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Abstract. Ocean alkalinity enhancement (OAE) and direct
ocean removal (DOR) are emerging as promising technolo-
gies for enacting negative emissions. The long equilibration
timescales, potential for premature subduction of surface wa-
ter parcels, and extensive horizontal transport and dilution of
added alkalinity make direct experimental measurement of
induced CO; uptake challenging. Therefore, the challenge of
measurement, reporting, and verification (MRV) will rely to
a great extent on general circulation models, parameterized
and constrained by experimental measurements. A number
of recent studies have assessed the efficiency of OAE us-
ing different model setups and different metrics. Some mod-
els use prescribed atmospheric CO; levels, while others use
fully coupled Earth system models. The former ignores at-
mospheric feedback effects, while the latter explicitly mod-
els them. In this paper it is shown that, even for very small
OAE deployments, which do not substantially change atmo-
spheric pCO,, the change in oceanic CO inventories dif-
fers significantly between these methods due to atmospheric
feedback causing some ocean CO; off-gassing. An analo-
gous off-gassing occurs during direct air capture (DAC). Due
to these feedback effects, care must be taken to compute the
correct metrics when assessing OAE efficiency with respect
to determining negative emissions credits, as opposed to de-
termining the effect on global temperatures. This paper ex-
amines the commonly used metrics of OAE efficiency, their
exact physical meanings, the assumptions inherent in their
use, and the relationship between them. It is shown that the
efficiency metric 5(r), used in prescribed pCO3™ simula-
tions, equals the equivalent schedule of a gradual DAC re-
moval and storage in a fully coupled system.

1 Introduction

In recent years, the search for technologies capable of re-
moving CO, from the atmosphere has intensified. Among
other approaches, there has been a rise in interest in ma-
rine carbon dioxide removal (mCDR) (National Academies
Press, 2022), in particular ocean alkalinity enhancement
(OAE) (Eisaman et al., 2023; Renforth and Henderson, 2017)
and cultivation of algae (Ritschard, 1992). Unlike terrestrial
CDR approaches, which remove CO; directly from the at-
mosphere, mCDR approaches either remove CO, from the
surface ocean or increase the capacity of surface ocean wa-
ter to hold CO, by adding alkalinity. Either way, the par-
tial pressure of CO, (pCOy) is reduced in surface waters,
which causes a subsequent transfer of CO; from the atmo-
sphere to the ocean. This uptake does not happen instantly
but instead occurs gradually (Jones et al., 2014; Broecker
and Peng, 1982), with the potential for the CO,-deficient wa-
ter parcel to be subducted and removed from contact with
the atmosphere (He and Tyka, 2023; Bach et al., 2023). In
the latter case, the mCDR potential can be delayed for cen-
turies to millennia if the water parcel does not remix with
the surface layers on timescales relevant for the CDR effort.
Several studies that aim to quantify the equilibration dynam-
ics and the equilibration e-folding times have been published
(Wang et al., 2023; Tyka et al., 2022; He and Tyka, 2023;
Zhou et al., 2024; Suselj et al., 2024). It has been shown that
the equilibration kinetics and completeness vary significantly
depending on the induction location and season. These stud-
ies have focused on the immediate effects of increased sur-
face alkalinity, which occurs on short to medium timescales.
Likewise, this work here focuses only on the gas-exchange
questions and ignores longer-term physical or biological ef-
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fects, such as induced changes in carbonate precipitation or
dissolution.

How much CO; is drawn into the ocean upon addi-
tion of some quantity of alkalinity? Changing the alkalin-
ity of seawater by a small amount AAlk reduces the pCO,
by %AAH{, while increasing DIC (dissolved inorganic
carbon) by a small amount ADIC increases the pCO; by
‘){fg% ADIC. Therefore, the relative quantity of DIC that ex-
actly counterbalances the pCO, for a particular increase in

alkalinity is

d[DIC]

= I 1
O[AIK] | o, )

nNco, =

depending on the local state of the carbonate system 1co, ~
0.83 (Renforth and Henderson, 2017), varying from 0.9
closer at the poles to 0.79 at the Equator (nco, is the in-
verse of the isocapnic quotient, as introduced by Humphreys
et al., 2018). Given that equilibration is not instantaneous,
it makes sense to define a time-dependent OAE efficiency
factor, which tracks the equilibration from the moment the
alkalinity is altered:

n(t) = ADIC(t)/ AAIK, 2)

where AAIKk is the quantity of alkalinity added, and ADIC =
3" DICOAE — 3" DICR®f is the difference in the total inven-
tory of DIC between a perturbed and a reference simulation.
In other words, 7(¢) tracks the progress of the equilibration
(He and Tyka, 2023; Zhou et al., 2024; Suselj et al., 2024)
by quantifying the excess CO; taken up by the ocean relative
to the unperturbed reference simulation. These simulations
have typically been carried out with the partial CO, pres-
sure in the atmosphere (pCO45™) held constant or prescribed
(Wang et al., 2023; Tyka et al., 2022; He and Tyka, 2023;
Zhou et al., 2024; Suselj et al., 2024; Kohler et al., 2013;
Burt et al., 2021), meaning that the pCO3™ in the perturbed
simulation equals that in the reference.

However, in reality, the uptake of CO, by the ocean would
be accompanied by an equal reduction in atmospheric CO;,
which in turn affects the pCO, gradient across the sea—air
interface (Jin et al., 2008; Oschlies, 2009; Schwinger et al.,
2024). This feedback acts to reduce the total transfer of CO,
from the atmosphere to the ocean. Additional couplings of
this sort also exist as the atmosphere is further coupled with
the terrestrial carbon sink (Oschlies, 2009). Of course, the
system relaxation observed when considering coupled reser-
voirs is not unique to OAE. It also applies to direct air capture
and fossil fuel emissions (Zarakas et al., 2024; Stocker et al.,
2014; Jeltsch-Thommes et al., 2024), with coupled reservoirs
acting to buffer the perturbation and reduce its magnitude
over time.

OAE simulations have also been conducted in models
which include full atmosphere treatment and terrestrial feed-
backs and account for future emission scenarios and ocean
dynamics in an integrated fashion (Keller et al., 2014;
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Gonzélez and Ilyina, 2016; Lenton et al., 2018; Kohler,
2020; Jeltsch-Thommes et al., 2024; Schwinger et al., 2024;
Yamamoto et al., 2024). In such environments, the metric
ADIC(t)/AAlk tracks a fundamentally different quantity, as
it measures the combined effect of intervention-driven CO5
uptake and subsequent reservoir feedbacks (where ADIC(f)
is computed over the whole reservoir). These studies gen-
erally simulated the addition of large quantities of alkalinity
over long periods, perhaps leading to the impression that sys-
tem feedback effects can be ignored for small, short, and/or
local additions such as done when calculating OAE impulse
response functions (Zhou et al., 2024).

Given the central importance of models in addressing the
measurement, reporting, and verification (MRV) challenge in
OAE, it is worth carefully examining the physical meaning of
the above metrics in the two kinds of atmosphere treatments
in order to avoid confusion. Given that a prescribed atmo-
sphere is not an accurate representation of reality, what is
the physical meaning of ADIC(¢)/AAlk obtained under pre-
scribed pCO; conditions? Is the assumption of an unrespon-
sive atmosphere justified when only very small quantities of
alkalinity are considered, as encountered during pulse injec-
tion studies (He and Tyka, 2023; Zhou et al., 2024; Suselj
etal., 2024), given that it would cause only an infinitesimally
small change in global atmospheric pCO,?

This paper seeks to clarify these questions with the help of
a simple numerical general circulation model and an analyti-
cal box model, with the hope to give a more precise definition
of n(¢) and establish equivalent metrics to use in the case of
fully coupled Earth system models.

