OCIM2-48L layer (m),Mair is the moles of air in
the atmosphere (1.7 × 1020 mol), and dA is the area
of each model surface ocean grid cell (m2). Fsea–air is
proportional to the gradient of the partial pressures of
CO2 in the ocean (pCO2,ocn, µatm) and atmosphere
(pCO2,atm, µatm):

Fsea−air = KwK0 (pCO2,ocn − pCO2,atm)(1− fice)
(3)

where pCO2,atm is directly proportional to xCO2

assuming a constant sea surface pressure (Patm) of
1 atm, Kw is the piston velocity (m yr−1) based on
a quadratic relationship to 10 m wind speeds (U10)
(Wanninkhof 2014), K0 is the CO2 solubility in sea-
water (mol kg−1 atm−1), and f ice is the ice-covered
fraction. U10 and f ice are the annually averaged cli-
matology from the NCEP/DOE Reanalysis II dataset
(Kanamitsu et al 2002). Fsea–air is positive when there
is a net flux of CO2 into the atmosphere.

Fsea–air is non-linear with respect to DIC but can
be approximated by linearizing the carbonate system
about the modern ocean state such that the air–sea
CO2 equilibration timescale (τCO2) is:

τCO2 =
z1β

KwR
(4)

where β is the equilibrium ratio of DIC to dissolved
CO2 in seawater and R is the Revelle factor (Broecker
and Peng 1974, Nowicki et al 2024). The global dis-
tribution of τCO2 is plotted in figure S1. The ocean
carbonate parameters (β, R, K0) are solved using
CO2SYS (van Heuven et al 2011) with inputs of DIC
and total alkalinity from the GLODAPv2 mapped cli-
matology (Lauvset et al 2016) and phosphate, silicate,
sea surface temperature, and sea surface salinity taken
from the annual climatologies of World Ocean Atlas
2018 (Boyer et al 2018).

2.2. Modeling the impacts of CDR
We simulate two CDR strategies: DAC and instant-
aneous OAE. The modeled carbon perturbation due
to CDR is the difference between the simulation with
and without CDR, noted as. By linearizing Fsea–air
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with respect toDIC using τCO2, we can directlymodel
this perturbation (∆) in the ocean and atmosphere
(see supplementary text for derivation):

∂∆DIC

∂t
= T ·∆DIC

− 1− fice
ρτCO2

(
∆DIC− Koβ

R
Patm∆xCO2

)
−∆JCDR,ocn (t, r) (5)

∂∆xCO2

∂t

=
z1
Mair

∫
A

1− fice
τCO2

(
∆DIC− Koβ

R
Patm∆xCO2

)
dA

−∆JCDR,atm (t) (6)

where ∆JCDR,ocn(t,r) and ∆JCDR,atm(t) are the finite
CDR perturbation applied in the ocean or atmo-
sphere, respectively, and ‘r’ indicates location of the
CDR deployment and ‘t’ is the time since its onset.
We assume that the biological pump (Jbio) and the
terrestrial flux and anthropogenic emissions (Jother)
do not respond to the perturbation. Thus, Jbio and
Jother are identically zero. For DAC, we introduced a
∆JCDR,atm of 1 ppm yr−1 for the first 30 days of the
simulation. Though we attribute JCDR,atm to the cap-
ture of Catm, this effect can also be achieved via negat-
ive or avoided emissions. For instantaneous OAE, we
introduced a ∆JCDR,ocn of 1 µmol kg−1 yr−1 in the
top ocean layer for the first 30 days. We applied this
perturbation to a single surface ocean grid at a time
and repeated the simulation for all surface ocean grids
individually. The 30 day duration is an approxima-
tion for a finite, one-time application of CDR (e.g.
ship-based OAE). Note that continuous, long-term
deployments may lead to significant changes in the
near-field or global ocean carbonate system, which
would fall outside the scope of our linearized model.
For all simulations,∆JCDR,atm and JCDR,ocn were set to
0 after 30 days and themodels were run for 1000 years.
We used a daily time-step for the first 90 days, a
monthly time-step thereafter until Year 5, an annual
time-step thereafter until Year 100, a 10 year time-
step thereafter until Year 500, and a 100 year time-step
thereafter until Year 1000. For instantaneous OAE,
simulations for only 100 randomly selected grids were
completed for the full 1000 years. The rest were sim-
ulated for only 100 years. This reduced the compu-
tation time while still providing a robust estimate of
spatial variability.

