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"For the globe as a whole, the ocean is the great regulator, the great stabilizer of temperature.
It has been described as ’a savings bank for solar energy, receiving deposits in seasons of
excessive insolation and paying them back in seasons of want.’ Without the ocean, our world
would be visited by an unthinkably harsh extremes of temperature....”

— In The Sea Around Us (1951) by Rachel Carson





A B S T R A C T

Anthropogenic CO2 emissions have driven global warming since the Industrial Revolution,
necessitating a phasing out of fossil fuels to limit warming to well below 2

◦C, preferably 1.5◦C,
as outlined in the Paris Agreement. However, emission reductions alone are unlikely to be
sufficient to meet these targets, highlighting the need for large-scale carbon dioxide removal
(CDR). While current CDR efforts primarily focus on land-based methods, challenges, such as
land competition and biodiversity loss have led to growing interest in ocean-based approaches
as a complementary solution. Ocean Alkalinity Enhancement (OAE) is one such ocean-based
CDR method with high theoretical carbon sequestration potential that enhances CO2 uptake by
shifting carbonate equilibria in the surface ocean.

The ocean has absorbed ∼25% of anthropogenic CO2 since the Industrial Revolution and thus
plays a crucial role in the global carbon cycle. Subduction regions in the Southern Ocean and
North Atlantic are particularly important for anthropogenic carbon uptake as they transport
carbon into the deep ocean, sequestering it for centuries to millennia. Building on this natural
process, I hypothesize that deploying OAE in subduction regions will enhance deep ocean
sequestration and OAE efficiency. To test this, OAE is simulated in subduction regions and
globally using a low-resolution ocean circulation and biogeochemistry model (Publication I), a
fully coupled emission-driven Earth System Model (ESM; Publication II), and a high-resolution
ocean circulation and biogeochemistry model (Publication III).

This thesis identifies three key factors influencing simulated OAE efficiency: the amount of
added alkalinity, climate feedbacks, and model resolution. Among these, alkalinity addition
is the primary driver, which exhibits a strong linear relationship with oceanic CO2 uptake
and atmospheric CO2 reduction after 60-70 years of OAE deployment, a relationship that is
consistent across emission scenarios and aligns with previous literature. However, in contrast
to this scaling observed after decades of alkalinity addition, the largest differences and highest
uncertainties in OAE efficiency occur in the initial decade of deployment (2030s). During this
period, OAE efficiency in subduction regions (0.60 in Publication I, 0.70 in Publication III)
surpasses global OAE in ocean-only models (0.56 in Publication I, 0.57 in Publication III). In
contrast, the ESM-based regional OAE simulation (Publication II) yields a lower efficiency of
0.38, with a ±55% uncertainty attributed to climate-feedback driven variability. As alkalinity
perturbations disperse over time, regional differences diminish, reducing uncertainty and
leading to a convergence of efficiency estimates between global and regional applications by
the 2090s, with values of 0.85 (global and regional, Publication I), 0.72 (global and regional,
Publication II), and 0.85-0.90 (global-regional; Publication III). The persistently lower efficiency
in Publication II underscores the role of climate feedbacks as the second most influential factor
in OAE efficiency. Model resolution has only a third-order impact. Notably, Publication III
reports the highest regional OAE efficiency in the 2030s, potentially due to a combination of
different dynamics in the high-resolution model and differences in the background state of
carbonate chemistry across model setups, which further contributes to early-phase uncertainty.
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Further, both high- and low-resolution ocean-only models demonstrate efficient deep-ocean
carbon sequestration, with high-resolution global and regional simulations storing a relatively
higher amount of carbon below 1 km throughout the simulation period than their low-resolution
counterparts. Moreover, these models indicate that subduction regions transport nearly twice
as much carbon to depths below 1 km as global OAE in their respective setups, although their
smaller surface area leads to a lower total dissolved inorganic carbon (DIC) increase. In contrast,
the regional OAE using the ESM model (Publication II) does not replicate such efficient deep
transport, largely due to internal climate variability and feedbacks. The ocean-only simulations
also reveal that subduction regions can be viable for OAE, but exhibit strong seasonal variability
in excess carbon uptake, surface alkalinity, and DIC accumulation, driven by the seasonality
of the mixed layer depth (MLD). A shallower summer MLD retains excess surface alkalinity,
allowing CO2-deficient waters to equilibrate with the atmosphere and enhance CO2 uptake
and DIC accumulation, while a deeper winter MLD increases mixing, leading to alkalinity
loss and reduced CO2 uptake. Therefore, to optimize OAE efficiency in regional deployments,
future strategies must account for these seasonal dynamics.

Based on the findings of this thesis, model selection for OAE research should align with
the specific goals: low-resolution models capture large-scale ocean processes, high-resolution
models can be useful to resolve small-scale dynamics that are potentially important for deep
ocean carbon sequestration, and ESMs incorporate Earth system feedbacks vital for assessing
how CDR deployment can affect the climate trajectory with respect to climate targets. Most
importantly, as all model setups in this study exhibit the highest uncertainty during the initial
phase of OAE deployment, future modeling efforts should focus on understanding uncertainties
in estimates of OAE efficiency in the early phases of regional applications, which are crucial
for developing a robust MRV framework.
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Z U S A M M E N FA S S U N G

Die anthropogenen CO2-Emissionen haben die globale Erwärmung seit der industriellen Re-
volution vorangetrieben und machen einen schrittweisen Ausstieg aus der Nutzung fossiler
Brennstoffe erforderlich, um die Erwärmung auf deutlich unter 2

◦C, vorzugsweise 1,5◦C, zu
begrenzen, wie im Pariser Klima-Abkommen vorgesehen. Es ist jedoch unwahrscheinlich,
dass Emissionssenkungen allein ausreichen, um diese Ziele zu erreichen, weshalb eine groß-
skalige Kohlendioxidentnahme (CDR) notwendig sein wird. Während sich die derzeitigen
CDR-Bemühungen in erster Linie auf landgestützte Methoden konzentrieren, haben Her-
ausforderungen wie Landnutzungskonflikte und Biodiversitätsverlust zu einem wachsenden
Interesse an meeresgestützten Ansätzen als ergänzende Lösung geführt. Ozeanische Alkali-
nitätserhöhung (OAE) ist eine solche ozeanbasierte CDR-Methode mit hohem theoretischem
Kohlenstoffbindungspotenzial, die die CO2-Aufnahme durch Verschiebung des Karbonatgleich-
gewichts im Oberflächenozean erhöht.

Der Ozean hat seit der industriellen Revolution etwa 25% des anthropogenen CO2 aufgenom-
men und spielt somit eine entscheidende Rolle im globalen Kohlenstoffkreislauf. Subduktionsge-
biete im Südlichen Ozean und im Nordatlantik sind für die anthropogene Kohlenstoffaufnahme
besonders wichtig, da sie Kohlenstoff in die Tiefe transportieren und ihn dort für Jahrhunderte
bis Jahrtausende speichern. Aufbauend auf diesem natürlichen Prozess stelle ich die Hypo-
these auf, dass der Einsatz von OAE in Subduktionsregionen die Kohlenstoffspeicherung im
tiefen Ozean und die Effizienz von OAE erhöhen wird. Um dies zu testen, wird eine OAE-
Anwendung in Subduktionsregionen sowie im globalen Ozean simuliert, und zwar mit einem
Modell der Ozeanzirkulation und Biogeochemie mit niedriger Auflösung (Veröffentlichung I),
einem vollständig gekoppelten emissionsgetriebenen Erdsystemmodell (Veröffentlichung II)
und einem hoch aufgelösten Modell der Ozeanzirkulation und Biogeochemie (Veröffentlichung
III).

In dieser Arbeit werden drei Schlüsselfaktoren identifiziert, die die OAE-Effizienz in Modell-
simulationen beeinflussen: die Menge der hinzugefügten Alkalinität, Klima-Rückkopplungen
und die Modellauflösung. Unter diesen Faktoren ist die Zugabe von Alkalinität der wichtigste
Faktor, der eine starke lineare Beziehung mit der ozeanischen CO2-Aufnahme und der atmo-
sphärischen CO2-Reduktion nach 60-70 Jahren OAE-Anwendung aufweist. Diese Beziehung ist
über alle Emissionsszenarien hinweg konsistent und wird durch bisherige Literatur unterstützt.
Im Gegensatz zu diesem linearen Zusammenhang, nach mehreren Jahrzehnten der Alkalini-
tätszugabe, treten die größten Unterschiede und die größte Unsicherheit bei der OAE-Effizienz
jedoch im ersten Jahrzehnt des Einsatzes (2030er Jahre) auf. In diesem Zeitraum übertrifft die
Effizienz der OAE in Subduktionsregionen die globale OAE in reinen Ozeanmodellen und
erreicht Werte von 0,60 (Veröffentlichung I) und 0,70 (Veröffentlichung III). Im Gegensatz dazu
ergibt die ESM-basierte regionale OAE-Simulation (Publikation II) eine niedrigere Effizienz von
0,38, mit einer Unsicherheit von ±55%, die auf klimabedingte Schwankungen zurückgeführt
wird. Da sich die Alkalinitätssignale im Laufe der Zeit ausbreiten, nehmen die regionalen

ix



Unterschiede ab, was die Unsicherheit verringert und bis 2090 zu einer Konvergenz der Effizi-
enzschätzungen zwischen globalen und regionalen Anwendungen führt, mit Werten von 0,85

(global und regional, Veröffentlichung I), 0,72 (global und regional, Veröffentlichung II) und
0,85-0,90 (global-regional; Veröffentlichung III). Die anhaltend niedrigere Effizienz in Publikati-
on II unterstreicht die Rolle der Klima-Rückkopplungen als zweitwichtigster Einflussfaktor für
die OAE-Effizienz. Die Modellauflösung hat nur einen Einfluss dritter Ordnung. Tatsächlich
wird in Publikation III die höchste regionale OAE-Effizienz in den 2030er Jahren festgestellt,
was möglicherweise auf eine Kombination von unterschiedlicher Dynamik in der hochaufge-
lösten Konfiguration und Unterschiede im Hintergrundzustand der Karbonatchemie in den
verschiedenen Modellkonfigurationen zurückzuführen ist und zu weiteren Unsicherheiten in
der frühen Phase beiträgt.

Darüber hinaus zeigen sowohl hoch- als auch niedrigauflösende reine Ozeanmodelle eine
effiziente Kohlenstoffspeicherung in der Tiefsee, wobei hochauflösende globale und regionale
Simulationen während des gesamten Simulationszeitraums eine relativ größere Menge an
Kohlenstoff unterhalb von 1 km speichern als ihre niedrigauflösenden Gegenstücke. Darüber
hinaus zeigen diese Modelle, dass Subduktionsregionen fast doppelt so viel Kohlenstoff in
Tiefen unterhalb von 1 km transportieren wie globale OAE in ihren jeweiligen Ansätzen, obwohl
ihre kleinere Oberfläche zu einem geringeren Anstieg des gesamten gelösten anorganischen
Kohlenstoffs (DIC) führt. Die regionalen OAE unter Verwendung des ESM-Modells (Publika-
tion II) zeigen dagegen keinen derart effizienten Tiefentransport, was vor allem auf interne
Klimavariabilität und Rückkopplungen zurückzuführen ist. Die reinen Ozean-Simulationen
zeigen auch, dass Subduktionsregionen für OAE geeignet sein können, aber starke saisonale
Schwankungen in der überschüssigen Kohlenstoffaufnahme, der Oberflächenalkalinität und
der DIC-Akkumulation aufweisen, die durch die saisonale Abhängigkeit von der Tiefe der
Mischungsschicht (MLD) bedingt sind. Eine geringere MLD im Sommer hält überschüssige
Oberflächenalkalinität zurück und ermöglicht es CO2-armen Gewässern, mit der Atmosphäre
ins Gleichgewicht zu kommen und die CO2-Aufnahme und DIC-Akkumulation zu verbessern,
während eine tiefere MLD im Winter die Durchmischung erhöht, was zu Alkalinitätsverlusten
und geringerer CO2-Aufnahme führt. Um die OAE-Effizienz bei regionalen Einsätzen zu opti-
mieren, müssen künftige Strategien daher diese jahreszeitlichen Dynamiken berücksichtigen.

Auf der Grundlage der Ergebnisse dieser Arbeit sollte die Modellauswahl auf die spezi-
fischen Ziele der OAE-Forschungsprojekte abgestimmt werden: Biogeochemische Modelle
mit geringer Auflösung erfassen großräumige ozeanische Prozesse, hochauflösende Model-
le können nützlich sein, um kleinräumige Dynamiken zu erfassen, die potenziell für den
Kohlenstofftransport in die Tiefe wichtig sein können, und Erdsystemmodelle umfassen Rück-
kopplungen des Erdsystems, die für das Verständnis der Auswirkungen des CDR-Einsatzes
auf die Klimatrajektorie, besonders in Bezug auf die Klimaziele, entscheidend sind. Da alle
Modellkonfigurationen in dieser Studie in der Anfangsphase der OAE-Anwendung die größten
Unsicherheiten aufwiesen, sollten sich künftige Modellierungsstudien auf das Verständnis
der Unsicherheiten der OAE-Effizienz in der frühen Phase von regionalen Anwendungen
konzentrieren, die für die Entwicklung eines robusten MRV-Konzeptes entscheidend sind.
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preface 3

The Earth’s climate has evolved over billions of years, with natural archives such as ice cores,
tree rings, and sediment cores providing a window into its history. For instance, ice cores
from polar regions that contain trapped air bubbles, reveal past atmospheric compositions
and temperatures over 800,000 years (Lüthi et al., 2008; Petit et al., 1999). Similarly, sediment
cores reveal chemical signatures that reflect ancient climate states, demonstrating the Earth’s
oscillation between glacial and interglacial phases over geological timescales. These changes
are linked to shifts in radiative balance, the equilibrium between incoming solar radiation and
outgoing longwave radiation reflected and re-emitted by the Earth’s surface and atmosphere
(Hartmann et al., 1986).

A variety of natural processes influence the Earth’s radiative balance. Among the most
prominent are the Milankovitch cycles, which describe predictable variations in Earth’s orbital
eccentricity, axial tilt, and precession (Berger, 1988; Lisiecki, 2010). These cycles alter the
distribution and intensity of solar energy received by the planet, and thus drive long-term
climate oscillations. Volcanic activity and, most critically, the composition of the Earth’s
atmosphere also modulate the radiative balance, amplifying or mitigating climatic changes
over time (Mitchell, 1989).

The influence of atmospheric composition on radiative balance forms the basis of the
greenhouse effect, first conceptualized by Fourier in 1827. Certain greenhouse gases (GHGs),
including water vapor, carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O), absorb
and re-emit outgoing infrared radiation, trapping heat within the atmosphere (Mitchell, 1989).
This natural effect maintains Earth’s surface temperature at a life-supporting +18

◦C, compared
to a frigid −16

◦C in its absence (Pierrehumbert, 2011).
Among GHGs, water vapor is the most abundant and acts as a feedback amplifier. Its

concentration increases with rising temperatures, enhancing its heat-trapping ability, but its
short atmospheric residence time (8–10 days) limits its long-term impact (Held and Soden, 2000).
By contrast, CO2, although a minor atmospheric constituent (0.04% by volume), plays a pivotal
role due to its efficiency in absorbing infrared radiation and its long residence time, ranging
from decades to millennia. This unique combination allows CO2 to act as a thermostat for the
Earth’s climate (Lacis et al., 2010). In 1897, Arrhenius quantified this relationship, predicting
that a doubling of atmospheric CO2 could lead to a 4

◦C temperature increase (Arrhenius and
Holden, 1897) – a remarkably accurate projection aligned with current estimates of 3–4.5◦C
(Lee et al., 2021).

Since the Industrial Revolution, human activities, such as burning of fossil fuels, and
land-use change for agriculture, industrialization and urbanization have significantly elevated
atmospheric CO2 levels, disrupting Earth’s radiative balance and driving the global temperature
increase. These changes have triggered severe impacts, including polar ice melting, rising sea
levels, and an increase in extreme weather events (Intergovernmental Panel on Climate Change
IPCC, 2023). To mitigate these effects, global efforts aim to limit temperature rise to well below
2
◦C, preferably 1.5◦C, above preindustrial levels by the end of the 21

st century (UNFCCC, 2015).
Achieving this target demands not only phasing out fossil fuels usage to reduce anthropogenic
emissions, but also active removal of CO2 through human interventions (Ho et al., 2023).
This imperative has spurred the development of Carbon Dioxide Removal (CDR) strategies,
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designed to artificially extract atmospheric CO2 and store it in geological, terrestrial or ocean
carbon reservoirs or in products (IPCC, 2018).

The ocean, covering 70% of Earth’s surface, is an important natural carbon sink, absorbing
25–30% of anthropogenic emissions (Friedlingstein et al., 2024). Leveraging this capacity of
the ocean, Ocean Alkalinity Enhancement (OAE) is a marine-based CDR approach that aims
to enhance the ocean’s capacity to sequester CO2 by increasing its alkalinity (Kheshgi, 1995).
The goal of OAE is to accelerate the natural weathering process through which the ocean
takes up carbon on a geological timescale. This thesis examines the efficiency of OAE in the
intermediate, deep and bottom water formation regions of the Southern Ocean and North
Atlantic, which serve as critical bottlenecks that transfer carbon from the surface to the deep
ocean and result in its sequestration away from the atmosphere on centennial to millennial
timescales. By employing coarse- and high-resolution ocean-only models alongside a fully
coupled emission-driven Earth System Model, this thesis evaluates the potential of OAE to
sequester atmospheric CO2 over the 21

st century under high and low emission pathways.
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2.1 global carbon cycle 3

2.1 global carbon cycle

Figure 2.1: Schematic representation of carbon stocks and fluxes among major carbon reservoirs. Black
numbers indicate carbon stocks within each reservoir, while green numbers and arrows
represent natural carbon fluxes, based on Canadell et al. (2021). Anthropogenic carbon
fluxes, averaged over the period 2014-2023, are shown using red arrows and numbers,
uncertainty estimates are only given for the anthropogenic fluxes. The blue arrow and
number denote carbon dioxide removal (CDR) for the year 2023. The anthropogenic fluxes
as well as the CDR flux are based on Friedlingstein et al. (2024).