2 Methods

To compare the effect of different atmosphere treatments, a
simple numerical general circulation model was run using
MITgem (Marshall et al., 1997). The purpose here is not
to simulate detailed realism as would be obtained from a
fully coupled Earth system model but to interrogate and com-
pare the basic principles and behavior of OAE under cou-
pled and prescribed atmospheres. The simulation had a res-
olution of 2.8° x 2.8° (a 128 x 64 worldwide spherical polar
grid) and 20 exponentially spaced depth levels, from 10 m
thick at the surface to 690 m thick at the seafloor. The sim-
ulation was initialized and forced as detailed in Dutkiewicz
et al. (2005). The MITgem GEOM and DIC modules were
used to simulate the soft tissue and carbonate pumps, as well
as ocean—atmosphere gas exchange. In the case of a pre-
scribed atmosphere, the pCO; of the atmosphere was ini-
tialized to 415 patm and kept constant throughout. In the
case of a responsive, coupled atmosphere, it was initial-
ized in the same way, but the pCO, was continuously re-
calculated based on the integrated total flux through the air—
sea interface at each step. For this calculation, the total dry
mass of the atmosphere was assumed to be 5.1352 x 103 kg
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Figure 1. (a) Comparison of the increase in total ocean DIC following an ocean-wide 1-month pulse of alkalinity of a total of 0.5 Tmol
applied to the surface layer under a prescribed (non-responsive) atmosphere (blue) and a coupled (responsive) atmosphere (orange). Note
that the total quantity of CO; in the atmosphere is & 73.5 Pmol in the case of the orange curve; i.e., the perturbation of 0.5 Tmol is tiny
in comparison. (b) Concurrent pCO, changes in the atmosphere and surface ocean (under coupled simulation). The atmosphere ApCO,
decreases below that of the surface ocean after about 2 years, after which the ocean off-gases until eventual equilibrium is reached (well

beyond 100 years).

(Trenberth and Smith, 2005) with a mean molecular mass of
28.97 gmol~!. The total moles of dry gas in the atmosphere
was thus 1.77 x 1020 moles, and the total amount of atmo-
spheric CO, was 7.35 x 10'® moles. In all simulations the
atmosphere was assumed to be instantaneously mixed. This
is obviously an oversimplification; however, it is a very rea-
sonable one, as atmospheric mixing is fast relative to the
timescale of OAE equilibration.

For the pulsed OAE injections, 0.5 Tmol of alkalinity
was released into the surface simulation cell (10 m depth)
in a 1-month pulse (starting 1 January), similar to Zhou
et al. (2024), and the total volume-integrated DIC and Alk
of the ocean were monitored for the rest of the simulation
(100 years). A reference run without alkalinity addition was
also conducted. Each run was repeated with both a prescribed
and a responsive atmosphere. Note that in this simplified
model setup, all simulations have precisely the same ocean
circulation and climate forcing and do not explicitly model
any interacting terrestrial carbon cycle.

Injections were conducted as a global uniform addition
and in local patches in three different locations. The uni-
form alkalinity additions were also conducted with differ-
ent amounts (50 Tmol, 500 Gmol, 5Gmol), equivalent to
negative emissions of the order of 170 Mt, 1.7 MtCO;, and
170kt of CO;. The three different point-injection locations
were off the coast of Brazil (2.50° S, 37.50° W), near Iceland
(61.50°N, 19.50° W), and in Hawai’i (19.02° N, 155.49°E).
The patches were 2.8° x 2.8° in size.

3 Results
3.1 Numerical circulation model

Figure 1a compares the time evolution of ADIC(¢)/AAlk for
a 1-month pulse release of alkalinity, simulated with a pre-
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scribed (non-responsive) and a coupled (responsive) atmo-
sphere. It can be seen that the curve of the former approaches
0.85, as expected. In contrast, the curve obtained from the
same alkalinity addition under responsive conditions deviates
after a few years and begins to decline again; i.e., the ocean
is outgassing CO; relative to the reference simulation. Note
that the quantity of alkalinity released in these simulations
was very small, just 0.5 Tmol, and the changes occurring in
pCOA™ are of the order of 10~1” atm (Fig. 1b).

Figure 2 shows further simulation results but with different
injection amounts. The effect of modeling a responsive atmo-
sphere on ADIC(¢)/AAlk is observed to be the same in all
cases and independent of the quantity of alkalinity released.
This result confirms that under responsive atmosphere condi-
tions, outgassing is expected (Oschlies, 2009) irrespective of
the size of the alkalinity injection. This outgassing can seem
counterintuitive, since the addition of alkalinity to seawater
simply increases its capacity for CO», as calculated from the
carbonate system, and begs the question of why the CO, up-
take would overshoot and then off gas, even when alkalinity
is added uniformly, reducing pCO5" everywhere.

This can be further illuminated when looking at the time
evolution of ApCO; at the ocean surface and in the atmo-
sphere (Fig. 1b). The ApCO; of the surface ocean (black
line) is maximally negative right at the moment of alka-
linity addition and increases thereafter due to both the up-
take of CO; by the surface ocean and, critically, the dilu-
tion of alkalinized and partially equilibrated waters by mix-
ing and subduction into depth. Or, put another way, deep-
water parcels, which did not receive the OAE-induced pCO,
reduction, are now reaching the surface and outgassing to the
now slightly CO;-reduced atmosphere. The change in atmo-
spheric ApCO; begins at zero and decreases with CO; trans-
fer to the ocean. At some point during the equilibration the
ApCO%tm becomes more negative than the surface ocean, at
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Figure 2. Increase in total ocean DIC following a worldwide 1-month pulse of alkalinity (AAIk) applied to the surface layer, under a
prescribed (non-responsive) atmosphere (blue) and a coupled (responsive) atmosphere. Three different amounts were added, between 50 and
0.005 Tmol. It can be seen that atmosphere feedbacks occur proportionally to the OAE perturbation size and affect ADIC(z)/AAlk at all

scales.

which point a phase of outgassing occurs. As is demonstrated
later with the help of a box model, the overshoot and out-
gassing occur due to continuing mixing and dilution of sur-
face water with deep-water parcels, which increases surface
ApCOa,.

Such outgassing effects caused by coupled reservoirs are
of course not limited to OAE. Indeed, direct removal of CO,
from the atmosphere (DAC) induces a similar outgassing
from the ocean, similarly reducing the removal effect on the
atmosphere. Likewise, fossil fuel emissions of CO; fall un-
der the same reservoir re-equilibration, with only an esti-
mated 30 % of anthropogenic emissions remaining in the at-
mosphere (Stocker et al., 2014).

The results above demonstrate that the metric
ADIC(t)/AAlk does not reflect the true amount of
CO; transferred from the atmosphere to the ocean once
the feedback and coupling between the ocean and other
reservoirs, such as the atmosphere, are taken into account.
Do previous OAE simulations therefore overestimate the
effectiveness of OAE (Oschlies, 2009), or should the ef-
fectiveness of OAE be considered relative to an equivalent
direct air capture (DAC) removal and storage method (i.e.,
relative to emissions of fossil fuels), which is subject to the
same feedback effects? For the purposes of assigning carbon
credits, it makes sense for the effectiveness of OAE to be
measured relative to direct atmosphere removal (i.e., DAC
with subsequent permanent storage) or relative to fossil
fuel emissions (Zarakas et al., 2024). In other words, 1t of
CO» removal is equivalent to 1t of negative CO, emissions.
When it comes to the slow and incomplete equilibration of
surface water following an OAE deployment, the question
therefore becomes the following: what is the equivalent
CO; removal directly from the atmosphere compared to the
removal of atmospheric CO; due to an alkalinity addition?