At each time-step, we calculated the net change
in atmospheric carbon (∆Catm), which is the product
of Mair and ∆xCO2, and the total amount of carbon
removed from the ocean–atmosphere systemviaCDR
(∆CCDR). For DAC, ∆CCDR is the product of Mair

and the time-integrated ∆JCDR,atm(t). For instantan-
eous OAE, ∆CCDR is the product of seawater density
and the time- and volume-integrated ∆JCDR,ocn(t,r).
CCDR is constant after 30 days, since no further CDR

perturbation is applied. The ratio between Catm and
CCDR is the ‘cumulative additionality’ (α):

α(t, r) =
∆Catm (t, r)

∆CCDR (t, r)
× 100%. (7)

Normalizing the cumulative additionality of
mCDR (αmCDR(t,r)) to that of DAC (αDAC(t))
provides ametric that compares the efficacy ofmCDR
to that of DAC, which we call the ‘relative efficiency’
(ε):

ε(t, r) =
αmCDR (t, r)

αDAC (t)
× 100%. (8)

Since we applied the perturbation for instantan-
eous OAE to each surface ocean grid individually, we
quantified α and ε for each surface grid, r, as a func-
tion of time, t.

The present modeling approach can be applied
to assess the efficacy of other mCDR strategies, such
as iron fertilization and macroalgal sequestration, by
changing the parameterization of JCDR,ocn to properly
reflect the impacts of these methods. The focus here
is on assessing the carbon sequestration timescales via
instantaneous OAE to demonstrate the roles of gas
exchange and ocean mixing and circulation processes
on mCDR metrics.

3. Results

The global mean cumulative additionalities (α) for
DAC and instantaneous OAE differ in the first sev-
eral decades after CDRdeployment but converge after
∼40 years (figure 1(a)). For DAC, α is initially 100%,
but gradually declines to 47% after 100 years post-
deployment and to 21% after 1000 years. In contrast,
the global mean α for instantaneous OAE is initially
zero, increases to a maximum of 65% after 9 years,
declines to 46% after 100 years, and is nearly equival-
ent to DAC thereafter. The spread in the instantan-
eous OAE α values are due to differences in deploy-
ment site characteristics, which we discuss later. It is
important to note that this spread does not encom-
pass the full range of uncertainties in the response of
the ocean–atmosphere system to instantaneous OAE
and DAC, due to simplifications and assumptions of
our model as discussed in section 4.

To understand the difference between the DAC
and instantaneous OAEα values in the first 100 years,
we break them down into different phases. For DAC,
there are only two phases: the initialization and out-
gassing phase. In the initialization phase for DAC,
CO2 is removed directly from the atmosphere (i.e.
∆Catm = ∆CCDR), resulting in an α of 100%. Then
in the outgassing phase, the global reduction in
pCO2,atm as a result of DAC leads to ocean outgass-
ing, which offsets the initial Catm reduction, leading
to a decline in α. For instantaneous OAE, there are
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Figure 1. (a) Global cumulative additionality curves and (b) global relative efficiency curves for finite carbon removal via DAC
and instantaneous OAE. For the first 100 years in both panels, the solid line and shading for instantaneous OAE indicate the global
mean and spatial standard deviation, respectively, of each metric across all surface grids with an annual mean ice-cover⩽50%.
After 100 years, the solid line and shading for instantaneous OAE indicate the mean and spatial standard deviation, respectively,
across 100 randomly selected surface grids with an annual mean ice-cover⩽50%. The blue and red lines overlap after 100 years.