The atmosphere, land, and ocean carbon reservoirs are fundamental constituents of the
Earth’s carbon cycle. They undergo complex interactions via carbon exchanges that regulate
global climate. These interactions happen over different timescales that exchange carbon
through solubility of CO2 in seawater, photosynthesis, respiration, chemical and mechanical
weathering, and other geological processes (Falkowski et al., 2000; Archer, 2010; Figure 2.1).
Understanding the carbon reservoirs and their interactions is critical to understand both natural
climate regulation and the impacts of anthropogenic activities on the Earth’s climate.

2.1.1 Atmospheric Carbon

The atmospheric carbon reservoir, primarily composed of CO2 (∼870 PgC) with smaller
contributions from CH4 , CO2 , and chlorofluorocarbons, plays a crucial role in regulating
global temperatures (Canadell et al., 2021). It actively interacts with terrestrial, soil, and ocean
carbon reservoirs and is highly sensitive to changes in the land and ocean carbon sources and
sinks (Figure 2.1).
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2.1.2 Land Carbon

The land carbon reservoir can be divided into land vegetation and soil carbon (Figure 2.1).
Vegetation fixes carbon through photosynthesis, which converts CO2 into organic matter. This
carbon is released back to the atmosphere by heterotrophic and autotrophic respiration (Cao
and Woodward, 1998; Post et al., 1982). Approximately 450-650 PgC is stored in the global
vegetation biomass, with forest ecosystems representing 70% of all plant carbon (DeGryze
et al., 2004; Saatchi et al., 2011; Bradshaw and Warkentin, 2015; Pan et al., 2011). Globally, the
soil organic carbon pool constitutes approximately two thirds of the carbon in the terrestrial
ecosystem. The soil carbon reservoir amounts to roughly 1500-1700 PgC but with considerable
variation (Amundson, 2001; Guo and Gifford, 2002). The soil carbon pool is primarily dependent
on the type of vegetation and its productivity at a particular site, and losses are dependent
on heterotopic respiration which is modified by climatic conditions such as temperature and
moisture (Jackson et al., 2017; Scharlemann et al., 2014). Since soil carbon is physically and
chemically inert and not easily oxidized, it has a residence time of about few decades to
centuries, making it an important carbon sink (Davidson and Janssens, 2006; Post et al., 1982).
Wetlands, peatlands, and permafrost soils represent soil carbon reservoirs with high carbon
densities and mean residence times approaching ∼1200 years (Davidson and Janssens, 2006).

Since the Industrial Revolution, land-use changes driven by agriculture, industrialization,
and urbanization have significantly contributed to the release of carbon from vegetation
and soils into the atmosphere (IPCC, 2019). Land-use change is recognized as the second
largest source of anthropogenic CO2 emissions, with recent estimates indicating an average
release of approximately 1.1 PgC per year from 2014 to 2023 (Friedlingstein et al., 2024).
While such activities have led to carbon loss, increased atmospheric CO2 concentrations have
simultaneously led to a CO2 fertilization effect, promoting greater carbon uptake by vegetation
(Adloff et al., 2018). This dynamic has led to the land carbon sink sequestering approximately
3.2 PgC annually over the past decade, accounting for about 30% of total anthropogenic CO2

emissions (Friedlingstein et al., 2024). However, this uptake exhibits high interannual variability
influenced by climatic and ecological factors (Bloom et al., 2016). Despite its current role as a
crucial carbon sink, there is growing concern that the efficiency of land systems in sequestering
carbon could decline rapidly under ongoing deforestation and biomass loss. Such a shift would
have profound implications for climate mitigation efforts, emphasizing the need for sustainable
land management and conservation strategies (Nabuurs et al., 2023).

2.1.3 Ocean Carbon

The ocean is the Earth’s largest active carbon reservoir, which has absorbed about 25-30% of
anthropogenic CO2 emissions (Gruber et al., 2019; Iudicone et al., 2016; Khatiwala et al., 2009;
Müller et al., 2023). This is caused by the ability of CO2 to react with water and undergo the
hydrolysis reaction to form carbonate and bicarbonate ions that are not directly exchangeable
with the atmosphere (Zeebe and Wolf-Gladrow, 2001). The ocean reservoir is typically divided
into the surface ocean and the deep ocean (Figure 2.1). The surface ocean, which extends to
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a depth of around 200 meters, contains approximately 900 PgC (Canadell et al., 2021). This
carbon is actively cycled between the ocean surface and the atmosphere through gas exchange
and is influenced by biological activities, including photosynthesis and respiration by marine
organisms (Volk and Hoffert, 1985). Carbon introduced to the surface ocean through these
processes is transported to the deep ocean through the overturning circulation and the sinking
of organic and inorganic particles (Feely et al., 2001) (see section 2.2 for further details on ocean
carbon pumps).

The deep ocean holds about 37,200 ± 200 PgC and this carbon is isolated from the atmosphere
on the timescale of the ocean overturning circulation, i.e., up to 1000 years (Keppler et al., 2023).
The significance of this deep ocean carbon storage is evident from the fact that the combined
carbon content of the atmosphere, terrestrial biosphere, and surface ocean amounts to less
than 10% of that stored in the ocean interior (Sigman and Boyle, 2000). On a glacial-interglacial
timescale, the ocean has modulated atmospheric CO2 concentrations through processes such as
temperature-dependent CO2 solubility, biological and carbonate pumps, and shifts in ocean
circulation and stratification. Any changes in the atmospheric CO2 concentrations are dampened
by interaction with the ocean’s huge CO2 reservoir (Sigman and Boyle, 2000; Toggweiler, 1999).
Thus, this carbon reservoir acts as a stabilizing mechanism for the Earth’s climate.

2.2 processes in the ocean carbon cycle

Solubility	Carbon	Pump

Overturning
Circulation

Cold

Wa
te
r

Warm

Water

CO2CO2

Biological Carbon Pumps
Soft tissue pump Carbonate pump
CO2 CO2CO2 CO2

Photosynthesis
DICPOC

Calcification
ALKCaCO3

Dissolution of CaCO3ALKCaCO3

Remineralization
DICPOC

PO
C
sin

kin
g

Sea Floor POC burial

Upwelling

Ca
CO

3
sin

kin
g

CaCO3 burial

Upwelling

Figure 2.2: Schematic represents the solubility and biological carbon pumps through which carbon
is cycled between the surface and the deep ocean. POC: particulate organic carbon; DIC:
dissolved inorganic carbon; ALK: alkalinity; CaCO3: calcium carbonate; CO2: carbon
dioxide.

The ocean carbon cycle is driven by three interconnected pumps: the solubility pump, the
biological carbon pumps that consist of the soft tissue pump and the carbonate pump (Volk
and Hoffert, 1985; Figure 2.2). The solubility pump facilitates the uptake of atmospheric CO2
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through gas exchange, driven by temperature-dependent solubility, and transports carbon to
the deep ocean via the overturning circulation (Sarmiento, 2013). The soft tissue pump involves
CO2 fixation by phytoplankton during photosynthesis and its transformation into particulate
organic carbon, of which a fraction sinks to the deep ocean and an even smaller fraction is
typically sequestered at the sea floor (Boyd et al., 2019). The carbonate pump involves the
formation of calcium carbonate (CaCO3) by marine calcifying organisms with their sinking
shells sequestering particulate inorganic carbon in sediments (Berelson et al., 2007). Together,
these pumps regulate oceanic carbon storage and exchange with the atmosphere, playing a
pivotal role in controlling Earth’s climate (Volk and Hoffert, 1985; Figure 2.2).

2.2.1 Solubility Carbon Pump

Unlike most atmospheric gases, CO2 interacts with seawater through both physical dissolution
and chemical reaction, creating a complex exchange system between the ocean and atmosphere
(Dickson and Millero, 1987). Initially, CO2 dissolves into seawater in a process governed by
Henry’s law:

CO2(aq) = Kh · pCO2(atm) (2.1)

Here, CO
2(aq) is the concentration of CO2 in seawater, pCO2atm is partial pressure of CO2

in the atmosphere, and Kh is Henry’s constant. The law thus states that as CO2 solubility
increases, the concentration of CO2 in seawater increases for a given pCO2 at the ocean surface
(DeVries, 2022b). The solubility of CO2 is temperature and salinity dependent. Temperature
plays a dominant role, with cold polar waters exhibiting solubility more than twice that of
warm equatorial waters (DeVries, 2022a; Khatiwala et al., 2019; Takahashi et al., 2002). The
effect of salinity is comparatively minor due to its limited variation across the ocean (DeVries,
2022b).

The exchange of CO2 between the atmosphere and ocean also depends on the gradient
between atmospheric and surface ocean pCO2. Uptake occurs when atmospheric pCO2 is
higher, while outgassing happens when the reverse is true (Sigman and Boyle, 2000). This
exchange is further influenced by wind-driven turbulence, which enhances air-sea gas transfer
and vertical mixing, allowing surface waters enriched in CO2 to mix with deeper layers
(Wanninkhof, 1992; Wanninkhof, 2014; Ho et al., 2006). These processes, in turn, also interact
with sea surface temperature (SST), as wind-driven cooling alters CO2 solubility, creating a
feedback loop that impacts the overall air-sea CO2 exchange (Takahashi et al., 2002; Wanninkhof
et al., 2013).

Despite the physical dissolution process, the ocean’s enormous carbon reservoir, estimated
at approximately 37,200 ± 200 PgC, cannot be explained by solubility alone, which accounts
for only ∼550 PgC (Keppler et al., 2023; Emerson and Hedges, 2008). This discrepancy arises
because dissolved CO2 undergoes chemical reactions in seawater (Dickson and Millero, 1987). It
forms carbonic acid (H2CO3), a weak and unstable acid that quickly dissociates into bicarbonate
(HCO3

– ), carbonate (CO3

2 – ), and hydrogen (H+) ions:
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CO2 + H2O −−⇀↽−− H2CO3 −−⇀↽−− HCO3
− + H+ −−⇀↽−− CO3

2− + 2 H+ (2.2)

This reaction system not only governs ocean pH, but also defines dissolved inorganic carbon
(DIC) as the sum of dissolved CO2, HCO3

– , and CO3

2 – ions (Zeebe and Wolf-Gladrow, 2001;
Sarmiento, 2013). At an average oceanic pH of 8.1, about 90% of DIC exists as HCO3

– , less than
10% as CO3

2 – , and roughly 1% as dissolved CO2 (Zeebe and Wolf-Gladrow, 2001). Critically,
only the dissolved CO2 component can freely exchange with the atmosphere, while HCO3

–

and CO3

2 – ions do not, bestowing the oceans with its large carbon reservoir (Emerson and
Hedges, 2008).

2.2.1.1 Role of Alkalinity in the ocean carbon cycle

Another important quantity that aids in regulating the ocean’s ability to absorb and store
carbon is the ocean alkalinity. Alkalinity is defined as the excess of bases over acids. It is also
referred to as the buffering capacity of seawater as it neutralizes the carbonic acid formed
when CO2 is dissolved in the ocean (Wolf-Gladrow et al., 2007).

Total Alkalinity = [HCO3
−] + 2[CO3

2−] + [B(OH)4
−] + [OH−]

+ [HPO4
2−] + 2[PO4

3−] + [H3SiO4
−] + [NH3] + [HS−]

− [H+]F − [HSO4
−]− [H3PO4] (2.3)

The primary input of alkalinity to the oceans is through the river inputs and small contribu-
tion from groundwater and hydrothermal fluxes (Middelburg et al., 2020). Accordingly, the
total input of alkalinity amounts to about ∼66 Tmol yr−1, with an estimated residence time of
around 120k years (Hartmann et al., 2014; Middelburg et al., 2020). The primary loss of alkalin-
ity is through permanent burial of CaCO3 (formed by marine organisms; see section 2.2.3) in
the ocean sediments, which is estimated to be about ∼60 Tmol yr−1 (Middelburg et al., 2020).

As alkalinity is directly linked to the concentrations of carbonate, bicarbonate and borate
ions in seawater, it plays a crucial role in regulating the carbonate equilibria in the ocean (Zeebe
and Wolf-Gladrow, 2001; Equation 2.3). At a constant DIC, higher alkalinity indicates that the
equilibria are shifted towards bicarbonate and carbonate ions, reducing the concentration of
dissolved CO2 and thus lowering pCO2 at the ocean surface. This can lead to a higher influx of
CO2 from the atmosphere into the ocean (or reduced outgassing). Conversely, lower alkalinity
results in a higher fraction of DIC as dissolved CO2, increasing surface ocean pCO2 and thus
can reduce the oceanic CO2 uptake (or increase outgassing, Wolf-Gladrow et al., 2007; Emerson
and Hedges, 2008).

Alkalinity can also be understood as a buffer capacity, which is the ability to resist changes
in pH when additional CO2 dissolves in seawater (Middelburg et al., 2020; Jiang et al., 2019).
In principle, oceanic pH should decrease when CO2 reacts with seawater as it releases excess
H+ ions (Equation 2.2). However, the buffering capacity of the ocean neutralizes the excess
H+ ions by reaction with carbonate ions to form additional bicarbonate ions (Dickson, 1981).
This process reduces the impact of anthropogenic CO2 uptake on ocean pH. The strength of
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this buffering capacity can also be quantified by the Revelle factor that is defined as the ratio
of the relative changes in oceanic pCO2 to the relative changes in DIC (Egleston et al., 2010;
Equation 2.4).

Revelle Factor =
∂ ln pCO2

∂ ln DIC
(2.4)

A high alkalinity is associated with a low Revelle factor, meaning that the ocean can absorb
more atmospheric CO2 per increase in the surface ocean pCO2. In contrast, lower alkalinity
results in a weaker buffer capacity, causing a more pronounced increase in pCO2 and larger
pH changes for the same amount of CO2 uptake (Sarmiento, 2013). The Revelle factor is also
dependent on the changes in partitioning of the carbonate species in DIC due to anthropogenic
CO2 uptake. As the oceans continue to take up anthropogenic carbon, the concentration
of dissolved CO2 increases (Zeebe and Wolf-Gladrow, 2001). As a result, the Revelle factor
increases or the buffering capacity of the ocean decreases. This acts as a positive feedback that
can limit the increase of the ocean CO2 sink in the future (Wallace, 2001).

2.2.2 Soft Tissue Pump

The soft tissue pump plays a crucial role in the natural carbon cycle by converting dissolved
CO2 into organic carbon through photosynthesis by phytoplankton in the euphotic zone (Boyd
et al., 2019; Jahnke, 1996; Passow and Carlson, 2012). This process not only creates a surface
pCO2 deficit that may drive CO2 uptake from the atmosphere, but also forms the foundation
of marine food webs by supplying energy and organic matter to higher trophic levels (Boyd
et al., 2019). Remarkably, phytoplankton, which constitute just 0.2% of global primary producer
biomass, contribute to nearly 50% of global net primary production (Falkowski et al., 1998).

Once produced, organic carbon undergoes transformation and redistribution within the
ocean. Some of it becomes dissolved organic carbon or is respired back into CO2, while a
portion forms particulate organic carbon (POC; Marinov et al., 2008). POC aggregates into
particles known as "marine snow," which sink into the deep ocean due to gravitational settling.
The sinking speed varies from tens to hundreds of meters per day, with large aggregates like
zooplankton fecal pellets reaching speeds of up to 1 km per day (Hayes et al., 2021). The sinking
process transfers carbon to the ocean interior termed as export production (Dunne et al., 2007;
Nowicki et al., 2022). Approximately 5–13 PgC yr−1 sinks through top ∼100 m (Gehlen et al.,
2006; Giering et al., 2020; Henson et al., 2011), of which about 5–6 PgC yr−1 is remineralized
at intermediate depths (Feely et al., 2004; Palevsky and Doney, 2018), and only 0.02–0.2 PgC
yr−1 is sequestered in marine sediments for geological timescales (Boyd and Trull, 2007; Carter
et al., 2021; Siegel et al., 2023). The rest is recycled within the euphotic zone through microbial
degradation, where organic carbon is converted back into inorganic forms available for reuse
(Cartapanis et al., 2018; Guidi et al., 2015).

The soft tissue pump accounts for 70% of the dissolved inorganic carbon (DIC) gradient
between the surface and deep ocean, vastly outweighing the contributions of the solubility
and carbonate pumps (10% and 20%, respectively; DeVries, 2022b). During the last glacial
maximum, when atmospheric CO2 levels were as low as 180–200 ppm, the soft tissue pump
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was particularly efficient, driven by enhanced nutrient availability, iron inputs, and altered
circulation patterns, which contributed to lowering of atmospheric CO2 levels (Morée et al.,
2021; Sigman et al., 2010; Brovkin et al., 2007; Lambert et al., 2015; Martin, 1990). Furthermore,
without its carbon sequestration capabilities, preindustrial CO2 levels might have been ∼200

ppm higher than observed (Maier-Reimer et al., 1996), underscoring its importance across
glacial, interglacial, and preindustrial periods in shaping Earth’s climate system.