Biogeosciences, 22, 341-353, 2025

3.2 Physical meaning of the quantity »(7)

Given the prevalence of prior studies conducted under con-
stant pCO, (Wang et al., 2023; Tyka et al., 2022; He and
Tyka, 2023; Zhou et al., 2024; Suselj et al., 2024; Kohler
et al., 2013; Burt et al., 2021), it is important to establish
the physical meaning of the quantity n(¢) when obtained un-
der such prescribed atmospheric conditions. Since OAE re-
moves CO, gradually from the atmosphere, it is a reasonable
hypothesis that the 7(¢) curve obtained under prescribed at-
mospheres gives the equivalent DAC removal. If true, one
would expect that under responsive atmosphere conditions
the OAE deployment and a DAC removal at a rate given
by dn(¢)/dt should also yield the same reduction in atmo-
spheric CO». To verify this hypothesis, a simulation was con-
ducted (under responsive atmosphere conditions) in which
CO; was removed directly from the atmosphere, at the rate of
dn(t)/dt x 0.5 Tmol. No other perturbation was made in this
simulation. Note that throughout this paper the term DAC
is taken to mean direct air capture with permanent storage;
i.e., CO; is directly and permanently removed from the at-
mosphere. The results are shown in Fig. 3, with the solid red
curves showing the OAE deployment and the dashed blue
curves showing the equivalent (gradual) direct atmospheric
CO; removal simulation. It can be seen that the total change
in atmospheric CO; inventory is the same, caused either by
an instantaneous release of alkalinity or by a gradual direct
CO; removal from the atmosphere at a schedule given by
n(t) (Fig. 3b).

3.3 Point injections

So far, only globally uniform alkalinity injections have been
considered. To investigate the effect of localized OAE de-
ployments, which are much more realistic from an imple-
mentation perspective, three simulations were carried out
where alkalinity was pulse added at a single location, un-
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Figure 3. All simulations shown here were conducted under respon-
sive atmosphere conditions. (a) Forcing — instantaneous addition of
alkalinity to the ocean (OAE pulse) in red and gradual direct air
capture (DAC) and removal from the atmosphere in dashed blue. In
the case of DAC, CO; was removed on a schedule given by the n(¢)
curve corresponding to the alkalinity release done with OAE. Panel
(b) shows the respective changes in the total atmospheric CO; in-
ventory under responsive atmosphere conditions. It can be seen that
both kinds of perturbations lead to identical atmospheric inventory
changes. Therefore, interventions shown in (a) can be considered
equivalent negative emissions interventions from an atmospheric
pCOy perspective. Note that the changes in the ocean inventory
are not equal, shown in panel (c). This is because in the case of
OAE, the capacity of the ocean for CO; is increased, and CO; is
thus absorbed from the atmosphere, whereas in the case of DAC
and storage, CO is removed from the system entirely, resulting in
decreasing inventories in the atmosphere and the ocean.

der both responsive and non-responsive coupling to the at-
mosphere, with results shown in Fig. 4. As can be seen, the
effect of including a responsive atmosphere is significant and
qualitatively the same as in the global OAE additions. The
locality of the CO, uptake does not affect the relative mag-
nitude of the atmosphere feedback, which acts over the en-
tire ocean, owing to the rapid atmosphere mixing. Explicit
modeling of atmospheric mixing, which in reality is not in-
stantaneous, potentially alters this picture, but the true mix-
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ing is still very fast compared to the mixing and CO; uptake
timescales of the OAE plume. Thus, the atmospheric approx-
imation used here should capture the first-order behavior cor-
rectly. Because the ocean dynamics of the OAE plume de-
pend strongly on the local ocean circulation and carbonate
system state (Zhou et al., 2024; He and Tyka, 2023; Suselj
et al., 2024), the n(¢) curves are different for each location,
as expected. Consequently, the amount of atmosphere feed-
back is also different in each case, as it is proportional to the
amount of CO, removed from the atmosphere. Figure 4d—f
show that in each case, under responsive atmosphere condi-
tions, the CO; uptake caused by an instantaneous, local OAE
deployment equals that of the equivalent, gradual DAC re-
moval at a rate of dn(¢)/dt. This is exactly analogous to the
global OAE case and shows that the feedback behavior is in-
dependent of the locality of the OAE deployment.

3.4 Analytical box model

The equivalence of the n(¢) curve and the gradual removal of
CO; from the atmosphere can also be shown to be analyti-
cally exact in a simple box model, as shown in Fig. 6. A full
derivation of the following results is given in the Supplement,
with the following section summarizing the key results and
conclusions. The model describes two coupled reservoirs, at-
mosphere (atm) and ocean (ocn). Each has a partial pressure
of CO; (pCO™ and pCOJ™), a total (integrated) amount of
CO; (denoted by C*™ and C°"), and a given volume (Vam
and V).

The atmospheric partial pressure pCOazltm is directly pro-
portional to the total amount of CO; in the atmosphere C3™
(in mol):

dpCOY™  Viyp

= mP 3
dCatm Vatm €)

where Vy, is the molar volume of gas (0.024 m3 mol~ 1), and
p is the atmospheric pressure. In the ocean reservoir, which is
in active contact with the atmosphere, specifically the mixed
layer, the differential relationship between pCO, and C, for
small changes, is

dpCOY™ 1 9[CO,]
dcoen T @V 9[DIC]’

where [DIC] is the concentration of total dissolved carbon,
« is the solubility of CO; in seawater (& 34 mol m3 atm™1),
and the term ‘?,[[CD?CZ% accounts for the vastly increased capacity
of ocean water for CO; due to the carbonate system, with a
typical value of &~ 1/20 (Zeebe and Wolf-Gladrow, 2001).
These two reservoirs can exchange CO;, and the flux of
CO; across the air-water interface, Fco,, is typically mod-

eled as proportional to the partial pressure difference,

“)

Fco, = kya(pCOR™ — pCOS™) = k,,a ApCO;, (5)

where k,, is the gas transfer velocity (ms~!). Given this sim-
ple box model setup, one can show that the total transfer rate

Biogeosciences, 22, 341-353, 2025
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Figure 4. Increase in total ocean DIC following a 1-month pulse of alkalinity (A Alk) applied to the surface layer at a specific location, under
a prescribed (non-reactive) atmosphere (blue) and a coupled (reactive) atmosphere. The three different point-injection locations were off the
coast of Brazil (2.50°S, 37.50° W), near Iceland (61.50° N, 19.50° W), and in Hawai’i (19.02° N, 155.49°E).

of CO,, following an initial ocean DIC deficit of AC(0), is
given by

dc kyA 9[CO;y]
dr (

_ w s |
— = AC(0) - a[DIC]>exp( trh, (©6)

where the characteristic timescale of equilibration (e-folding

time) is given by 1:
3[CO21\ 17!
2 )] : )

Vi 1
T =|kyAa mp +
Vam Vi 9[DIC]

and A is the area over which gas exchange occurs. Integrat-
ing this rate with respect to time gives the time evolution
AC(t) of a starting DIC deficit AC(0) in the ocean reservoir
of such a box model (details of the derivation are found in
the Supplement).

AC(t) = AC(0) (L +

41
Ty Ty SR )) ®)

Here, y expresses the ratio of the capacities of the two inter-
acting reservoirs.