three phases: the initialization, ingassing, and out-
gassing phase. The initialization phase for instantan-
eous OAE removes CO2 from the surface ocean but
not yet from the atmosphere (i.e. ∆Catm = 0), res-
ulting in an α of zero. In the ingassing phase, the
CO2-deficient surfacewater begins to equilibratewith
the atmosphere and draws down Catm, leading to an
increase in α. After the CO2-deficient water mass is
fully equilibrated with the atmosphere, or is subduc-
ted into the interior ocean where it no longer inter-
acts with the atmosphere, we transition into the out-
gassing phase as in DAC. Values of α for DAC and
instantaneous OAE converge because in each case the
ocean–atmosphere system equilibrates to the same,
new steady-state where the carbon deficit is redistrib-
uted across these reservoirs.

Clearly, no CDR strategy can sustain 100% cumu-
lative additionality due to the re-partitioning of CO2

between the ocean and atmosphere. This is import-
ant to recognize when evaluating the actualized Catm

reduction, but this decline in efficacy will be true for
any emissions intervention. Therefore, it is helpful for

valuation purposes to define the relative efficiency (ε)
(figure 1(b)). The global mean ε for instantaneous
OAE reaches 90% after 17 years, which represents the
time-lag associated with the equilibration of negative
DIC anomalies due to both mixing and gas exchange.
After 100 years, ε reaches 98%.This indicates that on a
global average, instantaneous OAE is nearly as effect-
ive as DAC after a few decades.

Regional differences in the efficacy of instantan-
eous OAE are expected due to geographic variations
in CO2 equilibration and ocean ventilation times-
cales. The α and ε curves for instantaneous OAE
at eight different locations are shown in figure 2.
From these curves, we can compare the magnitude
and timescale of mCDR efficacy through the max-
imum cumulative additionality (αmax) and the time
for ε to reach 90% (τ 90%), respectively. Between the
subpolar regions, Station Papa in the North Pacific
reaches an αmax of 79% in 4.25 years, but at the
Porcupine Abyssal Plain (PAP), αmax is only 44% and
takes 15 years to reach (figure 2(a)). This leads to a
higher ε for Station Papa in the first 100 years with
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Figure 2. (a), (c), (e), (g) Cumulative additionality and (b), (d), (f), (h) relative efficiency curves for instantaneous OAE at 8
different sites: (a), (b) Station Papa (50◦ N, 145◦ W) in the North Pacific and Porcupine Abyssal Plain (PAP; 48◦ N, 16◦ W) in the
North Atlantic; (c), (d) Hawaii Ocean Time-series site (HOT; 22◦ N, 158◦ W) in the Northern Pacific subtropics and Bermuda
Atlantic Time-series site (BATS; 31◦ N, 64◦ W) in the Northern Atlantic subtropics; (e), (f) Tropical Pacific sites in Central (5◦ N,
140◦ W) and Eastern Pacific (10◦ S, 90◦ W); and (g), (h) Southern Ocean Time-series site (SOTS; 46◦ S, 140◦ E) and a site
4◦ south of SOTS (50◦ S, 140◦ E). The dashed black lines are for DAC. Stars mark the maximum cumulative additionality (αmax)
and diamonds mark the time to 90% relative efficiency (τ 90%) for each site.

a τ 90% of 3.75 years while at PAP, ε is only 78%
after 100 years (figure 2(b)). Both sites have similar
τCO2 of roughly 30 days (figure S1). However, in the
North Atlantic, surface waters are subducted more
rapidly than the timescale of CO2 equilibration due
to deep water formation, resulting in less Catm draw-
down. In the subpolar North Pacific, a longer surface
residence time allows for a more complete equilib-
ration. Variations in τCO2 also impact mCDR effic-
acy by altering the rate of Catm drawdown. The two
subtropical sites in the Pacific and Atlantic have a
more gradual ingassing phase than the subpolar sites
owing to longer τCO2 (figure 2(c)). At the Hawaii
Ocean Time-series (HOT), αmax of 69% is reached

after 15 years. At the Bermuda Atlantic Time-series
(BATS), αmax is 64% after 9 years. Longer τCO2 and
lower αmax values contribute to longer τ 90% at HOT
(12 years) and BATS (19 years) relative to Station
Papa (figure 2(d)). Slight variations between HOT
and BATS are likely due to regional differences in sub-
duction and ventilation patterns.