2.2.3 Carbonate Pump

The carbonate pump, also termed as the hard tissue component of the biological carbon pump,
is driven by the formation, sinking, and dissolution of calcium carbonate (CaCO3). It facilitates
the sequestration of particulate inorganic carbon (PIC) and is regulated by calcifying organisms
such as coccolithophores and calcifying zooplankton (pteropods and foraminifera) that produce
CaCO3 shells (Buitenhuis et al., 2019; Knecht et al., 2023; Ridgwell and Zeebe, 2005). During
calcification, bicarbonate and calcium ions are consumed, shifting carbonate equilibria toward
dissolved CO2. This process increases surface ocean pCO2 and may reduce CO2 uptake or
strengthen CO2 outgassing depending on the pCO2 gradient between the ocean surface and
atmosphere. This is because the process reduces alkalinity and DIC in a ration of 2:1, which
increases pCO2 and thus it is also termed as the "carbonate counter pump" (Feely et al., 2004;
Morse and He, 1993).

The precipitation and dissolution of CaCO3 are governed by the saturation state (Ω), de-
termined by the ratio of calcium and carbonate ion concentrations to the solubility constant,
which varies with temperature, salinity, and pressure. When Ω > 1, seawater is supersaturated,
favoring thermodynamic CaCO3 precipitation; when Ω < 1, dissolution dominates. As sinking
CaCO3 particles experience increased pressure and decreased Ω, dissolution intensifies, partic-
ularly below the saturation horizon (Ω = 1), where rapid dissolution occurs (Sarmiento, 2013;
Zeebe and Wolf-Gladrow, 2001; Zeebe and Westbroek, 2003).

However, most CaCO3 dissolution (60–80%) occurs within the upper 500-1000 m of the ocean,
where Ω is generally >1 (Jansen et al., 2002; Milliman et al., 1999). This suggests that dissolution
in this depth range is not primarily driven by undersaturation but by other processes, such
as dissolution within zooplankton guts or other microenvironments, indicating that factors
beyond temperature, salinity, and pressure also play a role (Jansen and Wolf-Gladrow, 2002).
Annually, about 0.4 PgC is transported to the deep ocean via CaCO3 sinking, but only a quarter
reaches the sediments, where it is buried and sequestered for millions of years (Berelson
et al., 2007). This burial is balanced by chemical rock weathering, which replenishes oceanic
calcium and carbonate ions while drawing down atmospheric CO2. Consequently, although
the carbonate pump can act as a short-term CO2 source, it functions as a net carbon sink for
atmospheric CO2 over geological timescales (Feely et al., 2004).

The burial process is dynamically regulated by the calcite compensation feedback, a mecha-
nism ensuring equilibrium between precipitation, dissolution, and burial of CaCO3 in response
to shifts in ocean carbonate chemistry and atmospheric CO2 (Cartapanis et al., 2018). This
feedback governs the depth of the saturation horizon—and is fundamental to the long-term
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operation of the carbonate pump and geological carbon sequestration (Ridgwell and Zeebe,
2005). This interplay highlights the pivotal role of alkalinity in sustaining carbon storage over
geological timescales.

Alkalinity: Calcite Compensation Feedback

The calcite compensation feedback regulates the ocean carbonate chemistry by dynam-
ically modulating the CO3

2 – concentration, alkalinity, and the depth of the CaCO3

saturation horizon (Broecker, 2008; Elderfield, 2002). Alkalinity plays a central role in
this feedback mechanism by governing the saturation horizon so that loss and gain
of alkalinity are balanced (Berner and Berner, 2012). For instance, when atmospheric
CO2 rises, increased terrestrial weathering, driven by warming, introduces alkalinity
to the ocean (White et al., 1999). This enhances CO2 uptake, and shifts the carbonate
equilibrium (Emerson and Hedges, 2008). Consequently pH is reduced, causing the
saturation horizon to shoal. As undersaturated conditions extend vertically in the ocean,
CaCO3 sediments dissolve releasing alkalinity that further supports CO2 uptake and
reduces atmospheric CO2 levels (Boudreau et al., 2018; Boudreau et al., 2010). The re-
duced atmospheric CO2 concentration leads to reduced dissolution of CO2 into the
ocean. Over time the pH is restored due to increased alkalinity and eventually it deepens
the saturation horizon (Feely et al., 2004; Zeebe and Westbroek, 2003). This leads to
an increase in CaCO3 burial, consumption of alkalinity, and extends the areas where
CaCO3 can precipitate which in turn limits oceanic CO2 uptake, again allowing CO2 to
accumulate in the atmosphere (Boudreau et al., 2018). As atmospheric CO2 rebounds,
warming resumes, accelerating weathering and replenishing ocean alkalinity, restarting
the cycle. This feedback results in a dynamic but balanced exchange of carbon between
the atmosphere and ocean, crucial for long-term climate stability (Ridgwell and Zeebe,
2005; Ridgwell et al., 2007).

2.3 natural carbon cycle : a geological perspective

Over geological timescales, the carbon cycle is governed by interconnected feedbacks that
regulate atmospheric CO2 concentrations. Volcanic outgassing, driven by tectonic activity,
serves as the primary source of atmospheric CO2, releasing carbon from the Earth’s mantle
and lithosphere (Berner, 1990; Sundquist, 1985). In contrast, silicate weathering acts as a major
sink, sequestering CO2 on million-year timescales. This dynamic equilibrium, maintained at
approximately 0.3 PgC yr−1 due to rock weathering and 0.1 PgC yr−1 due to volcanic activity,
has historically stabilized Earth’s carbon balance (Walker et al., 1981). The process begins when
atmospheric CO2 dissolved in water react with silicate minerals to produce bicarbonate and
silicic acid (Gaillardet et al., 1999; Urey and Korff, 1952). These ions are transported to the
oceans via rivers, enhancing alkalinity and promoting marine carbon uptake. In the ocean,
bicarbonate ions contribute to the formation of calcium carbonate (CaCO3) minerals by marine
organisms, which eventually settle on the seafloor. Over time, these deposits are subducted and
transformed into sedimentary rocks, storing carbon until volcanic eruptions release it back into
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the atmosphere, completing the geological carbon loop (Cusack and Freer, 2008; Keith et al.,
1964). This cycle operates as a negative feedback mechanism: elevated temperatures accelerate
weathering, enhancing CO2 removal and cooling the planet, while cooler temperatures slow
weathering, allowing CO2 accumulation and warming (Walker et al., 1981; West et al., 2005).
Although this feedback stabilizes global temperatures over geological timescales, it cannot
mitigate the rapid CO2 increases associated with anthropogenic emissions due to its slow pace
(Archer et al., 1997).

2.4 the anthropogenic perturbation
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Figure 2.3: The Keeling Curve representing the increase in the atmospheric CO2 concentration [ppm]
since 1958. Source: https://keelingcurve.ucsd.edu/. Last accessed 24/01/25.

Pre-industrial atmospheric CO2 levels remained stable at ∼280 ppm, reflecting a balance in
natural carbon fluxes (Prentice et al., 2001). This equilibrium began to shift during the Industrial
Revolution (1750–1850) majorly due to land use change and increasing reliance on fossil fuels
for energy. By 1850, CO2 concentrations had risen modestly to 285 ppm (Rubino et al., 2024).
As fossil fuel combustion intensified and deforestation expanded for agriculture and urban
development, emissions accelerated, raising CO2 levels to about 315 ppm by 1958 (Figure 2.3;
Keeling et al., 2005). The post-1950s period witnessed exponential population growth and an
increasing dependence on fossil fuels, driving CO2 emissions to unprecedented levels, with
annual growth rates exceeding 2 ppm after the 2000s (Figure 2.3). By 2023, annual emissions
reached ∼11.1 PgC yr−1, with atmospheric concentrations climbing to 419.3 ppm and further
to 422.5 ppm in 2024, a 52% increase from pre-industrial levels (Figure 2.3; Friedlingstein et al.,
2024). The IPCC warns that unchecked emissions could lead to 3-4.5◦C warming above pre-
industrial levels by 2100, exacerbating extreme weather events such as hurricanes, heatwaves,
droughts, floods, and wildfires. These disruptions threaten ecosystems, economies, and human
livelihoods, emphasizing the critical need for effective global climate mitigation strategies
(Pörtner et al., 2022).

https://keelingcurve.ucsd.edu/
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2.4.1 Anthropogenic Perturbations to the Ocean Carbon Cycle

The anthropogenic increase in atmospheric CO2 causes the ocean to act as a carbon sink with the
absorbtion of 25–30% of global CO2 emissions, which mitigates climate change (Friedlingstein
et al., 2024). Approximately 30% of this carbon resides in the upper 200 meters, while 50% is
stored above 400 meters (Sabine et al., 2004; Gruber et al., 2019). The transport to deeper layers
constitutes a smaller but critical fraction, with 20% of anthropogenic CO2 sequestered below
1000 meters, where it is effectively isolated from the atmosphere for centuries to millennia
(Gruber et al., 2019; Khatiwala et al., 2009).

2.4.2 Transfer of Anthropogenic CO2 into the Ocean Interior

Carbon transport to the deep ocean is driven by physical processes in key regions like the
Southern Ocean and North Atlantic, where densification occurs through heat loss, evaporation,
and brine rejection during sea-ice formation (Sabine et al., 2004). These processes enable surface
waters enriched with anthropogenic CO2 to sink along constant density surfaces, transporting
carbon into the ocean interior.

The Southern Ocean accounts for 40% of global ocean anthropogenic carbon uptake via the
solubility carbon pump (Khatiwala et al., 2009). Intermediate and mode waters, such as the
Antarctic Intermediate Water (AAIW) and Subantarctic Mode Water (SAMW), play a pivotal
role in downward transport of anthropogenic carbon thus functioning as a bottleneck. AAIW
originates from upwelled Circumpolar Deep Water, while SAMW forms through subduction
north of the Subantarctic Front (Hartin et al., 2011). The formation regions of these water masses
are characterized by high wind speeds and with continuous replenishment by Circumpolar
Deep Water, which has low anthropogenic CO2 content. This enables efficient uptake of
anthropogenic CO2 and its subsequent transport to intermediate depth through suppression
of the natural CO2 outgassing (Hauck et al., 2023). Together, AAIW and SAMW contribute
substantially to the ocean’s anthropogenic carbon inventory, with combined concentrations
exceeding 50–60 µmol kg−1 (Sloyan et al., 2010; Pardo et al., 2014). Deep and bottom water
formation regions, such as the Weddell and Ross Seas, also contribute to anthropogenic CO2

uptake, with the formation of Antarctic Bottom Water (AABW). This water mass stores about
6–12% of anthropogenic CO2 into the abyssal ocean (Pardo et al., 2014). Anthropogenic CO2

concentrations in the Ross Sea increased by 19-25 µmol kg−1 over 2003 to 2014 (Ingrosso
et al., 2022; Shadwick et al., 2014). In the Weddell Sea, reported values ranged from 8 to 11

µmol kg−1 in the surface layer, 5 to 8 µmol kg−1 along the shelf, and as low as 1.5 to 2 µmol
kg−1 in deeper layers over the period 1992 to 2008 (Hauck et al., 2010). Despite relatively
low anthropogenic CO2 concentrations in AABW compared to the intermediate layers, its
vast volume, long residence time and widespread distribution across the global ocean basins
underscore its importance for carbon storage over millennia (Gruber et al., 2019; Orsi et al.,
1999).

In the North Atlantic, the formation of North Atlantic Deep Water (NADW) accounts for
approximately 23% of global ocean anthropogenic CO2 storage (Sabine et al., 2004). NADW
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comprises upper, middle, and lower layers formed primarily through surface heat loss (Dickson
and Brown, 1994; Smethie and Fine, 2001). Upper NADW is formed from Labrador Sea Water
and Mediterranean Water, while middle NADW originates from Denmark Strait Overflow
Water and Greenland Sea Deep Water (Talley and McCartney, 1982; Jeansson et al., 2017).
Lower NADW forms through mixing with AABW in the abyssal basin (McCartney et al., 1991).
These water masses transported an estimated ∼74 µmol kg−1 of anthropogenic CO2 southward
across the Atlantic between 1981 and 2006 (Pérez et al., 2010). Together, the subduction regions
in the Southern Ocean and the North Atlantic act as bottlenecks for carbon storage, exposing
deep waters to the surface only on millennial timescales via the overturning circulation, thus
playing a crucial role in Earth’s climate regulation.

Global warming, driven by rising atmospheric CO2, disrupts these processes. Reduced
seawater density due to warming and freshwater inputs from melting ice caps weaken deep-
water formation, particularly NADW and AABW, with projections indicating significant
declines by the end of the 21

st century under different emission trajectories (Rahmstorf et
al., 2015; Nissen et al., 2022). A weakening overturning circulation reduces the downward
transport of surface waters enriched with anthropogenic CO2, diminishing the ocean’s capacity
to sequester carbon over centennial to millennial timescale (Caesar et al., 2018; Nissen et al.,
2022).

2.4.3 Ocean Acidification

Ocean acidification, a direct consequence of ocean uptake of anthropogenic CO2, has lowered
surface pH by ∼0.1 units since the Industrial Revolution, corresponding to a 30% increase in
hydrogen ion concentration (Hoegh-Guldberg et al., 2014). This reduction in pH disrupts the
carbonate pump by decreasing carbonate ion availability, which impairs calcifying organisms
and accelerates the dissolution of carbonate sediments (Caldeira and Wickett, 2005; Orr et al.,
2005). Such disruptions jeopardize marine ecosystems and biodiversity, particularly in regions
where aragonite and calcite saturation thresholds are being approached or exceeded (Nissen
et al., 2024). Furthermore, the irreversible nature of deep ocean acidification on centennial
timescales underscores the critical need for reductions in anthropogenic CO2 emissions to
mitigate these impacts (Gruber, 2011).

2.5 agreements to mitigate climate change

Climate change, with its far-reaching hazards, has evolved from a scientific concern to a
pressing global political and economic challenge (IPCC, 2023). Thus, addressing climate change
requires coordinated international efforts under the United Nations Framework Convention
on Climate Change (UNFCCC). Two key treaties in this framework are the Kyoto Protocol,
adopted in 1997, and the Paris Agreement from 2015 that both aimed to mitigate climate
change through commitments of signing countries to reduce GHG emissions (UNFCCC, 2015;
UNFCCC, 1998).
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The Kyoto Protocol set legally binding targets for developed countries to reduce greenhouse
gas emissions by at least 5.2% below 1990 levels during 2008-2012. While some nations, such
as those in the European Union and Russia, achieved their targets, others, including Canada,
Japan, and Australia, did not. Despite its limitations, the Kyoto Protocol laid the groundwork
for future agreements by formalizing commitments to differentiated responsibilities (UNFCCC,
1998).

Adopted in 2015, the Paris Agreement (UNFCCC, 2015) represents a unified global effort to
mitigate climate change, by aiming to limit the rise in global temperatures to "well below" 2

◦C
and striving to keep it below 1.5◦C above the preindustrial levels by the end of the 21

st century.
Accordingly, the agreement states that the GHG emissions should peak by 2025 at the latest
followed by a 43% decline by 2030. Accounting for this, the agreement obliges all participating
countries to submit Nationally Determined Contributions (NDCs) every five years, reflecting
their commitments to reduce emissions and enhance climate resilience. Additionally, a global
stocktake is conducted every five years to assess collective progress, prompting countries to
revise and strengthen their NDCs accordingly. As of 2024, 197 countries have signed the Paris
Agreement, and 194 have ratified it. While it has fostered a global commitment to combat
climate change, significant gaps remain between current NDCs and the pathways required to
limit warming to 1.5◦C, necessitating enhanced ambition and action across all sectors (UNFCCC,
2015).

2.6 carbon dioxide removal (cdr) methods

To limit global warming to 2
◦C—preferably 1.5◦C—above pre-industrial levels by the end of the

21
st century, immediate and deep emission reduction is indispensable. Alongside these efforts,

IPCC scenarios emphasize that large-scale CDR is crucial for stabilizing global temperatures.
CDR plays a key role in pathways aimed at limiting warming to 2

◦C (>67%) or lower, regardless
of whether emissions reach near-zero, net-zero, or net-negative levels (Figure 2.4; Babiker et al.,
2022). However, it is essential to recognize that CDR is not a substitute for deep emissions
reductions. Instead, it serves as a complementary tool in ambitious mitigation strategies. The
primary purpose of CDR is to (i) further reduce net CO2 or GHG emissions in the near term, (ii)
offset residual emissions from hard-to-transition sectors like industry, aviation, and agriculture
to facilitate mid-century net-zero goals, and (iii) enable and sustain net-negative emissions over
the long term by removing more CO2 than is emitted annually (Babiker et al., 2022).