_ Vinpa Vi 9[DIC]
~ Vam 9[CO3]

€))

Note that under finite, responsive atmosphere conditions,
some fraction of the initial pulse will always remain in the

Biogeosciences, 22, 341-353, 2025

reservoir it was induced in, even once the pCO; values have
reached equilibrium, because as the pCO, of the reservoir
increases, that of the atmosphere decreases, until they are
equal. Equation (8) shows that the fraction that will move to
the other reservoir is ﬁ while the fraction that will remain

. . y
in the ocean is T
3.4.1 Simulations with prescribed pCO;

The frequently taken assumption that atmospheric pCO; is
prescribed corresponds to the assumption that Vg = oo;
i.e., it assumes an atmosphere which can accommodate ar-
bitrary movement of CO» in or out of it, without a change in
pCO5™. In this case, the ODE for the pCO, difference sim-
plifies to the often-used gas-exchange expression (Zeebe and
Wolf-Gladrow, 2001)

AC(t) = AC(0) exp(—trc_l), (10)
where the depth of the mixed layer zy = Vinl/A, and the e-
folding time, denoted here as t. for constant atmosphere, is
_ [kwAd[COy]T an
~ | Vm 9[DIC] |

This law results in a simple equilibration in which the ini-
tial deficit AC(0) is completely replenished by the atmo-
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gas exchange, and surface carbonate chemistry. (b) The second scenario represents a gradual atmospheric removal of CO,, i.e., DAC, on a
schedule proportional to 7 () (obtained from the first scenario). Removal of CO, from the atmosphere induces off-gassing from the atmo-
sphere (ADIC = —«/(t)) such that the resultant atmospheric inventory drops rapidly at first due to DAC forcing but then returns somewhat
over time due to off-gassing (AC am — _g(r) = —n(t) + a(r)). (c) Finally, consider the superposition of both scenarios at once, where the
functions of (a) and (b) are added. The atmospheric forcing from (a) and (b) is canceled, leaving only the OAE forcing (A Alk). Since there
is no direct atmospheric forcing, this scenario represents a normal instantaneous OAE addition under responsive atmosphere conditions.
The atmospheric inventory must then follow the same trajectory as in the second scenario, namely AC*™ () = —g(¢). Consequently, the
ocean inventory must increase by the same amount, ADIC(¢) = &(¢), as the total CO, in the system remains constant. Under a responsive
atmosphere, the quantity () = ADIC(#)/AAlk therefore does not represent the intrinsic OAE efficiency 7(¢) because it also contains the
effect of the atmospheric feedback: () = n(¢) — a(z).

sphere and goes to zero, consistent with the fact that the at-
mosphere is modeled as having an infinite capacity.

This simpler equilibration law has been the basis of the
n(t) curve obtained in OAE efficiency simulations (Tyka
et al., 2022; He and Tyka, 2023; Zhou et al., 2024; Suselj

Prescribed atmosphere Responsive atmosphere

e ™

Vatm is infinite, Vatm is finite,

pCO, is constant

3

V. is finite,
pCO, is variable

pCO, is variable

!

V., is finite,
pCO, is variable

ApCO:(t) = ApCO4(0) exp(—tr. ")
AC(t) = AC(0) exp(—t7. 1)

ApCO4(t) = ApCOz(0)exp(—tr 1)

AC(t) = AC(0) ( LI (_‘xp(ft"r_'])

I+ 1+«
Figure 6. Two simple box models, one with a static, prescribed at-
mosphere and one with a responsive finite-volume atmosphere. The
resulting decay laws for the partial pressure difference, ApCO,, and
the CO; inventory difference, AC(0), are given at the bottom. Note
that ApCO, decays to zero in both cases, but the total inventory of
CO, returns to its original value only in the case of a prescribed
atmosphere.
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etal., 2024).

=1—exp(—tt; ') (12)

How significant is the difference between Egs. (8) and (10)?
Considering some reasonable values (Vi = 3.96 x 1018 m3,
@ =34molm 3 atm~!, g[[CDg;]] =20 (from Zeebe and Wolf-
Gladrow, 2001), and a mixed-layer depth of 100 m), one ob-
tains y &~ 0.15, meaning the fraction of an induced ocean
CO, deficit which will remain in the ocean is % ~ 13 %.
For example, in the case of an alkalinity addition, assume
1 mol of alkalinity addition creates a DIC deficit (Renforth
and Henderson, 2017) of 0.83 mol. At full equilibration this
deficit will cause 0.83 x 87 % = 0.72 mol of CO, to be ab-
sorbed by the ocean. At that point the pCO; of the atmo-
sphere will have changed sufficiently to be in a new equilib-

rium with the surface ocean. Note that this quantity decreases
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when the depth (i.e., the volume) of the equilibrating ocean
reservoir increases. For example, assuming a depth of 400 m,
the ocean would absorb only 0.52 mol CO».

Figure 7a compares the evolution of 1(¢) over time for a
100 m deep ocean reservoir for a prescribed (infinite) and a
responsive (finite) atmosphere. Figure 7b shows the same but
for a deeper, 400 m reservoir. It is notable that (under a re-
sponsive atmosphere) the bigger the ocean reservoir is, the
less CO; needs to transfer to the ocean in order to match the
pCO; across the boundary. For example, for the 400 m deep
ocean reservoir, for every 1 mol of DIC deficit induced, the
ocean would take up only 0.63 mol of CO, before the pCO,
values are in equilibrium.

Now, consider what happens when the ocean reservoir
slowly increases in depth. A DIC deficit induced at the sur-
face will initially equilibrate just from the relatively thin
mixed layer, which experiences rapid mixing. Over time,
however, slower mixing processes exchange water parcels
between the mixed layer and deeper layers. If one considers
this, crudely, as a gradual deepening of the reservoir which
is exchanging with the atmosphere on longer timescales, one
can express the effective exchanging ocean volume Vi as
a function which increases over time. Figure 7c¢ shows how
n(t) evolves over time when V) increases linearly from 100
to 400m in a span of 100 years. Initially the equilibration
occurs from a shallow reservoir, and n(f) rises quickly and
reaches relatively high values as in Fig. 7a. Over time, how-
ever, as the equilibration slowly proceeds to deeper layers,
the equilibrium situation begins to resemble Fig. 7b. Because
the carbon uptake initially overshoots relative to the eventual
equilibrium point, a process of net out-gassing occurs. This
sort of out-gassing has previously been described by other
authors (Oschlies, 2009). Despite our crude assumptions here
about the linear subduction of the excess alkalinity, the be-
havior of the curve qualitatively matches that observed in the
numerical simulation (Figs. 1 and 2).

3.4.2 Equivalent removal from the atmosphere

We have shown earlier that the function n(r)=
ADIC(r)/AAIk, determined under  constant-pCO3™
conditions, does not properly describe the actual movement
of CO; from the atmosphere into the ocean under realistic
conditions (where feedback of the atmosphere is taken into
account). This raises the following question: what physical
quantity does n(t) represent, if anything? To illuminate
this question, consider the following scenario. How would
the total inventory of CO; in the atmosphere evolve, under
realistic responsive atmosphere conditions, if CO; was
directly removed from the atmosphere at a rate proportional
to dn(r)/dt, using a terrestrial technology like DAC, instead
of indirectly, by applying an alkalinity pulse to the ocean?
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Specifically, the rate of carbon removal out of the atmo-
sphere would be

dAacCam
dr

= AC(O)? =ACO)r exp(—tz ),  (13)

where AC(0) is a scaling factor that sets the total, eventual
amount of CO, removed.

This steady removal of CO; from the atmosphere lowers
the pCO» of the atmosphere. Since the atmosphere now de-
velops a ApCO, deficit, relative to the ocean, the ocean re-
acts and degasses into the atmosphere (remember all A val-
ues are differences between a reference and a perturbed simu-
lation). What is the combined effect on the total atmospheric
CO» inventory, i.e., the sum of direct removal and ocean re-
actance? The total rate of change is the sum of the direct
CO; removal rate (Eq. 13) and the rate due to gas exchange
between the ocean and atmosphere (due to the imbalance of
ApCOy):

dA Catm
dr

= AC(0)t  exp(—177 1) —ky Aa ApCO (1). (14)

Through substitution of ApCO3™(r) the above equation
can be shown to equal the following expression (for a full
derivation, see the Supplement).

dA Calm
dr

_ kw A 91CO:]
—4cO [ Vil 9[DIC]

]exp(—tr‘l) (15)

This equation for the net rate of change in the atmospheric
carbon inventory equals precisely that obtained earlier when
considering a pulsed DIC deficit in the ocean (Eq. 6). This
result reveals the exact meaning of the n(#) OAE efficiency
curve: the OAE curve of an instantaneously induced ocean-
based DIC deficit (obtained under artificial, non-responsive
conditions) gives the progression of the equivalent gradual
removal of CO, directly from the atmosphere (under real,
responsive conditions); both result in the same reduction in
net atmospheric carbon inventory.