Circulation patterns can cause differences in
mCDR efficacy even for sites in close proximity. For
example, a site in the Central Tropical Pacific has a
relatively high αmax (75% in 4.5 years), but a site
within the upwelling region of the Eastern Tropical
Pacific has a weaker and more prolonged response
(αmax = 68% in 17 years) (figure 2(e)). This leads to
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Figure 3. (a) Maximum cumulative additionality (αmax) for the deployment of instantaneous OAE at each surface grid. Dashed
and solid black contour marks an αmax of 70% and 50%, respectively. Histogram to the right shows the area-weighted global
distribution of αmax. (b) Time to reach 90% relative efficiency (τ 90%) at each surface grid. Dashed and solid black contours mark
10 and 50 years, respectively. Histogram shows the area-weighted global distribution of τ 90%. The rightmost bar in the histogram
shows all the τ 90% values greater than 100 years. Surface grids with an annual mean ice-cover>50% were omitted for all analyses.
Time snapshot maps of cumulative additionality and relative efficiency are shown in supplemental figures S2 and S3, respectively.

a difference in τ 90% by a factor of two between these
sites with a value of 6 years versus 13 years at the
Central and Eastern sites, respectively (figure 2(f)).
However, α converges in these two locations after
20 years, so the efficacy at these sites is effectively
the same after a couple decades. Local heterogen-
eity is even more pronounced in the Southern Ocean
(figures 2(g) and (h)). At the Southern Ocean Time-
series (SOTS), α remains relatively low, reaching a
maximum of 48% after 47 years (figure 2(g)). In con-
trast, just 4◦ south of SOTS, αmax is 66% and realized
in only 6 years. This difference is caused by the ocean-
ographic boundary marked by the polar front (Bach
et al 2023b). At both sites, α increases at a similar rate
after the initialization phase because τCO2 is similar
(figure S1). However, at SOTS, which lies north of
the polar front, surface waters are subducted to form
mode waters which halts the equilibration of the neg-
ative CO2 anomaly, similar to sites near deep water
formation like PAP (figure 2(a)). But unlike deep
waters, these mode waters resurface more quickly,
allowing for further Catm uptake and leading to a

distinct secondary ingassing phase (figure 2(g)). This
allows for a boost in the ε curve near Year 20 and leads
to a shorter τ 90% of 67 years at SOTS (figure 2(h))
compared to>100 years at PAP (figure 2(b)). Still, the
site south of SOTS has a τ 90% of 36 years (figure 2(h)),
showcasing the impact of circulation. Thus, ocean-
ographic boundaries such as large-scale fronts can
cause large geographic variability in Catm uptake.

A global map of αmax further illustrates the influ-
ence of air–sea equilibration timescales and subduc-
tion patterns on the efficacy of instantaneous OAE
(figure 3). Values of αmax are consistently high in
the tropics (figure 3(a)) because surface waters there
remain at the surface long enough to reach near-
complete air–sea CO2 equilibration. High αmax val-
ues also occur in the eastern North Pacific and south
of 50◦S in the Atlantic and Indian sectors of the
Southern Ocean (figure 3(a)). Regions near mode-
water formation have lower values of αmax, and αmax

is lowest in the subpolar North Atlantic near loca-
tions of deep-water formation (figure 3(a)). These
results are consistent with studies that showed high

6
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DIC equilibration efficiency off the coast of Brazil
and in the eastern Bering Sea, and low equilibration
efficiency near Iceland (Wang et al 2023, Bach et al
2023a). The global median αmax is 71% with a 10th
and 90th percentile range of 56–79%. No model grid
reached an αmax value of 100%. This is because the
ingassing of additional Catm and the outgassing of
Cocn occurs in tandem. Thus, even if a CO2-deficient
water mass achieves complete air–sea equilibration,
the simultaneous outgassing of CO2 during this time
reduces the net Catm drawdown.