The required scale of CDR depends on factors such as peak temperature reached and the pace
of emissions reduction (Smith et al., 2024). Estimates suggest that, from 2025, the remaining
carbon budget for limiting global warming to 1.5◦C and 2

◦C is approximately 65 and 305 PgC,
respectively, with a 50% probability. At the current emission rate, these budgets would be
exhausted in about 6 and 27 years, respectively. (Friedlingstein et al., 2024). To stay within
this budget, global emissions must decrease by 9.28 PgC annually by 2050, necessitating both
rapid emission reductions and increased CDR deployment, particularly between 2030 and 2050

(Gidden et al., 2024). Current CDR processes removed ∼0.5 PgC yr−1 over 2013-2022, but to
meet the 1.5◦C target, an additional removal of 0.27-0.79 PgC yr−1 is required by 2030, and
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Figure 2.4: Representation of carbon dioxide removal (CDR) in a stylized pathway of ambitious
climate mitigation. Dark orange indicates CO2 removals from land management, while
light orange represents removals from other CDR approaches, including ocean-based
methods. Net-zero CO2 is reached before net-zero greenhouse gas (GHG) emissions, and
the CDR required to achieve net-zero CO2 is substantially lower than that needed for
net-zero GHG. Ocean alkalinity enhancement, if included, falls under "other removals"
(light orange). Source: Babiker et al. (2022)

an additional 0.63-2.02 PgC yr−1 by 2050 relative to the levels in 2020 (Pongratz et al., 2024;
Lamb et al., 2024). However, the NDCs currently fall short, with a proposed additional CDR of
0.014-0.15 PgC yr−1 by 2030, underscoring a CDR gap between existing commitments and the
levels required under Paris Agreement-consistent scenarios (Lamb et al., 2024).

Currently, the global CDR effort is dominated by conventional methods, with Afforestation
and Reforestation (AR) contributing 99.9% of the total (Pongratz et al., 2024; Friedlingstein
et al., 2024). Other land-based approaches such as bioenergy with carbon capture and storage
(BECCS), direct air capture and storage (DACCS), biochar application, soil carbon sequestration,
and enhanced weathering also play a critical role in IPCC climate mitigation scenarios (Minx
et al., 2018; Fuss et al., 2018). Meanwhile, novel ocean-based CDR methods, including blue
carbon management, artificial upwelling, ocean fertilization, and ocean alkalinity enhancement
(OAE), are gaining attention as complementary strategies and are being explored for their
carbon sequestration potential, scalability, and possible negative impacts (Babiker et al., 2022;
Ho and Bopp, 2024). Given the magnitude of the climate challenge, no single CDR approach is
sufficient to meet the required carbon removal targets. A strategically tailored portfolio of CDR
methods, optimized for specific geographic and temporal contexts, is essential for maximizing
the effectiveness of carbon removal and long-term atmospheric CO2 reduction (Riahi et al.,
2022; Hoegh-Guldberg et al., 2018). Governance frameworks for research are advancing to sys-
tematically integrate these methods into policies on climate, land use, agriculture, biodiversity,
energy, and industry (Schenuit et al., 2024). Along with these, efforts are taken to establish
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monitoring, reporting, and verification (MRV) protocols for each CDR method as a prerequisite
for their implementation (Schulte et al., 2024).

Figure 2.5: Representation of various land and ocean-based carbon dioxide removal (CDR) methods
indicating their respective implementation option, removal process, CO2 storage medium,
and CO2 storage durability. Source: Babiker et al. (2022)

2.6.1 Land-based CDR methods

Land-based CDR methods offer several approaches for mitigating climate change (Figure 2.5),
but all face substantial limitations (Fuss et al., 2018). BECCS, widely used in integrated
assessment models, combines bioenergy production with CO2 capture and storage but is
hindered by uncertainties in biomass supply, competition for land and water, risks of CO2

leakage, uncertainties associated with geological storage, and groundwater contamination
during storage (Creutzig et al., 2015; Holloway and Burnard, 2009; Smith et al., 2016; Smith
et al., 2014). Afforestation and Reforestation sequester CO2 through forest growth/re-growth,
but require sustained management and are vulnerable to fires, droughts, and pests, reducing
permanence of carbon storage (Jackson et al., 2008; Thomas et al., 2010; Locatelli et al., 2015).
DACCS effectively removes CO2 from ambient air, but faces high energy requirements for
sorbent regeneration and CO2 compression, along with concerns about waste, geological
storage, and significant land and resource needs (Coninck and Benson, 2014; Barkakaty et
al., 2017; Sanz-Pérez et al., 2016). Biochar enhances soil fertility and stores carbon, though
questions about the permanence of storage and its impact on soil microbial communities remain
(Lehmann and Joseph, 2015; Sohi et al., 2010; Joseph et al., 2021). Soil carbon sequestration
deals with different land management techniques and offers temporary potential, as soil carbon
stocks tend to stabilize after decades, with risks of re-emission if management practices are not
maintained (Fuss et al., 2018; Lal, 2004). Enhanced land weathering accelerates CO2 removal
by applying finely ground silicate or carbonate rocks to soils, providing additional benefits
like nutrient release (Moosdorf et al., 2014; Köhler et al., 2010; Schuiling and Krijgsman, 2006),
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but faces limitations due to high energy costs for material processing, potential heavy metal
release, and material demands that may exceed global production capacities (Beerling et al.,
2020; Hartmann et al., 2013).

Over recent decades, CDR efforts have predominantly focused on land-based methods.
While these methods demonstrate some potential, significant challenges arise from land-use
competition and socio-political constraints, complicating their large-scale implementation.
Moreover, it remains uncertain whether the combined potential of these methods will suffice
to meet net-zero targets by mid-century, as highlighted in the Land Gap Report (Dooley
et al., 2023). Studies indicate that no land-based method is currently ready for extensive,
long-term deployment (Dooley et al., 2023; Fuss et al., 2018; Minx et al., 2018). Consequently,
the ocean-based CDR methods have gained attention in recent years.

2.6.2 Ocean-based CDR methods

Ocean based CDR involves removing CO2 from the atmosphere and storing it directly in the
ocean or retaining it in the marine environment where it would otherwise naturally return to
the atmosphere (Figure 2.5; Oschlies et al., 2023). These approaches aim to enhance natural
processes or introduce new mechanisms for carbon uptake, leveraging the extensive surface
area and dynamic biogeochemical systems of the ocean. Methods include amplifying biological
productivity, altering surface ocean carbonate chemistry, or restoring marine ecosystems
(Gattuso et al., 2018; Oschlies et al., 2010a; Hartmann et al., 2013). Despite the considerable
theoretical potential of ocean-based CDR strategies, significant uncertainties in MRV remain
due to the dynamic and vast nature of marine environments (Ho et al., 2023). Additionally,
ethical concerns, ecological trade-offs, and regulatory gaps pose challenges to large-scale
deployment, underscoring the need for further research and responsible exploration (Lamb
et al., 2024; Babiker et al., 2022).

The rationale for ocean-based CDR lies in its potential to sequester vast amounts of carbon
on centennial to millennial timescales, thereby mitigating atmospheric CO2 accumulation.
However, not all ocean-based methods offer the same durability or effectiveness, and each
faces specific limitations. For instance, blue carbon management focuses on conserving and
restoring coastal ecosystems, such as mangroves, saltmarshes, and seagrass meadows, which
can sequester carbon up to ten times faster than terrestrial forests (Donato et al., 2011; Duarte et
al., 2005; Filbee-Dexter and Wernberg, 2020; Krause-Jensen and Duarte, 2016). Despite covering
less than 0.2% of the seafloor, these ecosystems account for over half of marine sediment
carbon storage (Duarte et al., 2013; Mcleod et al., 2011). While conservation helps preserve
existing carbon stocks, it does not lead to additional carbon removal. Restoration, on the other
hand, can enhance carbon sequestration and qualify as CDR, though its long-term potential is
uncertain due to the susceptibility of these ecosystems to climate change (Gattuso et al., 2021;
Johannessen and Christian, 2023).

Artificial upwelling has been proposed to increase biological productivity by pumping
nutrient-rich deep waters to the surface (Jürchott et al., 2023; Lovelock and Rapley, 2007). While
theoretically capable of enhancing atmospheric CO2 drawdown, it presents significant risks,
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such as CO2 outgassing from upwelled waters, ocean deoxygenation, and the release of potent
greenhouse gases like methane and nitrous oxide (Dutreuil et al., 2009; Yool et al., 2009; Keller
et al., 2014; Oschlies et al., 2010b).

Ocean fertilization also aims to enhance carbon uptake by stimulating biological productivity
through phytoplankton blooms, achieved by depositing nutrients like iron in nutrient-deficient
regions (Blain et al., 2007; Hauck et al., 2016; Minx et al., 2018). While the iron-limited Southern
Ocean has shown potential for this method (Smetacek et al., 2012), it faces critical challenges.
These include limited long-term carbon retention, oxygen depletion at depth, nutrient robbing
that may exacerbate tropical ocean productivity declines, and potential ecosystem disruptions
(Güssow et al., 2010; Oschlies et al., 2010a; Tagliabue et al., 2023).

Among various marine CDR methods, Ocean Alkalinity Enhancement (OAE), which aims to
enhance carbon uptake by modifying marine carbonate chemistry, demonstrates the highest
potential for carbon uptake and its durable sequestration. Despite its promise, it also faces
challenges such as secondary mineral precipitation and uncertain biological impacts, which
necessitate further investigation (Gattuso et al., 2018; National Academies of Sciences, Engi-
neering, and Medicine et al., 2021). As the most promising approach among ocean-based CDR
strategies (Gattuso et al., 2021), OAE will be discussed in detail in the following section.

2.6.3 Monitoring, Reporting, and Verification (MRV) for CDR

Effective MRV of CDR involves quantifying CO2 removal, ensuring systematic tracking, and
securing third-party verification to promote transparency, accountability, and comparability
(Schulte et al., 2024). MRV is vital for assessing the effectiveness of CDR methods in climate
mitigation and integrating them into NDCs under the Paris Agreement. MRV also strengthens
voluntary carbon markets by standardizing carbon credit quantification, thereby building
stakeholder trust (Ho et al., 2023). Beyond carbon accounting, MRV frameworks are expanding
to evaluate broader environmental impacts such as biodiversity, water, soil, and air quality,
and social benefits like job creation (Schulte et al., 2024). Despite its importance, substantial
challenges persist, including difficulties in accounting for carbon removal amid spatial and
temporal variability of the major carbon sinks, risks of carbon reversal due to natural distur-
bances or technological failures, and the need to establish reliable baselines (Fuss et al., 2024).
High costs, inconsistent global standards, and transparency gaps further complicate MRV
implementation. Addressing these issues through technological innovation and harmonized
international standards is crucial for realizing the full potential of MRV in supporting robust
CDR strategies (Fuss et al., 2024).

2.7 ocean alkalinity enhancement (oae)

Ocean alkalinity enhancement is an abiotic geochemical CDR method that entails manipulating
marine carbonate chemistry to enhance carbon uptake and sequestration (Kheshgi, 1995). In
principle, this method accelerates the natural chemical weathering reaction that leads to oceanic
CO2 storage on a geological timescale (Caldeira and Rau, 2000). The increase in ocean alkalinity
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results in repartitioning of the dissolved carbonate species with a shift of equilibrium towards
bicarbonate and carbonate ion concentrations and reduction in the concentration of dissolved
CO2 and in turn surface ocean pCO2 (Middelburg et al., 2020; Zeebe and Wolf-Gladrow, 2001).
This chemical shift can either result in increased net ingassing of CO2 from the atmosphere
or reduced outgassing of CO2 from the ocean depending on the pCO2 disequilibrium at the
ocean-atmosphere interface (Hartmann et al., 2013; Renforth and Henderson, 2017).

Figure 2.6: Representation of various ways through which ocean alkalinity enhancement can be
realized. Source: Oschlies et al. (2023); Artwork: Rita Erven CDRmare/GEOMAR

2.7.1 Methods for Artificial Enhancement of Alkalinity

1. Alkaline Rock Powder
This method involves spreading of fine powder of Mg- and Ca-rich silicate rocks, such as
basalt, olivine, peridotite, or carbonate rocks like limestone and dolomite in the coastal
ocean or open ocean (Renforth and Henderson, 2017; Hauck et al., 2016; Hartmann
et al., 2013). The release of alkalinity from these materials is primarily governed by
their dissolution kinetics, which depend on both the mineral type and particle size. Fine
particles (1-10 µm) are ideal for complete and rapid dissolution of silicate minerals in the
surface ocean (Feng et al., 2017; Köhler et al., 2013). Smaller particles increase the surface
area and enhance the reaction rates, which ensures maximum dissolution and release
of alkalinity in the surface layer, reducing the loss of undissolved particles to the deep
ocean. However, the energy-intensive grinding process to achieve small sizes is shown to
offset the OAE efficiency by 30% (Köhler et al., 2013). In coastal regions, coarser particles
(<100 µm) can be deployed, leveraging natural processes like wave action and tidal forces
to break down the particles and accelerate dissolution (Eisaman et al., 2023). On the
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other hand, carbonate minerals, such as lime (CaO) or slaked lime (Ca(OH)2), dissolve
more rapidly than silicates, offering faster alkalinity release. However, the calcination
process required to produce these materials from limestone is energy-intensive, further
lowering the OAE efficiency. To address these limitations, alternative material like ikaite,
a hydrated CaCO3 mineral, is being investigated. Producing ikaite has a lower energy
requirement than calcination, while it also offers comparable alkalinity release as other
carbonates and silicates (Eisaman et al., 2023).

The scalability of OAE is closely tied to the global availability and transportation of
these minerals to sites of deployment. Limestone, with an annual production of ∼0.41 Gt
yr−1 in 2017, is sufficient to support large-scale OAE deployment, unlike olivine (7.0-7.8
Mt yr−1), magnesite (11-29 Mt yr−1), and brucite (0.5-1.5 Mt yr−1), which have much
lower production rates and cannot meet the required scale for offsetting 1 PgC annually
(Caserini et al., 2022). Substantial upscaling of mining operations would be necessary
for these minerals to meet the demands for large-scale OAE that can induce further
anthropogenic emissions lowering the OAE potential (Caserini et al., 2022).

2. Electrolysis and Electrodialysis
Aqueous salt solutions, such as seawater and brines (e.g., desalination wastes and geolog-
ical fluids), serve as an abundant source of alkalinity. Electrochemical processing of these
solutions generates aqueous NaOH or other hydroxides, which can be used for near-
instant OAE and CO2 drawdown (Eisaman et al., 2023; Ringham et al., 2024). Alkalinity
can be produced by following two methods using electrochemical processes: Electrolysis
and Electrodialysis. Electrolysis produces high concentration NaOH (26 wt%) along with
significant quantities of H2 and Cl2. Electrodialysis produces low-concentration NaOH
(4 wt%) along with HCl and negligible amounts of H2 and O2 that are vented (Eisaman
et al., 2023). An advantage of using aqueous hydroxides (NaOH) over solid rock powders
for OAE is that the rate at which alkalinity increases in the ocean equals the rate at which
alkalinity is actually deposited to the ocean. Further, seawater and desalination brines are
virtually unlimited resources for electrochemical processes, offering a sustainable supply
for hydroxide production.

However, both methods are energy-intensive, requiring electricity from renewable sources
to minimize its carbon footprint (Lannoy et al., 2018). Additionally, managing chemical
byproducts necessitates stringent safety measures to prevent environmental contamina-
tion (Eisaman et al., 2012). Scaling this method also demands substantial investments in
production, storage, and distribution infrastructure, further introducing constraints in
large-scale deployment (Eisaman et al., 2023; Lannoy et al., 2018).

2.7.2 Limitations associated with OAE

1. Biological Impacts of OAE
The biological and ecological impacts of OAE are intricately linked to the type of feedstock
used and the background conditions in the regions of deployment (Bach et al., 2019).
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Mineral-based OAE, particularly using olivine, poses significant risks due to the release
of trace metals, such as Nickel (Ni), Chromium (Cr), Copper (Cu), and Cadmium (Cd),
which can have toxic effects on marine organisms (Bach et al., 2019; Hartmann et al., 2013).
Iron released alongside olivine, though initially bio-unavailable due to low solubility
(Montserrat et al., 2017), could become bioavailable at large deposition scales (∼3 Pg
yr−1), potentially inducing iron fertilization and associated CO2 uptake (Hauck et al.,
2016; Nagwekar et al., 2024). However, this scale of deployment may also disrupt marine
ecosystems, including benthic communities through the sinking of undissolved olivine
grains (Feng et al., 2017; Eisaman et al., 2023). In contrast, feedstocks such as limestone
derivatives and synthetic metal oxides (MgO and CaO) have lower toxic metal release
and generally exhibit lower ecological risks (Fakhraee et al., 2023). Nonetheless, they are
not without challenges, as abiotic mineral precipitation can remove essential nutrients
and alkalinity from seawater (Gately et al., 2023).

Experimental studies have revealed nuanced biological responses to OAE. In situ and
microcosm experiments indicate species-specific and region-dependent effects. For in-
stance, microbial communities in the North Atlantic Subtropical Gyre exhibited negligible
biological responses to extreme alkalinity additions ( 2000 µmol kg−1), although localized
reductions in net primary production and shifts toward smaller particle size classes were
observed suggesting that OAE might impact community compositions and/or aggrega-
tion/disaggregation processes (Subhas et al., 2022). Similarly, phytoplankton exhibited a
species-specific but generally low sensitivity to a wide range of Ni addition (Guo et al.,
2022), while diatom communities exhibited reduced silicic acid drawdown and biogenic
silica buildup under added alkalinity (500 µmol kg−1; Ferderer et al., 2022). Gately et al.
(2023) demostrated that certain phytoplankton functional groups showed neutral growth
rate under moderate (∼700 µmol kg−1) and high (∼2700 µmol kg−1) alkalinity addition
rates. However, in the high alkalinity addition case, they also observed abiotic mineral
precipitation which removed inorganic nutrients (iron, silicate, and phosphate) along with
alkalinity from the seawater solution. Broader assessments suggest that calcifiers may
benefit from CaCO3 derivatives through beneficial changes in carbonate chemistry, while
silicate feedstocks could promote silicifiers and nitrogen-fixers, potentially increasing
ocean productivity (Bach et al., 2019). Overall, these studies indicate that OAE-induced
ecosystem perturbations are moderate, with no evidence of drastic changes observed
thus far. Nevertheless, further research is required to assess long-term impacts, including
potential shifts in community composition and functioning, proliferation of harmful
species, disruption of trophic transfer, and alterations in elemental cycling to better
evaluate potential of OAE as a climate mitigation strategy (Riebesell et al., 2023).