3.5 Measuring 5 (¢) in coupled models

Practical OAE deployments will rely on modeling to esti-
mate the amount of carbon removal credits they generate over
time, especially in the far field, where the induced changes in
pCO, are diluted far below experimental detection thresh-
olds (Ho et al., 2023) but where the majority of the excess
CO; uptake will take place (Zhou et al., 2024; He and Tyka,
2023). While one way to calculate the amount of credits is to
keep pCO3™ prescribed, future modeling efforts will likely
want to employ more accurate fully coupled Earth system
models, with forward-looking ocean state prediction, which
will require the inclusion of atmosphere coupling and con-
sideration of different emission scenarios, which have the po-
tential to change ocean circulation and therefore affect 1 (t).
How can the quantity 7(¢) be calculated in such a model?
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Figure 7. Box model comparison of 7 () over 100 years, under different mixed-layer assumptions. For simplicity, d[DIC]/d[Alk] is assumed
to be 0.8. The ocean carbon uptake is calculated with Eq. (10) (non-responsive atmosphere) or Eq. (8) (responsive atmosphere). (a) Mixed-
layer depth zy) = 100 m, (b) mixed-layer depth z) =400m, (c) linear interpolation of zy;) = from 100 to 400 m over 100 years. (d—
f) Corresponding changes in pCO, in the ocean and atmosphere respectively. It should be noted that the simple interpolation in (f) does not
account for the lag in ocean re-equilibration following the deepening of the mixed layer observed in Fig. 1b.

Fundamentally, n(t) expresses the efficiency of OAE rel-
ative to direct air removal and storage. Therefore, the refer-
ence state should not be an unperturbed model run but one
that reflects an equivalent DAC removal. The simplest ap-
proach would be to run a simulation in which an amount
of atmospheric CO; is removed at the start of the refer-
ence simulation, equimolar to the amount of alkalinity added

during OAE (Yamamoto et al., 2024). The difference in at-

. . COPAE_y~ coDAc
mospheric CO; inventory, n &~ 1 — %, would

then capture the efficiency of an OAE deployment relative
to a straightforward direct removal of CO, from the atmo-
sphere. However, this comparison is not quite exact because
the true equivalent DAC removal is a gradual one, not a sud-
den DAC pulse, as shown earlier. Therefore, the atmospheric
feedback would differ between the simulation and the refer-
ence. Thus, this does not yield exactly the same quantity as
n(t) but only an approximation (Yamamoto et al., 2024). The
approximation will be reasonable for OAE locations where
uptake is fast and worse for locations where it is slow or
incomplete. Instead, a simple and elegant way to create a
suitable reference state was suggested by Schwinger et al.
(2024). First, the OAE-perturbed simulation is carried out
with a fully coupled model. Then, one conducts an additional
reference simulation (Ref*) in which the atmosphere pCO,
is prescribed at the exact trajectory obtained in the earlier
fully coupled simulation with the OAE intervention. How-
ever, in the new reference simulation no OAE is performed —
only the atmospheric pCO; is prescribed. The difference in
the ocean inventories between these two simulations is then
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equivalent to the 7(¢) obtained in a prescribed simulation:

Z DICOAE _ Z chRef*
AAIk ’

In the case of the two-box model used earlier, it can be shown
that this equivalence is mathematically exact (see Supple-
ment for proof). The disadvantage is that for every OAE sim-
ulation, a separate reference simulation must be run, since
the CO, feedback depends on the trajectory of the OAE per-
turbation.

n() = (16)

3.6 Limitations
3.6.1 Coupling to other reservoirs

So far, only the ocean and atmospheric reservoirs and their
interaction have been considered. The third major reservoir
for CO; is the terrestrial biosphere, which absorbs up to 30 %
of anthropogenic emissions (Crisp et al., 2022) and has a fi-
nite capacity, responds to changes in pCO,*"™, and has con-
siderable inter-annual variability (Carroll et al., 2020; Crisp
et al., 2022). The terrestrial reservoir does not directly in-
teract with the ocean; rather, it interacts via the atmosphere.
Therefore, from the ocean’s point of view it acts as an ex-
tension of the atmosphere reservoir’s capacity and is there-
fore implicitly included in the theoretical considerations pre-
sented earlier. The approach described above (Schwinger
et al., 2024), of creating a reference state by prescribing the
pCO; changes observed during a perturbed simulation, will
also work in the case where a terrestrial sink is included in
the Earth system model, as the prescribed pCO; in the ref-
erence run includes any indirect ocean—land coupling via the
atmosphere.
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However, including the terrestrial reservoir does alter the
effective capacity of the atmosphere sink (from the ocean’s
perspective) and will reduce the atmosphere—ocean feedback
effect in magnitude and time evolution. That is because the
removal of a quantity of atmospheric CO, will cause a re-
duction in the terrestrial uptake rate and therefore buffer the
atmospheric change. This additional buffering then some-
what reduces the induced ocean outgassing. Simulations in-
tending to accurately model the changes in ocean DIC due
to OAE should therefore include a terrestrial model. How-
ever, simulations intending to merely assess the efficiency
(n(t)) of OAE deployments can reasonably assume a pre-
scribed pCO,™™ trajectory, since the inclusion of an addi-
tional atmosphere-coupled reservoir will not affect n(z).

However, other reservoirs which couple directly to ocean
pCO; would not be accurately covered by this approach. For
example, if the model includes biological productivity which
removes DIC and if this productivity is dependent on ocean
DIC concentration, then this essentially constitutes a coupled
reservoir with its own feedback effects (which may be lin-
ear or non-linear). In that case, the altered productivity rates
would also need to be prescribed in the reference state be-
cause the change in ocean DIC differs between OAE and di-
rect air removal methods. Similarly, ocean carbonate precip-
itation and dissolution depend on ocean pCO; and are influ-
enced by all OAE methods and should be factored out when
calculating relative efficiencies. Of course, in the case that
the total capacity of such additional reservoirs is small, they
may not make a significant difference to the OAE efficiency,
but this would need to be confirmed in future studies.

3.6.2 Model resolution

The work presented here aims to investigate the important
first-order effects of coupling to a responsive atmosphere
reservoir on the commonly used metrics of OAE efficiency;
however several simplifying assumptions were made.

The analytical model is of course highly simplified, mod-
eling the ocean and atmosphere as simple zero-dimensional
coupled reservoirs, and is intended to merely demonstrate the
fundamental effects of reservoir coupling on the efficiency
metrics and its dependence on mixed-layer depth and dilu-
tion in general. Broadly, however, it captures the essence of
the behavior, as confirmed by the numerical model. The lat-
ter, while more realistic than the box model, is still quite
coarse and unable to resolve any fine circulation features or
eddy currents. As is typical for non-eddy-resolving models,
medium- to fine-scale transport features are accounted for
in the form of implicit diffusion terms, which do not cap-
ture the dilution of point-source alkalinity additions accu-
rately and are unable to resolve eddy-scale behaviors. Fila-
mentation (Munk et al., 2000; McWilliams et al., 2015), for
example, could create areas of high alkalinity interspersed
with areas of low excess alkalinity and affect vertical mix-
ing in complex ways, until proper mixing and dilution are
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achieved. Such fine details can only be resolved in high-
resolution models and exceed the scope of the present work.
The timescale of CO; equilibration is typically of the order of
1-10 years (or even longer in some locations), with the ma-
jority of CO; uptake occurring when the alkalinity is already
widely dispersed (Zhou et al., 2024). Detailed modeling of
the subduction and transport of the alkalinity plume affects
the n(¢) curves considerably (as can also be seen by the dif-
ferences in the three locations shown here). However, the re-
lationship between prescribed vs. responsive atmospheres is
the same, meaning that the metric 7(¢) under prescribed con-
ditions equals the equivalent gradual, atmospheric CO» re-
moval under responsive conditions, no matter how complex
the ocean dynamics are.