Global values of τ 90% are generally inversely
related toαmax. Regionswhereαmax is greater than the
median tend to have τ 90% values of less than 10 years
(figure 3(b)). Conversely, regions where αmax is 50%
or lower generally exhibit τ 90% values of 50 or more
years (figure 3(b)). The globalmedian τ 90% is 11 years
with a 10th and 90th percentile range of 3.8–58 years.
In 6% of the ocean surface with an annual mean ice-
cover⩽50%, τ 90% is over 100 years.

4. Discussion

4.1. Model assumptions and simplifications
We made several assumptions to estimate OAE and
DAC efficacy in this study. First, potential changes in
physical forcings associated with climate change such
as changes in ocean circulation, winds, and temperat-
ure were ignored. Second, we assumed that the biolo-
gical pump is not affected by OAE or DAC. Third, we
linearized the model assuming a constant carbonate
chemistry with a constant Revelle factor, though the
Revelle factor will increase as the ocean takes upmore
anthropogenic carbon (Bates et al 2014, Fassbender
et al 2018). Understanding how future changes in the
Earth system will affect the durability of any mCDR
action is important, but future pathways of emissions
and climate are highly uncertain.

In a case study to examine the impact of centen-
nial changes in the Revelle factor, we estimated the
cumulative additionality (α) for DAC with the full
non-linear CO2 system chemistry using a medium
and high emissions scenario (Clarke et al 2007, Riahi
et al 2007). For the medium emissions scenario,
atmospheric CO2 was ∼450 ppm and α was 15%
higher than the linearized estimate after 100 years
(figure S4). For the high emissions scenario, atmo-
spheric CO2 was ∼900 ppm and α was 31% higher
than the linearized estimate after 100 years (figure S4).
Increased emissions lead to higher Revelle factors, res-
ulting in proportionally larger changes in pCO2,ocn

with changes in ocean DIC. Though considering
changes in the ocean carbonate system is certainly
important for estimating α, other factors such as
temperature and ocean circulation changes (Riebesell
et al 2009, Goris et al 2018) are likely to contribute
similar or greater uncertainty to our model estimates
at century timescales.

Our model also lacks seasonality, which may be
important to consider during the deployment phase.
The initial Catm uptake is governed by CO2 equilib-
ration timescales and ocean circulation (figure 2),
which vary seasonally. Jones et al (2014) showed
strong seasonality in CO2 equilibration timescales in
the high latitudes with shallower mixed layers driv-
ing a shortening of the equilibration timescale in
hemispheric summers. Shorter equilibration times-
cales with weaker deep-water formation in the sum-
mers could potentially boost initial α values for sum-
mertime mCDR deployment in locations like the
North Atlantic and the Southern Ocean. Conversely,
longer equilibration timescales due to deeper mixed
layers coupled with stronger deep-water formation
could decrease mCDR efficacy in these locations dur-
ing hemispheric winters. This may be particularly
important for biotic mCDR strategies, such as iron
fertilization and macroalgal biomass sequestration.
Future studies should aim to assess the importance of
seasonality on mCDR efficacy.

We also simplified themodel representation of the
atmosphere and terrestrial biosphere. Our use of a
uniform atmosphere creates instances where relative
efficiency exceeds 100% in some grids, which seems
unlikely in the real ocean (figure 1(b)). But based
on similar timescales of inter-hemispheric exchange
within the troposphere and the air–sea CO2 equilib-
ration (both on the order of 1 year) and the much
longer timescale of global oceanmixing (on the order
of 1000 years), this is a reasonable simplification for
understanding the carbon perturbations across the
ocean and atmosphere on annual to centennial times-
cales. Our model also lacks an interactive terrestrial
biosphere whose impact to Earth’s carbon system is
controlled by its physiological response to changes in
Catm and temperature (Arora et al 2020). For a full
assessment of the carbon sequestration efficiency for
any CDR strategy, the inclusion of an interactive ter-
restrial biosphere is crucial (Keller et al 2018).