2. Secondary Mineral Precipitation
Irrespective of the method for alkalinity addition, OAE increases the concentration of
CO3

2 – ions in the surface ocean. This results in an increase of the saturation states
of various CaCO3 morphotypes such as calcite and aragonite (Bach et al., 2019). The
saturation state (Ω) determines the safe limit for alkalinity deposition in the ocean,
with an average Ω of 5 identified as the critical threshold beyond which secondary
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CaCO3 precipitation can occur (Renforth and Henderson, 2017; Moras et al., 2022). Such
secondary precipitation should be avoided as it reduces the CO2 uptake capacity of the
ocean by consuming alkalinity (Hartmann et al., 2023). It can also eventually lead to
runaway CaCO3 precipitation, where more alkalinity is removed from the ocean surface
than the amount added during OAE (Schulz et al., 2023; Suitner et al., 2024). The CO2

uptake potential can be reduced by a factor of 8 due to such events (Fuhr et al., 2022;
Moras et al., 2022). Owing to latitudinal variations in the saturation state, a 5-times higher
alkalinity can be added in the high latitude ocean in comparison to low latitudes (Schulz
et al., 2023). Additionally, the precipitation of CaCO3 increases CO

2(aq) concentrations (see
section 2.2.3), raising surface ocean pCO2. This, along with disturbances in the CaCO3

cycling, such as changes in the calcification rate of marine organisms or alterations in
the dissolution of CaCO3 in the water column and sediments, may cause CO2 leakage.
Consequently, if the pCO2 gradient shifts to favour CO2 transfer from the ocean to the
atmosphere, it could counteract the intended CO2 drawdown of OAE (Hartmann et al.,
2023).

The risk of secondary precipitation is particularly high when alkalinity is increased,
but atmospheric CO2 has not yet dissolved in the ocean to establish a new equilibrium.
This results in elevated Ω and if the equilibration of atmospheric CO2 takes longer than
expected, then the risk of precipitation and subsequent loss of added alkalinity rises.
However, this can be avoided by equilibrating seawater with respect to atmospheric CO2

during alkalinity addition (Bach et al., 2019; Schulz et al., 2023). This would result in
Ω being much lower for the same amount of alkalinity addition. Further, dilution of
added alkalinity with unperturbed seawater has also shown to reduce or stop secondary
precipitation due to reduction of Ω (Moras et al., 2022).

2.7.3 Carbon Sequestration Durability of OAE

In the context of OAE, durability denotes the temporal stability of sequestered carbon in the
ocean post deployment. The principal advantage of OAE lies in its potential for high durability,
whereby carbon is stored as DIC, predominantly in the form of bicarbonate and carbonate
ions (Renforth and Henderson, 2017). These ionic species do not directly exchange with the
atmosphere and remain within the oceanic system over timescales dictated by alkalinity cycling,
often exceeding 1000 years (Middelburg et al., 2020). Owing to this, carbon sequestration in the
surface ocean is considered chemically resilient, obviating the necessity for prioritizing deep
ocean storage as a prerequisite for effective OAE (Ho et al., 2023).

Nonetheless, surface ocean carbon retention is potentially vulnerable to CO2 outgassing due
to the dynamic nature of the surface ocean, which continuously interacts with the atmosphere.
This interaction creates the risk of CO2 re-equilibration and efflux, particularly in response to
temperature changes or shifts in carbonate equilibrium (Hartmann et al., 2023). Additionally,
biological productivity contributes to this vulnerability. While dissolved CO2 is initially assimi-
lated by phytoplankton during photosynthesis, subsequent remineralization in the surface layer
releases CO2 back into the seawater, a fraction of which may re-equilibrate with the atmosphere
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and result in outgassing (Siegel et al., 2023). In contrast, if sequestered carbon is transferred to
the deep ocean (>1000 m), it becomes incorporated into a more isolated deep ocean carbon
reservoir. It has limited atmospheric interaction occurring only over multi-decadal to centennial
timescale and over millennial timescale if the injected carbon reaches the abyss (Siegel et al.,
2021). Such sequestration in the deep ocean could potentially enhance the long-term durability
of carbon storage, offering a comparatively higher stability than the surface ocean retention.

2.7.4 Modeling Studies for OAE

Numerical ocean models, though inherently simplified representations of complex natural
processes, are essential for OAE research due to their capacity to simulate large-scale ocean
dynamics that are not captured by direct observations. By representing the spatial and temporal
variability of added alkalinity, air-sea CO2 exchange, and ecosystem responses under various
scenarios, models facilitate the quantification of carbon uptake efficiency, assessment of poten-
tial ecological impacts, and development of robust MRV frameworks (Fennel et al., 2023; Ho
et al., 2023). Furthermore, models allow for the testing of hypothetical deployment strategies
and the exploration of uncertainties, offering crucial insights that inform both experimental
design and large-scale implementation strategies for OAE (Fennel et al., 2022).

A variety of modeling approaches are used to address the diverse spatial and temporal scales
associated with OAE. Regional models are used to understand effects of alkalinity injections
on coastal biogeochemistry, air-sea CO2 exchange, and ecosystem responses on spatial scales
ranging from 4 to 10 kilometers (Butenschön et al., 2021; Mongin et al., 2021; Wang et al.,
2023). These models are particularly valuable for planning field experiments and providing
insights for observational designs. They also help to understand and assess the site-specific
impacts of OAE (Fennel et al., 2023). Global models, by contrast, focus on the redistribution
of alkalinity and carbon dynamics across entire ocean basins, providing insights into how
OAE-induced changes propagate through large-scale ocean circulation and affect long-term
carbon sequestration (Hauck et al., 2016; Ilyina et al., 2013; Keller et al., 2014; Köhler et al., 2013;
Lenton et al., 2018).

1. Ocean-only Models
Ocean-only global models are a cornerstone of OAE research, as they allow for a focused
examination of oceanic processes while accounting for large-scale alkalinity and carbon
redistribution. These models can project how alkalinity-enhanced waters are transported
and how they interact with biogeochemical cycles over multi-decadal to century long
timescale (Burt et al., 2021; Hauck et al., 2016; He and Tyka, 2023). An early global study
by Köhler et al. (2013) demonstrated that dissolving 3 Pg of olivine annually in surface
waters over a decade (2000-2010) could sequester approximately 0.28 PgC per Pg of
olivine. This work was extended by Hauck et al. (2016) in a century-scale simulation,
where the same rate of olivine addition led to a sequestration of 0.57 PgC per Pg of
olivine over 2090-2099. Both studies considered the effect of nutrient fertilization (iron
and silicic acid; Hauck et al. (2016), but only silicic acid in Köhler et al. (2013)), and
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concluded that iron fertilization contributed about 37% and silicic acid about 6-8% to the
additional CO2 uptake.

To enable consistent comparison across various modeling studies, Renforth and Hender-
son (2017) introduced a standardized OAE efficiency metric “ηCO2”. This is defined as
the ratio of depth-integrated changes in DIC to depth-integrated changes in alkalinity
due to OAE. It accounts for these changes since the start of OAE simulation and can thus
be termed as a long-term efficiency metric. It isolates the impact of OAE on the ocean
carbonate chemistry and is agnostic to the alkaline feedstock used, supporting the cross
comparison between studies.

Burt et al. (2021) investigated the regional response to OAE by simulating OAE in
hydrodynamic biomes for 75 years and found that the Southern Ocean exhibited the
highest efficiency (ηCO2) of 0.89, while the subpolar North Atlantic showed the lowest
efficiency of 0.7 due to rapid alkalinity loss caused by strong vertical mixing. Similarly,
Butenschön et al. (2021) reported a low efficiency of 0.5 for simulating OAE along ship
tracks in the Mediterranean Sea for 50 years. This low efficiency was again due to loss of
added alkalinity to the deep ocean. Meanwhile, He and Tyka (2023) explored a different
and possibly more realistic approach of a month-long pulsed alkalinity addition in
global coastal regions and reported efficiencies between 0.65 and 0.80 after a decade of
deployment. This study also reported that the subduction regions in the North Atlantic
regions are the least efficient for OAE due to the limited residence time of CO2-deficit
water masses at the surface ocean. Similar arguments about the subduction regions not
being suitable for OAE and reporting efficiency as low as 0.2 were made by other studies
which examined pulsed addition of alkalinity (Zhou et al., 2025; Yankovsky et al., 2024).

Thus, overall, these ocean-only model studies have collectively provided first information
about the deployment strategies i.e., global, regional or along ship tracks. They have
used either continuous or pulsed addition of alkalinity over varied timescales and have
assessed nutrient impact on carbon uptake if olivine is used as an alkaline mineral.
Despite these achievements, ocean-only models have inherent limitations. Since they
assume prescribed atmospheric CO2 concentration, they lack dynamic feedbacks between
ocean, atmosphere, and terrestrial ecosystems. This absence leads to an overestimation of
CO2 uptake and OAE efficiency (ηCO2). As a result, the efficiencies reported by these
models were recently termed as “capture efficiency” (Schwinger et al., 2024). Nonetheless,
their results remain vital as a foundation for more complex simulations using fully
coupled earth system models (Fennel et al., 2023).

2. Earth System Models
A unique strength of Earth System Models, lies in their ability to represent atmospheric
CO2 as a dynamic variable, unlike ocean-only models, enabling them to simulate the full
feedback loop between atmospheric, oceanic, and terrestrial carbon reservoirs (Fennel
et al., 2023; Schwinger et al., 2024). Due to these feedbacks, the carbon uptake and OAE
efficiencies reported using an ESM are lower than those reported by the ocean-only
models, and this is referred to as “Earth System efficiency” (Schwinger et al., 2024). Until
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now only Palmiéri and Yool (2024) and Schwinger et al. (2024) have reported ηCO2 using
an ESM. Palmiéri and Yool (2024) conducted simulations of global coastal OAE with
alkalinity addition rates between 0.036 and 0.073 Pmol yr−1 and found ηCO2 ranging
from 0.75 to 0.78, whereas, Schwinger et al. (2024) simulated global OAE deployment
with alkalinity addition rate of 0.135 Pmol yr−1 and reported ηCO2 of 0.69.

However, several studies have reported reductions in atmospheric CO2 concentrations
and surface air temperature (SAT) as a result of OAE deployment using varying amounts
of alkalinity addition. Palmiéri and Yool (2024) observed a reduction of 5 to 11 ppm by
2100 for their coastal OAE scenarios. Keller et al. (2014) and Lenton et al. (2018) conducted
global-scale OAE simulations with higher alkalinity addition rates of 0.25 Pmol yr−1 over
80 years and reported atmospheric CO2 reductions of ∼78–80 ppm by the end of the
century. Additionally, Lenton et al. (2018) examined regional OAE across large latitudinal
bands and found no significant regional sensitivity, as the atmospheric CO2 reduction
remained consistent at ∼80 ppm, similar to the global deployment. González and Ilyina
(2016) and Sonntag et al. (2018) investigated more extreme cases with continuously high
alkalinity addition (∼1.4 Pmol yr−1 over 80 years), resulting in an atmospheric CO2

reduction of ∼450 ppm.

Temperature responses to OAE have been relatively modest across studies employing
low to moderate alkalinity addition. Palmiéri and Yool (2024) reported SAT reductions
ranging from 0.0◦C to 0.2◦C, whereas Keller et al. (2014) and Lenton et al. (2018), reported
decreases between 0.20

◦C and 0.26
◦C. Only, González and Ilyina (2016) and Sonntag et al.

(2018) observed a more pronounced SAT reduction of 1.5◦C under high alkalinity addition
(∼1.4 Pmol yr−1). These larger temperature decrease are however, related to extreme
alkalinity additions, which is considered as infeasible due to availability of minerals and
more importantly the associated risk of negative impacts of marine ecosystem (Caserini
et al., 2022; González and Ilyina, 2016). Furthermore, Jeltsch-Thömmes et al. (2024) noted
that the temperature response to OAE is delayed by more than a decade following the
reduction in atmospheric CO2. This lag implies that extending simulations beyond 2100

could reveal greater temperature reductions under moderate OAE scenarios, though the
short-term impact on SAT remains relatively small for 70–80 year simulations.

Beyond atmospheric CO2 and temperature changes, ESMs offer critical insights into the
behavior of carbon sinks during and after OAE deployment. While the ocean carbon sink
increases throughout OAE deployment, all studies consistently report a weakening of
the terrestrial carbon sink over time. Furthermore, ESMs allow to investigate complex
scenarios, including interactions between OAE and other CDR technologies, and to
evaluate cumulative impacts on Earth system stability (Keller et al., 2018). These findings
highlight that ESMs are indispensable for comprehensively evaluating the long-term
impacts of OAE.

A critical yet unexplored approach for simulating OAE involves high-resolution modeling.
Near-field or turbulence-scale models, spanning micrometer to kilometre scales, can offer
distinct advantages by directly representing how turbulent eddies disperse added alkalinity
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in the critical early phase of OAE (Fennel et al., 2023). This high-resolution can resolve how
different feedstock materials dissolve, aggregate, or precipitate, and how the resulting high-
alkalinity waters mix with ambient seawater (Fornari et al., 2016; Mensa et al., 2015; Smith
et al., 2018; Taylor et al., 2020). This local-scale insight is essential for designing efficient
deployment strategies, as it can identify the conditions under which excessive precipitation
might occur, assess the risk of localized pH spikes, and project how rapidly alkalized plumes
can dilute (Fennel et al., 2023). If combined with observations, these models can be useful to
give estimates about safe limits for alkalinity addition in order to reduce potential negative
impacts on localized marine ecosystems and thus help optimize monitoring and verification
efforts. However, such models are computationally expensive which restricts their applicability
to localized domains (few meters) and short simulation periods, but their results can provide
an important test bed to be used to develop parametrizations required in low-resolution models
(Fennel et al., 2023).

Local- to regional-scale models extend from these near-field zones to broader domains,
spanning from tens of meters to hundreds of kilometres. They incorporate realistic bathymetry,
coastlines, broader circulation, and coupled biogeochemical components (Fennel et al., 2022;
Mongin et al., 2016), thus can project how alkalinity-enriched waters disperse and drive
additional air-sea CO2 flux over longer timescales and larger domains. Incorporation of
boundary conditions, riverine inputs, and sediment interactions can ensure robust estimates
of carbon uptake efficiency, aid in environmental impact assessment, and can support field
experimental design for OAE. This integration across scales, from turbulence-resolving near-
field models to larger regional frameworks, can allow us to weigh both benefits and risks of OAE
deployment at more comprehensive scales, ultimately supporting strategic field experiments,
robust site selection, and sustainable large-scale implementation (Fennel et al., 2023).

2.7.5 MRV for OAE

MRV is essential for evaluating the effectiveness of OAE as a CDR strategy. Three key metrics
guide MRV: additionality, leakage, and durability (Schulte et al., 2024). Additionality measures
the CO2 removed due to OAE relative to the baseline before the perturbation was deployed
(Bach, 2024). Leakage accounts for potential CO2 re-release caused by processes such as
perturbations of the CaCO3 cycle (Moras et al., 2022; Schulz et al., 2023). Durability refers to
the expected storage lifetime of the sequestered CO2, which in the case of OAE exceeds 1,000

years, as carbon is stored in the form DIC within the ocean (Middelburg et al., 2020; Ho et al.,
2023).

Due to the turbulent and dynamic nature of the ocean, direct observational methods alone
are insufficient for reliably quantifying the CO2 removal achieved by OAE (Ho et al., 2023). The
time required for the CO2-deficit waters to equilibrate with the atmosphere adds another layer
of complexity. This equilibration typically occurs over a period of six months (Sarmiento, 2013),
although it is highly variable on a regional scale (Jones et al., 2014). Another challenge lies
in the oceanic physical processes that influence the fate of alkalinity-enhanced water masses.
These waters can be advected horizontally away from the injection sites or entrained vertically
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into deeper layers, leading to dilution or loss of alkalinity before it can equilibrate with the
atmosphere (He and Tyka, 2023; Ho et al., 2023). Together with natural variability in ocean
carbonate chemistry, these factors make the detection of OAE signals complex. Additionally,
the absence of commercially available autonomous sensors for key parameters, such as total
alkalinity and DIC, limits the ability to conduct real-time monitoring at scale. Consequently,
numerical models play a vital role in complementing field observations by simulating processes
such as alkalinity transport and air-sea CO2 fluxes (Keller et al., 2014; Köhler et al., 2013;
Lenton et al., 2018). However, models used for OAE have not yet incorporated key processes
such as mineral dissolution kinetics, secondary precipitation, and biological response to OAE,
making further development and validation essential (Fennel et al., 2023). Future MRV systems
must combine high-resolution field measurements, improved sensor technology, and advanced
modeling approaches to address current limitations. By refining these components, MRV will
provide a rigorous framework for assessing effectiveness of OAE as a scalable CDR strategy
(Ho et al., 2023; Fennel et al., 2023).