3.6.3 Atmospheric mixing

The modeling done here assumes that the atmosphere acts
as an instantly mixed reservoir. In reality, mixing of atmo-
spheric air parcels occurs on a timescale of weeks to months
(Lal and Rama, 1966). For individual OAE deployments,
where the area of counterfactual gas exchange is small and
localized, this could in principle slightly change the up-
take curve n(tr). Stagnant, locally CO,-depleted air parcels
in contact with DIC-deficient surface water parcels would
slow down the equilibration process and exacerbate the effect
of atmospheric feedback temporarily by reducing the local
pCO; gradient. However, compared to the timescale of OAE
equilibration, which occurs over many years, this is unlikely
to significantly change the overall equilibration time. Inter-
hemisphere mixing is slower than longitudinal mixing and
has a mixing time of ~ 1.3 years (Geller et al., 1997). This
could potentially increase the amount of atmospheric feed-
back in the medium term, since the effective volume of the
exchanging atmosphere is halved. In the long run, however,
the system would be expected to return to the same equilibra-
tion state obtained when assuming a well-mixed atmosphere,
since any deviations due to localized effects would equili-
brate out over time.

3.7 Non-linear effects

The considerations presented here all assume linearity of the
response of reservoirs to marginal additions of CO; as a first-
order approximation. Non-linear effects or extreme tipping
points are beyond the scope of the analysis presented here.

4 Conclusions

Emissions of CO; into the atmosphere and removals of CO;
from the atmosphere (via DAC) both induce a rebalancing of
CO; from or to the atmosphere into other coupled reservoirs.
However, as these feedback effects are approximately sym-
metrical, the impact on atmospheric pCO; is the same for
emissions and removals, except for the sign. Therefore, when
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accounting for negative emissions, such CO; removals are al-
ways counted relative to tailpipe emission of CO»; in other
words, the removal of 1kg of CO, using direct air removal
(DAC) offsets the emission of 1 kg of CO; elsewhere. When
applying metrics to evaluate negative emission technologies
(NETs) which do not remove CO, directly from the atmo-
sphere but indirectly and with a time delay, the desired metric
should thus represent the equivalent DAC removal over time
due to some initial NET perturbation.

To obtain this metric, which should exclude the effects of
reservoir feedbacks common to DAC and OAE, one needs to
be careful in using the correct counterfactual reference de-
pending on whether reservoir feedbacks are accounted for in
the simulation or not.

We have shown that in simulations which use a prescribed
atmospheric pCO,, the quantity n(f) = ADIC(r)/AAlk
yields the desired metric; i.e., n(¢) is the equivalent, gradual
removal of CO; from the atmosphere if it were conducted
using the direct air capture method, under responsive atmo-
sphere conditions and other couplings. In other words, 1 cap-
tures the efficiency of OAE relative to direct atmosphere re-
moval and ignores reservoir feedbacks common to all nega-
tive emission technologies. It should be noted that there ex-
ists no instantaneous DAC removal pulse that would cause
the same evolution of atmospheric pCO; as an instantaneous
release of alkalinity to the ocean.

For OAE, n(t) is expected to equilibrate over a period
of a few years to decades following an alkalinity addition
and ultimately asymptote around 0.85molC (mol Alk)~!,
unless significant quantities of alkalinity were subducted into
the deep ocean before air—sea gas exchange was completed
(Zhou et al., 2024).

It is important to realize that n(¢) does not quantify the
excess amount of CO; taken up by the ocean due to an
OAE deployment, since that includes reservoir feedbacks.
Consequently, to avoid confusion, it is most precise to say
that 1 mol of alkalinity can offset up to 0.85 mol of emis-
sions, rather than stating that it can cause the uptake of up to
0.85 mol of CO».

Conversely, we propose following the nomenclature of
Jeltsch-Thommes et al. (2024) to denote the efficiency of
OAE with respect to its ability to reduce atmospheric carbon
inventories under fully coupled Earth system models, which
includes all the reservoir feedbacks, as €(¢). This quantity
is relevant for the calculation of the reduction in future ra-
diative forcing and global temperatures due to OAE deploy-
ments. Prior work has shown that ¢ can reach values almost
as high as n(¢) in the short term but is expected to eventu-
ally decrease to around 0.35mol C (mol Alk)~! on longer
timescales (Jeltsch-Thommes et al., 2024).

However, ¢ is less useful for assigning or comparing car-
bon credits because its value is dependent on future emission
scenarios, changes to land sink capacities, etc., which are in-
dependent of the OAE intervention and common among all
CDR efforts.
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Ocean variables (such as ApH or AS) are affected by
OAE deployments (e.g., pH is increased), and the subsequent
influx of CO» tends to neutralize some of these changes (e.g.,
pH returns to near the starting value). When studying these
changes close to the OAE deployment and while the plume
has not yet dispersed and diluted, the use of prescribed atmo-
spheres yields reasonable approximations, since the buffer-
ing effect of coupled reservoirs is comparatively slow and
non-local.

On the other hand, if one wishes to calculate the long-
term counterfactual effects of an OAE deployment on these
ocean variables, the use of a fully coupled model is neces-
sary because the feedback effects influence the behavior of
such variables. For example, the OAE effect on pH is greater
in a fully coupled model because less CO, enters the ocean
to neutralize the excess alkalinity than would be calculated
under a prescribed CO; atmosphere.

An alternative way to compare negative emissions tech-
nologies (NETs) and to measure credits would be to focus on
the expected global warming potential (GWP) of a given in-
tervention. GWP is commonly used to compare the radiative
forcing effect of different greenhouse gases (GWP, 2023), in-
tegrated over some period of time, typically 50 years (GWP-
50) or 100 years (GWP-100). Similarly, an NET intervention
could be quantified by its negative GWP over some period of
time, where DAC with storage would have a GWP of —1.0,
analogous to the way CO, emissions are assigned a GWP
of 1.0. NETs with delayed CO, effects would then have a
GWP of a slightly lower magnitude, which accounts for the
missed radiative cooling during the delay period. The advan-
tage of such an accounting system is that NET interventions
that remove CO, immediately at the time of the intervention
(e.g., DAC) and those that remove it gradually (e.g., OAE,
enhanced weathering, reforestation), as well as other inter-
ventions such as those which instead affect albedo, could all
be compared more directly on the same scale.

Code and data availability. Code and data are available from Zen-
odo at https://doi.org/10.5281/zenodo.14172129 (Tyka, 2024).

Supplement. The supplement related to this article is available on-
line at: https://doi.org/10.5194/bg-22-341-2025-supplement.

Competing interests. The author has declared that there are no
competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibility
lies with the authors.

Biogeosciences, 22, 341-353, 2025


https://doi.org/10.5281/zenodo.14172129
https://doi.org/10.5194/bg-22-341-2025-supplement

352 M. D. Tyka: Efficiency metrics for ocean alkalinity enhancement

Acknowledgements. The author would like to express their
gratitude to Lennart Bach, Freya Chay, Jorg Schwinger, and
Chris Van Arsdale for many helpful discussions and comments on
the paper.