Lastly, our model estimates are for an idealized
case of instantaneous OAE, and we did not con-
sider the technical inefficiencies or delays related to
OAE deployment. This includes the carbon emissions
associated with mineral mining (Foteinis et al 2023),
loss of mineral amendments through particle sinking
(Yang and Timmermans 2024), offsets to the increase
in alkalinity due tomodifications in natural alkalinity
(Bach 2024), and delays betweenmineral applications
and CO2 reduction due to slow mineral dissolution
(Fakhraee et al 2023). Therefore, the results presen-
ted here can be thought of as one component within
a holistic life cycle evaluation when determining the
costs and benefits associated with mCDR.

4.2. Considerations for mCDRmonitoring,
reporting, verification, and valuation
Our estimates of mCDR efficacy highlight the chal-
lenges associated with monitoring, reporting, and
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verification (MRV) of mCDR. For instantaneous
OAE, peak Catm reduction will take at least one year
even in highly efficient regions and around 9 years
on average (figure 1(a)). During this time, the per-
turbations introduced by mCDR will have spread
across much of the global ocean (He and Tyka 2023),
and tracking these imperceptible changes across space
and time will be nearly impossible (Ho et al 2023).
The simultaneous carbon cycle response during this
ingassing phase will also need to be evaluated to
quantify the net Catm reduction.Whenmeasuring the
Catm response to CDR, it is important for MRV prac-
titioners to be aware that neither DAC nor instant-
aneous OAE will lead to 100% cumulative addition-
ality. At best, only around 50% of the initial CDR
effort for DAC or instantaneous OAE is reflected in
Catm after a century (figure 1(a)). This fraction could
be near zero for biotic mCDR strategies that do not
involve permanent reductions in the carbon invent-
ory, unless a large fraction of exported carbon reaches
below 1000 m or is buried as sediment (Siegel et al
2021).

This paper also serves to clarify the usage of ‘addi-
tionality’. Many previous studies have estimated addi-
tionality using a fixed Catm (Köhler et al 2013, He and
Tyka 2023, Bach et al 2023a). But cumulative addi-
tionality (α) cannot be quantified with a fixed Catm

because it depends on the drawdown of atmospheric
CO2 (equation (7)). However, we find that the addi-
tionality estimates using a fixed Catm (Afixed) is a good
approximation for relative efficiency (ε).Wemodeled
Afixed, defined as the ratio of oceanic carbon uptake
under a fixed Catm relative to CCDR (Bach et al 2023a),
for eight sites (figure S5). Across these sites, Afixed and
ε are similar; at Year 100, ε is 0.7–6.0% higher than
Afixed.

While α is an important metric for tracking Catm

reduction, ε may be more appropriate for valuation
of mCDR strategies. Since DAC is equivalent to neg-
ative emissions, the valuation for DAC can be scaled
for mCDR using ε. For instantaneous OAE, ε even-
tually approaches 100% everywhere, but the times-
cale of this approach to unity varies depending on
deployment location (figure 2). Any carbon valuation
scheme should take into account the full temporal
evolution of ε for a given deployment location, since
the price of carbon emissions varies with time and
may be discounted for future emissions relative to
present ones (Herzog et al 2003).

5. Conclusion

We provide two metrics of mCDR efficacy, cumulat-
ive additionality and relative efficiency, that account
for the magnitude and timescales of carbon exchange
between the ocean and atmosphere. We focused
our analysis on instantaneous OAE and found that
OAE is most suitable in the tropics and the north-
eastern Pacific and largely unsuitable in subpolar

regions. Although our findings are subject to numer-
ous approximations, the numerical framework and
metrics developed here are flexible and broadly
applicable to evaluating other mCDR strategies. As
such, we urge future framers of CDR carbon markets
to consider the use of thesemetrics when carbonmar-
kets are established.
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