2.8 aims and scope of the thesis

This thesis investigates the effects of Ocean Alkalinity Enhancement (OAE) when deployed in
subduction regions of the Southern Ocean (SO), Northwest Atlantic (NWA), and Norwegian-
Barents Sea (NBS). These regions are targeted because they serve as critical conduits, enabling
carbon transfer from the surface ocean to its interior, where it can potentially be sequestered for
centennial to millennial timescales. Consequently, they act as a bottleneck for anthropogenic
carbon uptake and subsequent long-term carbon storage. The study thus compares these
regional deployments with the global OAE approach to assess the impact on carbon uptake
and deep ocean sequestration under low (SSP1-2.6) and high (SSP3-7.0) emission scenarios.
To achieve these objectives and assess methodological uncertainties, three model setups were
employed: the biogeochemical ocean-only model FESOM2.1-REcoM3, in coarse- and high-
resolution setups, and the fully coupled emission-driven Earth System Model (ESM) AWI-
ESM1-REcoM. The following research questions were addressed using these setups:

• How do the subduction regions, individually and collectively, perform in terms of carbon
uptake and OAE efficiency compared to global OAE, and what are the uncertainty
estimates?

• Can subduction regions increase deep ocean carbon sequestration due to OAE, and what
are the associated uncertainty estimates?

• How do the global and regional OAE deployments affect land and ocean carbon sinks,
atmospheric CO2 concentration, and surface air temperature?

Publication I focuses on assessing the impact of OAE simulated in the subduction regions
combined together and individually as compared to global OAE under SSP1-2.6 and SSP3-7.0
emission scenarios. To achieve this, OAE was simulated using the relatively coarse-resolution
biogeochemical model FESOM2.1-REcoM3. It considers both alkalinity addition alone and
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a combined approach of alkalinity addition with nutrient fertilization. The alkalinity-only
experiments are agnostic to the alkaline material used, while the combined approach (alka-
linity+nutrients) evaluates the effects of iron and silicic acid fertilization to assess the impact
if olivine were used as the feedstock for OAE. The publication investigates how these two
OAE approaches affect carbon uptake, OAE efficiencies, and deep ocean carbon storage in the
subduction regions compared to global OAE and explores the dependency of outcomes on the
emission scenarios used. The simulations with nutrient fertilization assess the impact of OAE
on changes in the net primary productivity and calcification rates. In addition, the research
also investigates the seasonal variations in OAE induced carbon uptake and storage as well as
its drivers, thus informing about optimal deployment strategies.

Publication II advances the research by simulating OAE globally and in subduction regions
using the fully coupled emission-driven Earth system model AWI-ESM1-REcoM under the
SSP3-7.0 emission scenario. This study focuses on the impacts of climate feedbacks on various
parameters, including ocean carbon uptake, deep ocean carbon sequestration, OAE efficiency,
atmospheric CO2 reduction, surface air temperature, and changes in the land carbon sinks.
Ensemble simulations for both global and regional OAE deployments were conducted, and
uncertainty estimates were provided for each of these parameters.

Publication III, revolves around discerning the model resolution impact on OAE deployed
in global oceans and subduction regions. Here a high-resolution (5-10 km in the subduction
regions of interest) ocean-only model FESOM2.1-REcoM3 is used and simulations are carried
out under SSP3-7.0 emission scenario. The resolution effect was assessed by comparing sim-
ulations from this setup with those from Publication I, which uses the same model but in a
coarse-resolution (20-50 km).

Chapter 6 presents a synthesis of the key findings from Publications I-III, placing them in the
context of existing literature on the subject. The chapter concludes with a discussion on future
research directions for modeling OAE and potential considerations for the MRV framework.
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Ocean Alkalinity Enhancement in Deep Water Formation
Regions Under Low and High Emission Pathways
Tanvi Nagwekar1 , Cara Nissen2 , and Judith Hauck1

1Alfred Wegener Institute for Polar and Marine Research, Bremerhaven, Germany, 2Department of Atmospheric and
Oceanic Sciences and Institute of Arctic and Alpine Research, University of Colorado, Boulder, CO, USA

Abstract Ocean Alkalinity Enhancement (OAE) is an ocean‐based Carbon Dioxide Removal (CDR)
method to mitigate climate change. Studies to characterize regional differences in OAE efficiencies and
biogeochemical effects are still sparse. As subduction regions play a pivotal role for anthropogenic carbon
uptake and centennial storage, we here evaluate OAE efficiencies in the subduction regions of the Southern
Ocean, the Northwest Atlantic, and the Norwegian‐Barents Sea region. Using the ocean biogeochemistry model
FESOM2.1‐REcoM3, we simulate continuous OAE globally and in the subduction regions under high (SSP3‐
7.0) and low (SSP1‐2.6) emission scenarios. The OAE efficiency calculated by two different metrics is higher
(by 8%–30%) for SSP3‐7.0 than for SSP1‐2.6 due to a lower buffer factor in a high‐CO2 world. All subduction
regions show a CDR potential (0.23–0.31; PgC CO2 uptake per Pg alkaline material) consistent with global
OAE for both emission scenarios. Calculating the efficiency as the ratio of excess dissolved inorganic carbon
(DIC) to excess alkalinity shows that the Southern Ocean and the Northwest Atlantic are as efficient as the
global ocean (0.79–0.85), while the Norwegian‐Barents Sea region has a lower efficiency (0.65–0.75). The
subduction regions store a fraction of excess carbon below 1 km that is 1.9 times higher than the global ocean.
The excess surface alkalinity and thus CO2 uptake and storage follow the mixed‐layer depth seasonality, with
the majority of the excess CO2 flux occurring in summer at shallow mixed layer depths. This study therefore
highlights that subduction regions can be efficient for OAE if optimal deployment strategies are developed.

Plain Language Summary Increasing atmospheric CO2 concentrations demand urgent reductions in
the anthropogenic greenhouse gas emissions to limit the increase in global air temperatures to ≤2°C relative to
preindustrial conditions. To compensate for/counteract the small fraction of unavoidable emissions, it will also
be necessary to implement a portfolio of carbon dioxide removal (CDR) methods. In this study, we focus on the
ocean‐based CDR method Ocean Alkalinity Enhancement (OAE), which enhances oceanic carbon uptake and
can thus aid in atmospheric CO2 reduction. Oceanic subduction regions are key for anthropogenic carbon uptake
and its centennial storage. Therefore, we simulate OAE in the deep and bottom water formation regions of the
Southern Ocean, Northwest Atlantic and the Norwegian‐Barents Sea region to assess their carbon uptake and
storage efficiency compared to the global ocean. We find that the subduction regions exhibit equivalent carbon
uptake efficiency to the global ocean, and are nearly two times more effective in deep ocean carbon storage with
respect to OAE. Seasonal mixed layer depth variability, however, influences the resulting surface alkalinity
concentrations and thus CO2 uptake and DIC accumulation. Therefore, our study emphasizes that the
subduction regions can be efficient for OAE when appropriate deployment strategies are developed.

1. Introduction
The Paris Agreement 2015 states that the average global surface temperature increase relative to preindustrial
conditions should be limited to well below 2°C and preferably to 1.5°C by the end of the 21st century
(UNFCCC, 2015). To reach this goal, the future emission pathways outlined by the Intergovernmental Panel on
Climate Change (IPCC) emphasize the crucial role of emissions reductions. However, to attain a trajectory of net
negative CO2 emissions during the second half of the 21st century, deployment of Carbon Dioxide Removal
(CDR) approaches are likely unavoidable (Riahi et al., 2022). Consequently, various CDR methods are actively
assessed (Gattuso et al., 2021). Studies focusing on land‐based CDR approaches highlight conflicts around land
use, carbon storage durability, and risk of ecosystem disruption (Fuss et al., 2018). The documented potential
impacts on marine ecosystem due to application of certain ocean‐based CDR method are not profound and are
mostly region specific (Hernández‐Hernández et al., 2018). Hence, there is a growing interest to investigate
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various marine CDR methods to increase the oceanic carbon uptake and assess the possibility of any side effects it
can have on the ecosystem.

Historically, the ocean has played a pivotal role in regulating atmospheric CO2 concentration by taking up almost
a third of anthropogenic CO2 emitted since the preindustrial times (Friedlingstein et al., 2022). The subduction
regions in the ocean play a prominent role by transporting the carbon taken up at the air‐sea interface to the deep
ocean where it is stored for decades to many centuries (Gruber et al., 2009). Due to the role of the ocean in the
global carbon cycle, various ocean‐based CDR methods like ocean fertilization, ocean alkalinization, restoring
and increasing coastal vegetation, and marine carbon capture and storage are studied, of which Ocean Alkalinity
Enhancement (OAE) shows promising results in terms of carbon storage potential and applicability (Gattuso
et al., 2021). On a geological timescale, the natural drawdown of carbon by the oceans occurs through the silicate
weathering process, which, however, is two orders of magnitude too slow to compensate for the current emission
rates (Archer, 2005). Hence, the motivation behind OAE is to artificially accelerate the oceanic CO2 uptake by
elevating alkalinity through the dissolution of alkaline minerals like basalt, lime, olivine, calcium carbonate, or
hydroxide (Caserini et al., 2022; Hartmann et al., 2013; Ilyina et al., 2013).

While it is of interest to study alkalinity addition in ocean biogeochemistry models that are agnostic to the specific
alkaline material added for first order estimates of efficiency (Ilyina et al., 2013; Köhler et al., 2013), some early
studies also discussed (Köhler et al., 2013) or simulated (Feng et al., 2017) the dissolution kinetics of the mineral
olivine ((Mg, Fe)2SiO4) despite limited experimental data. Olivine contains iron and silicic acid, thus its appli-
cation in the surface ocean has a nutrient fertilization effect in addition to the alkalinity enhancement. Olivine
dissolves in the sea water according to the following chemical reaction:

(Mg, Fe)2SiO4 + 4 CO2 + 4 H2O ⟶ 2 (Mg, Fe)
2+

+ 4 HCO3
− + H4SiO4 (1)

Olivine has a molar weight of 147 g mol−1, and a Mg:Fe molar ratio of 9:1 is typically found in nature (De Hoog
et al., 2010; Hauck et al., 2016). Accordingly, the dissolution of one mol of olivine consumes 4 mol of CO2 and
releases 4 mol of bicarbonate (HCO3

−; alkalinity), 1 mol of silicic acid (H4SiO4) and 0.2 mol of iron (Equation 1).
The bicarbonate effect reduces sea surface partial pressure of CO2 (pCO2), and thus leads to an excess flux of CO2
from the atmosphere into the ocean (Kheshgi, 1995). The addition of iron and silicic acid during olivine disso-
lution leads to nutrient fertilization that stimulates phytoplankton productivity and further enhances carbon up-
take. The relative contribution to CO2 uptake by iron is 37% and silicic acid is 6%–8% (Hauck et al., 2016; Köhler
et al., 2013). Iron is a limiting micronutrient for phytoplankton growth, especially in the High Nutrient Low
Chlorophyll (HNLC) areas, like the Southern Ocean, equatorial Pacific, and subpolar North Pacific (De Baar
et al., 1995; Smetacek et al., 2012). Hence, iron fertilization on its own is considered a marine CDR method
(Aumont & Bopp, 2006; Raven & Falkowski, 1999; Zeebe & Archer, 2005).

Previous modeling studies assess OAE through various alkalinity sources, carrying out simulations using models
of varying complexity at a global and regional scale (Burt et al., 2021; Hauck et al., 2016; Ilyina et al., 2013;
Köhler, 2020; Lenton et al., 2018). The CDR efficiency from alkalinity enhancement was found to scale with the
amount of alkaline material added, whereas nutrient effects from alkaline materials will saturate once nutrients
reach levels that do not limit phytoplankton productivity anymore (Hauck et al., 2016; Köhler et al., 2013).
Carbon storage through OAE has a durability of several tens to hundreds or thousand years (Köhler, 2020;
Middelburg et al., 2020). The ocean CO2 uptake per unit of alkalinity added increases with increasing atmo-
spheric CO2 concentration, owing to the reduced buffer capacity in a high CO2‐world (Hauck et al., 2016; Keller
et al., 2014) and maximum efficiency is achieved during peak CO2 emissions (Köhler, 2020). Although often
referred to as a remedy against ocean acidification, the increase in pH remains small (0.06) by the end of the 21st
century in a high‐emissions scenario, for OAE done with uniform deposition of 10 Pg Ca(OH)2 per year (Keller
et al., 2014). This is because the initial increase in pH is compensated by the increase in CO2 uptake after
equilibration with the atmosphere (Hauck et al., 2016; Hinrichs et al., 2023). Only when a substantial reduction in
atmospheric CO2 is obtained by OAE (only measurable in model simulations when conducted in emission‐driven
mode), further ocean acidification is reduced (González & Ilyina, 2016; Köhler, 2020). The pH increase correlates
with atmospheric CO2 reduction across a range of CDR methods (Keller et al., 2014).

Comparing OAE in large latitudinal bands versus a global application under low and high emission scenarios
revealed that OAE efficiency has limited regional sensitivity (Lenton et al., 2018). Further, climate targets are
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easier to reach when OAE is applied in a low emission scneario, that is, accompanied by strong emission
reduction (Lenton et al., 2018). In contrast, Burt et al. (2021) carried out OAE in large scale hydrodynamic biomes
and found that regional OAE application has the potential for higher carbon uptake and OAE efficiency than
global OAE. In particular, the Southern Ocean exhibited the highest CO2 uptake efficiency, while the North
Atlantic showed the lowest efficiency (Burt et al., 2021). Until now, the regional simulations of OAE were
primarily focused on large tropical, subtropical or coastal depositions. Recently, some local OAE studies were
also conducted, for example, for the Bering Sea (Wang et al., 2023) or the Mediterranean Sea (Butenschön
et al., 2021). Other studies suggested that for a pulsed alkalinity addition, areas with long surface water residence
time have the highest efficiency and deep water formation regions have a low efficiency due to the loss of
alkalinity to the deep ocean (Bach et al., 2023; He & Tyka, 2023). However, an in‐depth analysis of the efficacy of
OAE in the deep and bottom water formation regions in the Southern Ocean and North Atlantic where carbon is
transferred to abyssal ocean depths and sequestered for centennial timescale is so far missing.

Deep and bottom water formation regions are pivotal for oceanic anthropogenic carbon uptake, acting as the
critical conduit for transferring carbon from the surface layer to the ocean's interior, which is the bottle‐neck for
ocean anthropogenic carbon uptake (Gruber et al., 2019). In general, the magnitude of anthropogenic carbon
taken up by these subducting water masses depend on the rate of subduction as well as the water mass charac-
teristics in terms of salinity and temperature (Gruber et al., 2009; Sabine et al., 2004; Walin, 1982). In the North
Atlantic, the formation and downward spreading of Labrador Sea Water and North Atlantic Deep Water (NADW)
result in the deepest penetration of anthropogenic carbon that reaches abyssal depths and contained ∼7 PgC
associated with NADW in 1994 (Sabine et al., 2004). The Antarctic Intermediate Water (AAIW) formed between
45 and 55°S contained 20 PgC in the year 1994 as a result of high wind speeds, which enhance the gas exchange,
even though this water mass had very low initial anthropogenic CO2 content due to upwelling of old waters in the
vicinity (Khatiwala et al., 2009; Sabine et al., 2004). Of the three major water masses for anthropogenic carbon
uptake, Antarctic Bottom Water (AABW) carries the lowest amount of anthropogenic CO2, according to the
current understanding, mainly due to limited contact of the water mass with the surface and physical barrier for
CO2 uptake due to the presence of sea ice (Sabine et al., 2004), although uncertainties are large due to scarcity of
observations. However, the AABW formation region is where the carbon taken up is locked away from the at-
mosphere for the longest time period. Hence, overall, these subduction regions play a crucial role in oceanic
anthropogenic carbon uptake and sequestration.

Recent studies suggest that subduction regions may not be optimal for OAE due to the short time for air‐sea CO2
equilibration before alkalinity is lost to the deep ocean (Bach et al., 2023; He & Tyka, 2023; Jones et al., 2014).
However, our understanding of the efficiency of these regions to transfer the additional carbon taken up through
OAE to the deeper ocean depths remains incomplete. In this study, we quantify the effectiveness of the deep and
bottom water formation regions in the Southern Ocean, Northwest Atlantic (collective term for subduction re-
gions in the Labrador Sea, Irminger Sea, Iceland Sea and shelf regions of Davis Strait), and the Norwegian‐
Barents Sea region in response to OAE in the 21st century under low and high emission scenarios. In addition
to the effect of alkalinity addition, which is agnostic to the specific alkaline material added, we also diagnose the
effect of nutrient fertilization that would go along with addition of the mineral olivine.

2. Methods
2.1. Model Description

We use the global ocean general circulation model FESOM2.1 (Danilov et al., 2017; Koldunov et al., 2019;
Scholz et al., 2022) coupled to the ocean biogeochemistry model Regulated Ecosystem Model version 3
(REcoM3; Gürses et al., 2023). REcoM3 has 28 prognostic tracers in its standard set‐up and simulates the marine
carbonate system and air‐sea CO2 exchange using the mocsy routines (Orr & Epitalon, 2015). It comprises two
phytoplankton classes (silicifying diatoms and small phytoplankton with an implicit representation of calcifiers),
three zooplankton groups (microzooplankton, mesozooplankton, polar macrozooplankton; Karakuş et al., 2021)
and resolves the cycling of the macronutrients dissolved inorganic nitrogen (DIN) and silicic acid (DSi) and the
trace metal dissolved iron (DFe). The variable stoichiometry of REcoM3, that is, variable C:N:Chl:Si for diatoms
and C:N:Chl:CaCO3 for small phytoplankton, can, to some extent, represent the physiological response of
phytoplankton to changing environmental conditions (light, nutrient availability; Schartau et al., 2007).
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2.2. Experimental Setup

For this study, we use the so‐called CORE mesh with 126,858 surface nodes. It has a resolution of ∼20 km along
the Antarctic coast, in the equatorial region and north of 50°N, and a coarser resolution of ∼75 km in the regions
with less dynamical variability, for example, in the subtropical ocean basins. In the vertical, it has 47 unevenly
spaced z‐levels, where layer thickness varies from 5 m at the surface to 250 m in the deep ocean. The timestep
used for the simulations is 15 minutes.