Review statement. This paper was edited by Olivier Sulpis and re-
viewed by Andreas Oschlies, Adam Subhas, Devon Cole, and one
anonymous referee.

References

Bach, L. T., Ho, D. T., Boyd, P. W., and Tyka, M. D.: Toward
a consensus framework to evaluate air-sea CO, equilibration
for marine CO2 removal, Limnol. Oceanogr. Lett., 8, 685-691,
https://doi.org/10.1002/1012.10330, 2023.

Broecker, W. and Peng, T.: Tracers in the Sea, Eldigio Press, New
York, ISBN-13 9789993186724, ISBN-10 9993186724, 1982.
Burt, D. J., Frob, FE, and Ilyina, T.. The Sensitivity of
the Marine Carbonate System to Regional Ocean Al-
kalinity Enhancement, Frontiers in Climate, 3, 624075,

https://doi.org/10.3389/fclim.2021.624075, 2021.

Carroll, D., Menemenlis, D., Adkins, J. F, Bowman, K. W,
Brix, H., Dutkiewicz, S., Fenty, 1., Gierach, M. M., Hill, C.,
Jahn, O., Landschiitzer, P., Lauderdale, J. M., Liu, J., Man-
izza, M., Naviaux, J. D., Rodenbeck, C., Schimel, D. S.,
Van der Stocken, T., and Zhang, H.: The ECCO-Darwin Data-
Assimilative Global Ocean Biogeochemistry Model: Estimates
of Seasonal to Multidecadal Surface Ocean pCO, and Air-
Sea CO; Flux, J. Adv. Model. Earth Sy., 12, e2019MS001888,
https://doi.org/10.1029/2019MS001888, 2020.

Crisp, D., Dolman, H., Tanhua, T., McKinley, G. A., Hauck,
J., Bastos, A., Sitch, S., Eggleston, S., and Aich, V.: How
Well Do We Understand the Land-Ocean-Atmosphere
Carbon Cycle?, Rev. Geophys., 60, e2021RG000736,
https://doi.org/10.1029/2021RG000736, 2022.

Dutkiewicz, S., Sokolov, A., Scott, J., and Stone, P.: A three-
dimensional ocean-seaice-carbon cycle model and its coupling
to a two dimensional atmospheric model: Uses in climate change
studies, Report 122, MIT Joint Program on the Science and Pol-
icy of Global Change, 2005.

Eisaman, M. D., Geilert, S., Renforth, P., Bastianini, L., Campbell,
J., Dale, A. W., Foteinis, S., Grasse, P., Hawrot, O., Loscher,
C. R, Rau, G. H., and Rgnning, J.: Assessing the technical
aspects of ocean-alkalinity-enhancement approaches, in: Guide
to Best Practices in Ocean Alkalinity Enhancement Research,
edited by: Oschlies, A., Stevenson, A., Bach, L. T., Fennel,
K., Rickaby, R. E. M., Satterfield, T., Webb, R., and Gat-
tuso, J.-P., Copernicus Publications, State Planet, 2-0ae2023, 3,
https://doi.org/10.5194/sp-2-0ae2023-3-2023, 2023.

Geller, L. S., Elkins, J. W., Lobert, J. M., Clarke, A. D., Hurst,
D. E, Butler, J. H., and Myers, R. C.: Tropospheric SF6: Ob-
served latitudinal distribution and trends, derived emissions and
interhemispheric exchange time, Geophys. Res. Lett., 24, 675—
678, https://doi.org/10.1029/97GL00523, 1997.

Gonzélez, M. F. and llyina, T.. Impacts of artificial ocean
alkalinization on the carbon cycle and climate in Earth

Biogeosciences, 22, 341-353, 2025

system simulations, Geophys. Res. Lett., 43, 6493-6502,
https://doi.org/10.1002/2016g1068576, 2016.

He, J. and Tyka, M. D.: Limits and CO2 equilibration of
near-coast alkalinity enhancement, Biogeosciences, 20, 27-43,
https://doi.org/10.5194/bg-20-27-2023, 2023.

GWP: AVII - Annex VII: Glossary, Climate Change 2021 — The
Physical Science Basis, Working Group I Contribution to the
Sixth Assessment Report of the Intergovernmental Panel on Cli-
mate Change, Cambridge University Press, Cambridge Univer-
sity Press, 2215-2256, https://doi.org/10.1017/9781009157896.
022, 2023.

Ho, D. T., Bopp, L., Palter, J. B., Long, M. C., Boyd, P. W., Neuker-
mans, G., and Bach, L. T.: Monitoring, reporting, and verification
for ocean alkalinity enhancement, in: Guide to Best Practices in
Ocean Alkalinity Enhancement Research, edited by: Oschlies,
A., Stevenson, A., Bach, L. T., Fennel, K., Rickaby, R. E. M.,
Satterfield, T., Webb, R., and Gattuso, J.-P., Copernicus Publica-
tions, State Planet, 2-0ae2023, 12, https://doi.org/10.5194/sp-2-
0ae2023-12-2023, 2023.

Humphreys, M. P, Daniels, C. J., Wolf-Gladrow, D. A.,
Tyrrell, T., and Achterberg, E. P.: On the influence of
marine biogeochemical processes over CO; exchange be-
tween the atmosphere and ocean, Mar. Chem., 199, 1-11,
https://doi.org/10.1016/j.marchem.2017.12.006, 2018.

Jeltsch-Thommes, A., Tran, G., Lienert, S., Keller, D., Os-
chlies, A., and Joos, F.: Earth system responses to carbon
dioxide removal as exemplified by ocean alkalinity enhance-
ment: tradeoffs and lags, Environ. Res. Lett., 19, 054054,
https://doi.org/10.1088/1748-9326/ad4401, 2024.

Jin, X., Gruber, N., Frenzel, H., Doney, S. C., and McWilliams, J.
C.: The impact on atmospheric CO; of iron fertilization induced
changes in the ocean’s biological pump, Biogeosciences, 5, 385—
406, https://doi.org/10.5194/bg-5-385-2008, 2008.

Jones, D. C., Ito, T., Takano, Y., and Hsu, W.-C.: Spatial
and seasonal variability of the air-sea equilibration timescale
of carbon dioxide, Global Biogeochem. Cy., 28, 1163-1178,
https://doi.org/10.1002/2014GB004813, 2014.

Keller, D. P, Feng, E. Y., and Oschlies, A.: Potential cli-
mate engineering effectiveness and side effects during a high
carbon dioxide-emission scenario, Nat. Commun., 5, 3304,
https://doi.org/10.1038/ncomms4304, 2014.

Kohler, P.: Anthropogenic CO, of High Emission Scenario Com-
pensated After 3500 Years of Ocean Alkalinization With an An-
nually Constant Dissolution of 5 Pg of Olivine, Frontiers in
Climate, 2, 575744, https://doi.org/10.3389/fclim.2020.575744,
2020.

Kohler, P., Abrams, J. F.,, Volker, C., Hauck, J., and Wolf-
Gladrow, D. A.: Geoengineering impact of open ocean dis-
solution of olivine on atmospheric COj, surface ocean
pH and marine biology, Environ. Res. Lett.,, 8, 014009,
https://doi.org/10.1088/1748-9326/8/1/014009, 2013.

Lal, D. and Rama: Characteristics of global tropospheric mixing
based on man-made Cl4, H3, and Srgo, J. Geophys. Res., 71,
2865-2874, https://doi.org/10.1029/JZ071i012p02865, 1966.