As in Gürses et al. (2023), a 189 years long pre‐spinup was conducted using a preindustrial atmospheric mixing
ratio (xCO2) of 278 ppm until the air‐sea CO2 flux reached a quasi‐equilibrium state. The spinup used for our
model simulations is the continuation of this pre‐spinup with increasing atmospheric CO2 and is conducted from
1800 to 1949. These spin‐up simulations are forced by the repeating annual cycle of the year 1961 of atmospheric
climate data from the JRA‐55 reanalysis (Tsujino et al., 2018). Surface alkalinity restoring is switched off in the
spin‐up simulations and model experiments, in contrast to Gürses et al. (2023).

Following the spin‐up, we perform simulations using FESOM2.1‐REcoM3 from 1950 to 2100. At the ocean
surface, we force the historical and future scenario simulations with the output from the AWI Climate Model
(AWI‐CM), precisely from its contribution to the “Coupled Model Intercomparison Project Phase 6 (CMIP6)”
(Semmler et al., 2020). As in Nissen et al. (2022), the model simulations are forced with 3‐hourly atmospheric
momentum fluxes, freshwater fluxes, radiation and daily output of terrestrial freshwater runoff from the first
ensemble member of the historical simulation until 2014 and of the SSP1‐2.6 or SSP3‐7.0 from 2015 until 2100
(Semmler et al., 2020).

We use the atmospheric xCO2 from Meinshausen et al. (2017) in the historical simulation from 1950 to 2014, and
the atmospheric xCO2 from O’Neill et al. (2016) in the future projections from 2015 to 2100 under the SSP1‐2.6
(low‐emission) and SSP3‐7.0 (high‐emission) scenarios. The SSP1‐2.6 scenario assumes a gradual reduction in
emissions throughout the 21st century, leading to an atmospheric xCO2 mixing ratio of 445.6 ppm by the end of
the century. This scenario aligns with efforts to limit global warming to well below 2°C above preindustrial levels,
and already includes some CDR. In contrast, the SSP3‐7.0 scenario assumes a continuous increase in emissions,
resulting in an atmospheric CO2 mixing ratio of 867.2 ppm by the end of the 21st century. This scenario reflects
inadequate climate policies and corresponds to a projected global warming of approximately 3–5°C above
preindustrial levels by the end of the century (O’Neill et al., 2016).

2.3. Identifying Deep and Bottom Water Formation Regions

We use the Water Mass Transformation (WMT) framework to locate the subduction regions in the Southern
Ocean (south of 40°S), Northwest Atlantic (50°N–75°N; 70°W–17°W), and the Norwegian‐Barents Sea region
(62°N–77°N; 60°E−10°W) using the historical simulation over the time period from 1950 to 2014. First intro-
duced by Walin (1982), the framework enables the quantification of the magnitude at which the water in a given
density class becomes denser or lighter as a result of diabatic processes such as surface fluxes, diapycnal mixing
fluxes in the ocean interior, and the rate of change in the lateral transport and mixing (Abernathey et al., 2016;
Nissen et al., 2022). Thus, the transformation rate represents an effective net volume flux across isopycnal
surfaces, as water masses must subduct or upwell within a specified density range to ensure mass continuity when
the volume flux at the ocean surface is not constant (Abernathey et al., 2016; Pellichero et al., 2018; Walin, 1982).

We relate monthly surface buoyancy fluxes, that is, heat fluxes and freshwater fluxes decomposed into contri-
butions from evaporation minus precipitation (E‐P) and sea‐ice melting and formation, to the surface density
distribution to derive WMT rates. As the density coordinate, we use the potential density referenced to 2,000 dbar
(ρ2; Nissen et al., 2022). Results are reported as the density anomaly, that is, σ2 = ρ2 – 1,000 kg m−3. As in Nissen
et al. (2022), we divide the surface density field ρ into bins of width 0.025 kg m−3. The heat flux (Qnet) and
freshwater flux (Fnet) transform the water masses at the atmosphere‐ocean and ice‐ocean interface at a WMT rate
(Sv), following

WMT(ρk, t) = −
1

ρk+1 − ρk
∬ A

αQnet

ρ0Cp
dA +

1
ρk+1 + ρk

∬ A
βSFnet

ρ0
dA. (2)
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Here, A is the outcrop area between two consecutive density bins k and k + 1, ρ0 is the reference density (35 kg
m−3) and S is surface salinity. The coefficients α, Cp (3994 J kg−1 K−1), and β are the thermal expansion co-
efficient, heat capacity, and haline contraction, respectively. The values for α, β and S were calculated as monthly
means over the analysis period (1950–2014). Fnet is decomposed into freshwater fluxes between atmosphere and
ocean (Fatm→ocean, evaporation minus precipitation) and between sea ice and ocean (Fseaice→ocean, sea‐ice formation
or melting):

Fnet = Fatm→ocean + Fseaice→ocean (3)

Water Mass Formation (WMF) rates are derived from the transformation rates in the chosen regions. The WMF
rate is the derivative of the WMT rate with respect to density, and as such, a positive WMF rate represents
convergence (downwelling) and a negative WMF rate denotes divergence (upwelling) in the given density bins
(Abernathey et al., 2016; Pellichero et al., 2018). Following Abernathey et al. (2016) and Pellichero et al. (2018),
the WMF rates are calculated by integrating over density bins of width 0.1 kg m−3 for the subduction regions in
the Southern Ocean, Northwest Atlantic and the Norwegian‐Barents Sea region.

The WMF analysis provides us with density thresholds, which facilitate the localization of the deep and bottom
water formation regions in the Southern Ocean, the Northwest Atlantic and the Norwegian‐Barents Sea region
(Figure 2). The resulting regional olivine deposition mask is shown in Figure 2, with the individual subduction
regions shown in red in the individual panels for the Southern Ocean, the Northwest Atlantic and the Norwegian‐
Barents Sea region. While this analysis framework identifies more regions as contributing to deep and bottom
water formation than typically documented in observation‐based studies (e.g., coastal regions in Davis Strait), the
main formation regions and its processes are adequately captured, as discussed in more detail below.

In the Southern Ocean, subduction/downwelling occurs predominantly due to sea‐ice formation in the density
bins >37.0 kg m−3 (red‐shaded regions in Figures 1a and 1b). This range of densities represent the Weddell and
Ross Sea, that is, the regions where the formation of Antarctic Bottom Water (AABW) takes place. The AABW
formation is characterized by intense cooling and sea‐ice formation resulting in dense water masses which
eventually sink and spread through abyss of the global ocean (Nissen et al., 2022; Orsi et al., 1999). In the
Southern Ocean between 45 and 60°S, Antarctic Intermediate and Subantarctic Mode Water (AAIW and SAMW)
masses can be found, whose characteristics are set by the freshwater component of the surface buoyancy fluxes
(Cerovečki & Mazloff, 2016; Hartin et al., 2011; Pellichero et al., 2018; Talley, 2008). In agreement with these
studies, our model experiment suggests the E‐P component of the freshwater flux lead to subduction in the density
bins between 35.5 and 36.1 kg m−3 (Figures 1a and 1b) which represent the AAIW and SAMW formation region
in the Subantarctic (Figure 2a). Buoyancy‐induced upwelling in the Southern Ocean occurs between 36.1 and
37 kg m−3 (blue‐shaded regions in Figures 1a and 1b).

In the North Atlantic, the formation of NADW mainly occurs due to heat loss (Dickson & Brown, 1994; Våge
et al., 2009). The Labrador Sea Water formed as a result of deep winter‐time convection in the Labrador and the
Irminger Sea is entrained by the dense overflow across the Greenland‐Scotland ridge and thus contributes to
NADW (Jeansson et al., 2023; Våge et al., 2009). The Iceland Sea features a comparatively shallower convection
leading to the formation of Iceland Intermediate Waters which also is a component of the NADW (Jeansson
et al., 2017). In agreement with observation‐based studies, our model also suggests heat to be the main driver for
subduction in the Northwest Atlantic in the density bins <35.1 and >36.1 kg m−3 (Figures 1c and 1d). Heat loss
also governs the subduction occurring in the Norwegian‐Barents Sea region at higher densities, that is, in the
density bins >36.8 kg m−3 (Figures 1e and 1f). Here the intermediate waters formed in the Norwegian Sea
resulting from the contribution of Greenland and Iceland intermediate waters eventually contribute to the for-
mation of NADW (Jeansson et al., 2017). Despite the fact that the Barents Sea is a comparatively shallow basin,
the formation of Barents Sea Deep water and its lateral deep injection into the Nansen Basin (∼1.2 km into the
ocean) suggests that the Barents Sea has the potential to contribute to deep‐ocean carbon storage in the Arctic
(Rogge et al., 2023).

We note that the WMT framework that we use to locate the subduction regions provides only the subduction rates
of the water masses in the given regions and density classes. It does not provide any explicit information on how
deep a water mass can sink in the ocean, as this further depends on the vertical density structure and the
entrainment of lighter water masses. Hence, depending on the model setup, the locations of these regions can
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differ from the real‐world geographical locations of deep‐water formation. In the context of OAE, we do not only
consider subduction that leads to the formation of NADW in the North Atlantic and Antarctic Bottom Water in the
Southern Ocean, but also the subduction that contributes to formation of subsurface water masses at intermediate
depths. Despite the significant differences in physical conditions among these subduction regions (Dickson &
Brown, 1994; Jeansson et al., 2017; Nissen et al., 2022; Orsi et al., 1999; Våge et al., 2009), we aggregate the
results of OAE not only across all the sub‐regions (Southern Ocean +Northwest Atlantic +Norwegian‐Barents
Sea region), but also across the sub regions with different dynamics within the Southern Ocean, Northwest
Atlantic and the Norwegian‐Barents Sea region. We do this to assess the collective potential for carbon uptake and
storage in the Southern Ocean as well as the North Atlantic. In the remainder of the manuscript, we acknowledge
that this precludes the attribution of OAE impacts to specific sub‐regions. Hence, the experimental set‐up

Figure 1. Water mass transformation (WMT, left) and Water mass formation (WMF, right) rates for the subduction regions. (a, c, and e) The annual mean surface WMT
rates (Sv) integrated over 0.025 kg m−3 density bins in panel (a) the Southern Ocean, (c) the Northwest Atlantic, and (e) the Norwegian‐Barents Sea region as a function
of the potential density anomaly ρ2 (kg m−3) due to the total buoyancy flux (black), heat flux (red), evaporation minus precipitation (E‐P; dark blue), and the sea‐ice
induced freshwater flux (light blue). The shading marks the density ranges of downwelling (red) and upwelling (blue). (b, d, and f) The annual mean surface WMF rates
(Sv) for the different subduction regions are integrated over 0.1 kg m−3 density bins. The total WMF (black bars) results from the contribution of the heat flux (red bars) and
the two components of the freshwater flux, that is, E‐P (dark blue bars) and sea ice (light blue bars). Positive values represent subduction/downwelling (red shaded regions)
and negative values represent upwelling (blue shaded regions).
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described in the following section is to be understood in the context of the WMT framework applied to our model
fields.

2.4. Ocean Alkalinity Enhancement Model Experiments

Following the historical simulation over 1950–2014, we conduct two simulations without olivine addition
(CTRL) from 2015 to 2100 under the low‐emission and the high‐emission scenario. We further simulate eight
OAE experiments over the period 2030–2100 under both emission scenarios, resulting in a total of 16 OAE
experiments (Table 1). These experiments differ in the combinations of alkalinity and nutrient addition and region
of application. We branch the OAE experiments from the scenario simulations (CTRL) in 2030 and simulate
additions at a constant rate until the end of 2100. For the global simulation, we base the amount of alkalinity
addition on the assumption of depositing 3 Pg yr−1 of olivine following (Hauck et al., 2016; Köhler et al., 2013).
For all experiments, the added olivine is scaled with the modeled sea‐ice cover, which is scenario dependent. As a
result, the effective amount of olivine entering the ocean surface is slightly lower than 3 Pg yr−1 in the global case
(same hold for the regional experiments, see Table 1). Thus, following Equation 1, a deposition of 2.89 Pg Olivine
yr−1 results in 78.80 Tmol yr−1 alkalinity enhancement in the global experiments under the SSP3‐7.0 scenario, as
well as 3.94 Tmol yr−1 Fe2+ and 19.70 Tmol yr−1 Si input in the simulations that account for nutrient addition.
Similarly, under the SSP1‐2.6 emission scenario, addition of 2.86 Pg Olivine yr−1 results in 77.60 Tmol yr−1

alkalinity enhancement, 3.88 Tmol yr−1 Fe2+ and 19.40 Tmol yr−1 Si input. Table 1 gives the information about
the amount of alkalinity and nutrients deposited for the individual subduction regions. The deposited material is
assumed to be in liquid form or to be completely and instantaneously dissolved in the surface ocean. For the
regional application, the same amount per area as in the global deposition is applied (8.2 g m−2 yr−1 olivine;
before scaling with sea‐ice cover, which leads to 0.21 mol m−2 yr−1 alkalinity), resulting in a lower total

Figure 2. The regional mask for olivine deposition, obtained by using the isopycnal outcrops for deep and bottom water formation areas from the water mass formation
analysis. (a) Southern Ocean. (b) Northwest Atlantic. (c) Norwegian‐Barents Sea region. (d) All subduction regions combined. Red regions represent the olivine
deposition areas for regional experiments (see Table 1). The black boxes for the Northwest Atlantic and the Norwegian‐Barents Sea region denote the areas considered
for the water mass transformation analysis. For the Southern Ocean, we consider the area south of 40°S.
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deposition of alkalinity and nutrients (Table 1). Applying it to regions in which high‐density water masses are
subducted based on an assessment of surface buoyancy fluxes (Section 2.3), this results in a regional alkalinity
addition of 5.20 Tmol yr−1 (SSP3‐7.0 and SSP1‐2.6) in the Southern Ocean (Figure 2a), 0.35 Tmol yr−1 (SSP3‐
7.0) and 0.33 Tmol yr−1 (SSP1‐2.6) in the Northwest Atlantic (Figure 2b), and 0.27 Tmol yr−1 (SSP3‐7.0) and
0.26 Tmol yr−1 (SSP1‐2.6) in the Norwegian‐Barents Sea region (Figure 2c). We carry out the simulations for the
subduction regions individually and combined, in order to differentiate between the efficiency and contribution to
carbon uptake of each region independently. When the regions are combined together, the resulting mask
(Figure 2d) deposits 5.72 Tmol yr−1 alkalinity uniformly.

We perform OAE experiments with alkalinity addition but without nutrient addition for all five regions, globally:
GLO, combined subduction regions: SUB, Southern Ocean: SO, Northwest Atlantic: NWA, Norwegian‐Barents
Sea region: NBS. In addition, we conduct simulations with combined alkalinity and nutrient addition for the
global ocean, the area combining all subduction regions and the subduction region in the Southern Ocean. As
∼97% of the nutrient fertilization effect in the experiment combining all subduction regions occurs in the SO, we
refrain from simulating the impact of nutrient addition separately for the NWA and NBS regions.

2.5. Computation of OAE Efficiency Metrics

As a first metric of efficiency, we use the excess air‐sea CO2 flux divided by the amount of alkaline material
applied after scaling it with the sea‐ice cover. This efficiency metric is referred to as CDR potential and has the
unit PgC per Pg olivine (Hauck et al., 2016; Köhler et al., 2013). This metric may be considered as a short‐term
efficiency as it is calculated based on air‐sea CO2 flux in the considered period. It is calculated as the difference in
the air‐sea CO2 flux between the OAE and the CTRL simulation (ΔCO2 flux), which is then divided by the
effective amount of olivine added to the surface ocean that is, accounting for the percentage of the simulated ice‐
free area at each time‐step (15 minutes) in the calculation. We calculate the CDR potential from globally inte-
grated values for the effect of alkalinity addition as well as the combined effect of alkalinity and nutrient addition.