Lenton, A., Matear, R. J., Keller, D. P, Scott, V., and
Vaughan, N. E.: Assessing carbon dioxide removal through
global and regional ocean alkalinization under high and
low emission pathways, Earth Syst. Dynam., 9, 339-357,
https://doi.org/10.5194/esd-9-339-2018, 2018.

https://doi.org/10.5194/bg-22-341-2025


https://doi.org/10.1002/lol2.10330
https://doi.org/10.3389/fclim.2021.624075
https://doi.org/10.1029/2019MS001888
https://doi.org/10.1029/2021RG000736
https://doi.org/10.5194/sp-2-oae2023-3-2023
https://doi.org/10.1029/97GL00523
https://doi.org/10.1002/2016gl068576
https://doi.org/10.5194/bg-20-27-2023
https://doi.org/10.1017/9781009157896.022
https://doi.org/10.1017/9781009157896.022
https://doi.org/10.5194/sp-2-oae2023-12-2023
https://doi.org/10.5194/sp-2-oae2023-12-2023
https://doi.org/10.1016/j.marchem.2017.12.006
https://doi.org/10.1088/1748-9326/ad4401
https://doi.org/10.5194/bg-5-385-2008
https://doi.org/10.1002/2014GB004813
https://doi.org/10.1038/ncomms4304
https://doi.org/10.3389/fclim.2020.575744
https://doi.org/10.1088/1748-9326/8/1/014009
https://doi.org/10.1029/JZ071i012p02865
https://doi.org/10.5194/esd-9-339-2018

M. D. Tyka: Efficiency metrics for ocean alkalinity enhancement 353

Marshall, J., Adcroft, A., Hill, C., Perelman, L., and Heisey, C.: A
finite-volume, incompressible Navier Stokes model for studies of
the ocean on parallel computers, J. Geophys. Res.-Oceans, 102,
5753-5766, https://doi.org/10.1029/96JC02775, 1997.

McWilliams, J. C., Gula, J., Molemaker, M. J., Renault, L.,
and Shchepetkin, A. F.: Filament Frontogenesis by Bound-
ary Layer Turbulence, J. Phys. Oceanogr., 45, 1988-2005,
https://doi.org/10.1175/jpo-d-14-0211.1, 2015.

Munk, W., Armi, L., Fischer, K., and Zachariasen, F.: Spi-
rals on the sea, P. Roy. Soc. Lond. A, 456, 1217-1280,
https://doi.org/10.1098/rspa.2000.0560, 2000.

National Academies Press: A Research Strategy for Ocean-
based Carbon Dioxide Removal and Sequestration, National
Academies Press, https://doi.org/10.17226/26278, 2022.

Oschlies, A.: Impact of atmospheric and terrestrial CO, feedbacks
on fertilization-induced marine carbon uptake, Biogeosciences,
6, 1603-1613, https://doi.org/10.5194/bg-6-1603-2009, 2009.

Renforth, P. and Henderson, G.: Assessing ocean alkalin-
ity for carbon sequestration, Rev. Geophys., 55, 636-674,
https://doi.org/10.1002/2016rg000533, 2017.

Ritschard, R. L.: Marine algae as a CO, sink, Water Air Soil Pollut.,
64, 289-303, https://doi.org/10.1007/BF00477107, 1992.

Schwinger, J., Bourgeois, T., and Rickels, W.: On the emission-path
dependency of the efficiency of ocean alkalinity enhancement,
Environ. Res. Lett., 19, 074067, https://doi.org/10.1088/1748-
9326/ad5a27, 2024.

Stocker, T. F., Plattner, G.-K., and Dahe, Q.: IPCC Cli-
mate Change 2013: The Physical Science Basis — Findings
and Lessons Learned, https://api.semanticscholar.org/CorpusID:
220600282 (last access: 11 July 2024), 2014.

Suselj, K., Carroll, D., Menemenlis, D., Zhang, H., Beatty, N.,
Savage, A., and Whitt, D.: Quantifying Regional Efficiency of
Marine Carbonl Dioxide Removal (mCDR) via Alkalinity En-
hancement2 using the ECCO-Darwin Ocean Biogeochemistry
State3 Estimate and an Idealized Vertical 1-D Model, Global
Biogeochem. Cy., 123, 123-123, 2024.

https://doi.org/10.5194/bg-22-341-2025

Trenberth, K. E. and Smith, L.: The Mass of the Atmosphere:
A Constraint on Global Analyses, J. Climate, 18, 864-875,
https://doi.org/10.1175/jcli-3299.1, 2005.

Tyka, M. D.: Efficiency metrics for ocean alkalinity en-
hancements under responsive and prescribed atmo-
spheric pCO; conditions, Zenodo [code, data set],
https://doi.org/10.5281/zenodo.14172129, 2024.

Tyka, M. D., Van Arsdale, C., and Platt, J. C.: CO; capture by
pumping surface acidity to the deep ocean, Energy Environ. Sci.,
15, 786-798, https://doi.org/10.1039/D1EE01532]J, 2022.

Wang, H., Pilcher, D. J., Kearney, K. A., Cross, J. N., Shugart,
O. M., Eisaman, M. D., and Carter, B. R.: Simulated Impact
of Ocean Alkalinity Enhancement on Atmospheric CO; Re-
moval in the Bering Sea, Earth’s Future, 11, e2022EF002816,
https://doi.org/10.1029/2022EF002816, 2023.

Yamamoto, K., DeVries, T., and Siegel, D. A.: Metrics for quantify-
ing the efficiency of atmospheric CO, reduction by marine car-
bon dioxide removal (mCDR), Environ. Res. Lett., 19, 104053,
https://doi.org/10.1088/1748-9326/ad7477, 2024.

Zarakas, C., Badgley, G., and Chay, F.: Comparing carbon re-
moval at different timescales, https://carbonplan.org/research/
cdr-timescale-accounting (last access: 11 July 2024), 2024.

Zeebe, R. E. and Wolf-Gladrow, D. A.: CO; in seawater: Equilib-
rium, kinetics, isotopes, Volume 65, Elsevier Oceanography Se-
ries, Elsevier Science, London, England, ISBN 9780444509468,
2001.

Zhou, M., Tyka, M. D., Ho, D. T., Yankovsky, E., Bachman, S.,
Nicholas, T., Karspeck, A. R., and Long, M. C.: Mapping the
global variation in the efficiency of ocean alkalinity enhancement
for carbon dioxide removal, Nat. Clim. Change, 123, 123-123,
2024.

Biogeosciences, 22, 341-353, 2025


https://doi.org/10.1029/96JC02775
https://doi.org/10.1175/jpo-d-14-0211.1
https://doi.org/10.1098/rspa.2000.0560
https://doi.org/10.17226/26278
https://doi.org/10.5194/bg-6-1603-2009
https://doi.org/10.1002/2016rg000533
https://doi.org/10.1007/BF00477107
https://doi.org/10.1088/1748-9326/ad5a27
https://doi.org/10.1088/1748-9326/ad5a27
https://api.semanticscholar.org/CorpusID:220600282
https://api.semanticscholar.org/CorpusID:220600282
https://doi.org/10.1175/jcli-3299.1
https://doi.org/10.5281/zenodo.14172129
https://doi.org/10.1039/D1EE01532J
https://doi.org/10.1029/2022EF002816
https://doi.org/10.1088/1748-9326/ad7477
https://carbonplan.org/research/cdr-timescale-accounting
https://carbonplan.org/research/cdr-timescale-accounting

	Abstract
	Introduction
	Methods
	Results
	Numerical circulation model
	Physical meaning of the quantity (t)
	Point injections
	Analytical box model
	Simulations with prescribed pCO2
	Equivalent removal from the atmosphere

	Measuring (t) in coupled models
	Limitations
	Coupling to other reservoirs
	Model resolution
	Atmospheric mixing

	Non-linear effects

	Conclusions
	Code and data availability
	Supplement
	Competing interests
	Disclaimer
	Acknowledgements
	Review statement
	References