As a second metric, we use the ratio of volume‐integrated changes in ocean dissolved inorganic carbon (DIC) to
volume‐integrated alkalinity (Burt et al., 2021; Renforth & Henderson, 2017). This metric is known as ηCO2
(ΔDIC/ΔAlk, unitless) and is agnostic to the alkaline material used and mode of application of OAE. It is thus
highly comparable between different studies of OAE. The volume‐integrated ΔDIC and ΔAlk quantify the total
accumulation of DIC and alkalinity since the beginning of the alkalinity enhancement, and ηCO2 can thus be

Table 1
Overview of Model Experiments to Assess Ocean Alkalinity Enhancement for the Period 2030–2100

Experiments
Olivine deposited

(Pg yr−1)

Effective olivine
(Pg yr−1)

Alkalinity
(Tmol yr−1) Fe2+(Tmol yr−1)

Silicic acid
(Tmol yr−1)

Regions
SSP3‐

7.0
SSP1‐

2.6
SSP3‐

7.0
SSP1‐

2.6
SSP3‐

7.0
SSP1‐

2.6
SSP3‐

7.0
SSP1‐

2.6

CTRL – – – – – – – – – Global

GLO‐ALK 3 2.89 2.86 78.80 77.60 – – – – Global

GLO‐ALK‐NUT 3 2.89 2.86 78.80 77.60 3.94 3.88 19.70 19.40 Global

SUB‐ALK 0.22 0.21 0.21 5.72 5.72 – – – – Subduction regions combined

SUB‐ALK‐NUT 0.22 0.21 0.21 5.72 5.72 0.29 0.29 1.43 1.43 Subduction regions combined

SO‐ALK 0.20 0.19 0.19 5.20 5.20 – – – – Southern Ocean

SO‐ALK‐NUT 0.20 0.19 0.19 5.20 5.20 0.26 0.26 1.30 1.30 Southern Ocean

NWA‐ALK 0.014 0.013 0.012 0.35 0.33 – – – – Northwest Atlantic

NBS‐ALK 0.010 0.0099 0.0098 0.27 0.26 – – – – Norwegian‐Barents Sea region

Note. All simulations are conducted for the SSP1‐2.6 and SSP3‐7.0 scenarios, resulting in 18 model experiments. The following regions are considered: global (GLO),
subduction regions combined (SUB), Southern Ocean (SO), Northwest Atlantic (NWA) and Norwegian‐Barents Sea region (NBS). While the model is agnostic to the
choice of alkaline material with regards to alkalinity addition, the silicic acid and iron content is derived with the assumption of olivine addition. Region‐ALK represents
simulations with only alkalinity addition and Region‐ALK‐NUT represents simulations with alkalinity+nutrients (Fe, Si) addition. Effective olivine is the amount of
olivine which is deposited at the ocean surface after accounting for the modeled sea‐ice cover.
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considered as a long‐term efficiency metric. Specifically, ηCO2 is computed as the difference in volume‐
integrated DIC between the OAE and the CTRL simulations divided by the difference in volume‐integrated
alkalinity between the OAE and the CTRL simulations. Thus, the effect of sea ice on alkalinity addition is
accounted for. This metric (ηCO2) targets carbonate chemistry specifics, hence, it cannot be applied to quantify
the nutrient effect. As for the CDR potential, we calculate ηCO2 from globally integrated values.

3. Results
3.1. CO2 Flux and OAE Efficiencies

Without perturbing the oceans (CTRL), the oceanic CO2 uptake reaches 4.52 and 0.34 PgC yr−1 over the last
decade of the century in the SSP3‐7.0 and SSP1‐2.6 scenarios, respectively. OAE results in additional carbon
uptake under both emission scenarios, and air‐sea CO2 flux scales to first order with the amount of alkalinity
added. In general, the excess CO2 uptake is higher in SSP3‐7.0 than in SSP1‐2.6, when only alkalinity addition is
simulated globally and in the subduction regions (Figures 3a and 3b). For example, the global CO2 uptake (GLO‐
ALK) increases by 0.9 PgC yr−1 for SSP3‐7.0 and by 0.8 PgC yr−1 for SSP1‐2.6 (Table 2). The SUB‐ALK and
SO‐ALK experiments that cover 7.5% and 6.6% of the global surface ocean area, exhibit very similar excess CO2

uptake of 0.05–0.07 PgC yr−1 (SSP3‐7.0) and 0.05–0.06 PgC yr−1 (SSP1‐2.6). The NWA‐ALK and NBS‐ALK
that cover only 0.45% and 0.33% of global surface ocean area have the lowest excess CO2 uptake (∼0.003 PgC
yr−1). In the simulations with nutrient addition, biological productivity is enhanced, thus leading to a higher
carbon uptake than in the ’only alkalinity’ simulations. The global simulations (GLO‐ALK‐NUT) under both
emission scenarios have equal increase in the CO2 uptake (1.24 PgC yr−1) which is a factor of 1.4 higher than in
GLO‐ALK. The excess CO2 uptake in SUB‐ALK‐NUT and SO‐ALK‐NUT again are comparable in magnitude.
Interestingly, the sensitivity to emission scenarios is reversed for the nutrient effect, as the excess CO2 uptake is
marginally higher in the SSP1‐2.6 than in the SSP3‐7.0 scenario (Figures 3a and 3b).

The CDR potential, defined as the excess air‐sea CO2 flux per unit of olivine deposited in the sea surface after
scaling with the sea‐ice cover (ΔCO2 flux (PgC) per Pg olivine; Köhler et al. (2013)) differs substantially between
the simulations with only alkalinity and with alkalinity +nutrient addition (Figures 3c and 3d). Simulating only
alkalinity addition, globally or in the subduction regions, the CDR potential is marginally higher in SSP3‐7.0 than
in SSP1‐2.6, as expected from the higher CO2 uptake. Regional differences in the CDR potential are small with
the CDR potential ranging from 0.23 to 0.27 PgC per Pg olivine for SSP1‐2.6 and from 0.29 to 0.31 PgC per Pg
olivine for SSP3‐7.0 for the global oceans and the subduction regions (Figures 3c and 3d, Table 2).

With the addition of nutrients, the CDR potential in SSP1‐2.6 is slightly higher than in SSP3‐7.0 in the subduction
regions (SUB‐ALK‐NUT and SO‐ALK‐NUT), while no sensitivity to emission scenario is discernible in the
global application case (Figures 3c and 3d; Table 2). The nutrient effect differs strongly between regions. As
expected, the SO‐ALK‐NUT has the highest CDR potential of 1.06 PgC per Pg olivine for SSP1‐2.6 and 1.00 PgC
per Pg olivine for SSP3‐7.0, that is ∼2.3–2.5 times that of their respective global simulations (Figure 3d and
Table 2). This is predominantly due to the iron fertilization occurring in the Southern Ocean between 40°–50°S,
where 73% of the total CDR potential can be explained by the nutrient effect. In contrast, for GLO‐ALK‐NUT,
alkalinity accounts for 61% and nutrient fertilization for 39% of the total CDR potential.

As with the CDR potential, ηCO2 (long‐term efficiency ΔDIC/ΔAlk) is higher under the SSP3‐7.0 than SSP1‐2.6
scenario for the global and the subduction regions experiments (Table 2). The GLO‐ALK, SUB‐ALK, SO‐ALK
and NWA‐ALK experiments exhibit indistinguishable ηCO2 values of 0.84–0.85 (SSP3‐7.0) and 0.79–0.80
(SSP1‐2.6). Of the subduction regions, the lowest ηCO2 levels (0.65–0.75) occur in the Norwegian‐Barents Sea
region (NBS‐ALK) (Figures 3e and 3f). Thus, both efficiency metrics point to an insensitivity of OAE to
deployment region, with the exception of ηCO2 in the Norwegian‐Barents Sea region.

Substantial differences are observed between the spatial patterns of CO2 flux increase for OAE experiments with
and without nutrient addition relative to the CTRL simulations (Figure 4). The excess CO2 flux is confined to the
regions of alkalinity addition, with a nearly uniform distribution throughout the OAE deployment areas
(Figures 4a and 4b). In the simulations with nutrient addition, the Southern Ocean exhibits the highest increase in
carbon uptake due to elevated iron fertilization (Figures 4c and 4d; Hauck et al. (2016)). However, while higher
carbon uptake in GLO‐ALK‐NUT is observed nearly everywhere south of 40°S, enhanced CO2 uptake in SUB‐
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Figure 3. Response of ocean CO2 uptake to ocean alkalinity enhancement (OAE) (Left column) Timeseries for (a) Oceanic CO2 uptake (PgC yr−1), positive values
indicate a flux into the ocean, (c) Short term Carbon Dioxide Removal (CDR) potential (PgC CO2 flux per Pg olivine) and (e) Long term OAE efficiency (ηCO2
(unitless); ΔDIC/ΔAlk integrated over the entire water column), under SSP1‐2.6 (blue colors) and SSP3‐7.0 (red colors). OAE experiments with only alkalinity addition
are shown by solid lines and the experiments with alkalinity and nutrient addition by dashed lines. (Right column) Bar plots representing the average over 2090–2099 of
(b) ΔCO2 flux, (d) CDR potential and (f) ηCO2 under SSP1‐2.6 (light blue bars) and SSP3‐7.0 (pink bars). Solid bars show simulations with only alkalinity addition, while
hatched bars denote combined alkalinity and nutrient addition. Error bars show the standard deviation over the 2090–2099 period for the respective time series. See Table 1
for details on the model experiments.
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ALK‐NUT is confined to the regions of alkalinity enhancement in the Southern Ocean, with some partly
compensating reduction of carbon uptake between 60°‐70°S.

3.2. Carbon Transferred to the Deep Ocean in the Form of Dissolved Inorganic Carbon (DIC)

To estimate the carbon storage potential of the subduction regions relative to the global ocean, we evaluate the
enhancement in deep‐ocean carbon inventory. Simulating OAE with or without nutrient addition substantially
influences the amount of carbon transferred to the deep ocean (Figure 5). For GLO‐ALK, the DIC inventory
increases by 50.95 PgC in the top 1 km and by 1.73 PgC below 1 km compared to the CTRL under the SSP3‐7.0
scenario (Figure 5a). Owing to the smaller surface area for alkalinity addition in SUB‐ALK, the DIC storage
increases by a lower amount, namely 3.70 PgC in top 1 km and by 0.25 PgC below 1 km (Figure 5b). Thus, 3.3%
of the total ΔDIC storage in GLO‐ALK occurs below 1 km, whereas the proportion rises to 6.3% for SUB‐ALK.
Hence, we conclude that the carbon transferred to the deep ocean is nearly twice as high for OAE in the sub-
duction regions than in the global case (Figures 5a and 5b). In the Northwest Atlantic and Norwegian‐Barents Sea
region, ∼25%–30% of the total carbon taken up reached below 1 km, thus making them the most effective regions
for deep ocean carbon storage (Table 2).

In simulations with nutrient addition, carbon storage within the top 1 km rises by 26% for GLO‐ALK‐NUT and
66% for SUB‐ALK‐NUT compared to the respective experiments without nutrients. Due to the efficient
downward transport of the biological carbon pump, carbon storage below the 1 km threshold increases by 94% in
GLO‐ALK‐NUT and 96.5% in SUB‐ALK‐NUT (Figures 5c and 5d; Table 2). In the GLO‐ALK‐NUT experi-
ment, the deepest carbon penetration to about∼5 km occurs in the Southern Ocean, primarily due to stimulation of

Table 2
Excess Oceanic CO2 Uptake (ΔCO2 Flux), Dissolved Inorganic Carbon (ΔDIC) in the Top 1 km and >1 km, Surface Alkalinity (ΔAlk), Diatom and Small Phytoplankton
Net Primary Production (ΔNPPd and ΔNPPn) and Calcification Due To Ocean Alkalinity Enhancement With Respect to the CTRL Simulations

Experiments
ΔCO2 flux
(PgC yr−1)

ΔDIC (PgC)

ΔDIC
>1 km (%)

Surface ΔAlk
(mmol m−3)

ΔNPPd
(PgC yr−1)

ΔNPPn
(PgC yr−1)

ΔCalc
(PgC yr−1)

CDR pot (PgC per
Pg olivine)

ηCO2
ΔDIC ΔAlk

Top
1 (km)

>1
(km)

SSP3‐7.0

GLO‐ALK 0.9 50.95 1.73 3.3 35.62 – – – 0.31 0.85

SUB‐ALK 0.07 3.70 0.25 6.3 3.75 – – – 0.30 0.85

SO‐ALK 0.05 3.40 0.15 4.2 3.76 – – – 0.30 0.85

NWA‐ALK 0.004 0.20 0.06 23.1 3.25 – – – 0.30 0.84

NBS‐ALK 0.003 0.12 0.05 29.4 2.41 – – – 0.29 0.75

GLO‐ALK‐NUT 1.24 69.51 32.43 31.8 26.84 3.53 5.91 0.13 0.43 –

SUB‐ALK‐NUT 0.20 11.10 7.12 39.0 4.94 0.70 0.44 0.01 0.93 –

SO‐ALK‐NUT 0.19 10.74 7.00 39.5 5.06 0.68 0.44 0.01 1.00 –

SSP1‐2.6

GLO‐ALK 0.8 46.54 2.11 4.3 33.28 – – – 0.27 0.79

SUB‐ALK 0.06 3.41 0.30 8.1 3.62 – – – 0.27 0.79

SO‐ALK 0.05 3.15 0.20 5.9 3.67 – – – 0.27 0.80

NWA‐ALK 0.003 0.17 0.06 26.1 2.91 – – – 0.26 0.79

NBS‐ALK 0.002 0.10 0.05 33.3 2.09 – – – 0.23 0.65

GLO‐ALK‐NUT 1.24 67.31 33.90 33.5 24.70 4.32 6.60 0.15 0.43 –

SUB‐ALK‐NUT 0.21 11.10 7.44 40.1 4.85 0.67 0.36 0.01 0.98 –

SO‐ALK‐NUT 0.20 10.82 7.31 40.3 5.02 0.66 0.37 0.01 1.06 –

Note. Short‐term Carbon Dioxide Removal (CDR) potential is calculated as increase in CO2 flux per alkaline material added (PgC per Pg olivine) and ηCO2 is the
volume‐integrated excess DIC over volume‐integrated excess alkalinity (see Section 2.5). Efficiency metrics are calculated over the global ocean and all numbers are
averaged over 2090–2099.
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biological activity in response to nutrient fertilization (Figure 5c). Of the total increase in DIC storage relative to
the CTRL, 31.8% occurs below 1 km in the GLO‐ALK‐NUT, while for SUB‐ALK‐NUT the proportion is 39%. In
the SUB‐ALK‐NUT experiment, of the three considered subduction regions, the Southern Ocean is the dominant
contributor to the carbon transfer to a depth of ∼2 km (Figure 5d). Similar conclusions can be drawn for the SSP1‐
2.6 scenario, where the increase in DIC storage compared to CTRL in the top 1 km has lower values globally and
regionally than in the SSP3‐7.0 scenario. However, more carbon is stored below 1 km (Table 2) under SSP1‐2.6
than under SSP3‐7.0 scenario. This can be attributed to the more stratified ocean in the higher emission scenario
than in the lower emission scenario (Gattuso et al., 2015).

3.3. Net Primary Production (NPP)

Addition of nutrients leads to an increase in total Net Primary Production (NPPt) in the global and subduction
region OAE experiments under both emission scenarios (Figure 6). For the GLO‐ALK‐NUT experiment, the
increase in NPPt relative to CTRL simulation (ΔNPPt), amounts to 10.9 PgC yr−1 (SSP1‐2.6) and 9.4 PgC yr−1

(SSP3‐7.0) averaged over 2090–2099. As expected due to the smaller surface ocean area, the increase in NPPt for
SUB‐ALK‐NUT is smaller, namely 1.0 and 1.1 PgC yr−1 in the two emission scenarios (Figure 6a). Small
phytoplankton, with an implicit representation of calcification, dominate the NPPt increase with a relative
contribution of 67.4% in the global experiment. In contrast, diatoms dominate the NPPt increase in the subduction
region experiments with a 63.6% contribution (Figure 6b).

The spatial distribution of changes in primary productivity shows that the increase in NPPt for GLO‐ALK‐NUT
occurs largely in the southern subtropical Pacific and the Southern Ocean (Figure 7a). The southern subtropical
Pacific basin shows the largest increase in NPPn compared to other basins (Figure 7e), whereas ΔNPPd increases
most in the Southern Ocean, and to a smaller extent in the equatorial Pacific, which we relate to weakened iron
limitation (Figure 7c). In the SUB‐ALK‐NUT experiment, the increase in NPP occurs mostly in the Southern
Ocean regions of alkalinity enhancement and in the equatorial upwelling region, while the subduction regions in
the Northwest Atlantic and the Norwegian‐Barents Sea region show no response to nutrient addition (Figure 7b).
Small phytoplankton and diatom NPP exhibit similar spatial patterns, except for the signal in the equatorial
Pacific basin, caused by small phytoplankton NPP (NPPn) (Figures 7d–7f).

Figure 4. Spatial patterns of the difference in the CO2 flux with respect to the CTRL run (ΔCO2 flux), averaged over 2090–
2099 for the SSP3‐7.0 scenario for four experiments: (a) GLO‐ALK, (b) SUB‐ALK, (c) GLO‐ALK‐NUT, (d) SUB‐ALK‐
NUT. Positive values (blue color) represent enhanced CO2 uptake and negative values (red color) represent reduced CO2
uptake compared to the CTRL simulation. See Figure S1 in Supporting Information S1 for the SSP1‐2.6 scenario.
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3.4. Surface Alkalinity and Calcification

The increase in surface alkalinity compared to the CTRL simulation scales largely with the amount of alkaline
material added and thus with the areas of application, with a second‐order difference between the emission
scenarios. In SUB‐ALK, the excess surface alkalinity per area is lower than in GLO‐ALK, despite equal amounts
of alkalinity being added per area. This decrease can be attributed to dilution and the loss of alkalinity to deeper
ocean layers within the subduction regions (Figures 9a and 9b). Surface alkalinity also shows pronounced dif-
ferences for OAE with or without nutrient addition (Figure 8). For GLO‐ALK, surface alkalinity increases by

Figure 5. Zonal mean of the increase in dissolved inorganic carbon concentrations in the ocean alkalinity enhancement
experiments with respect to the CTRL run (ΔDIC), averaged over 2090–2099 for SSP3‐7.0 scenario for four experiments:
(a) GLO‐ALK, (b) SUB‐ALK, (c) GLO‐ALK‐NUT and (d) SUB‐ALK‐NUT. See Figure S2 in Supporting Information S1 for
the SSP1‐2.6 scenario.

Figure 6. (a) Timeseries for excess total net primary production (NPPt) relative to the CTRL simulations (ΔNPPt; solid lines)
in the ocean alkalinity enhancement experiments in PgC yr−1 for GLO‐ALK‐NUT and SUB‐ALK‐NUT under the SSP3‐7.0
(red colors) and SSP1‐2.6 (blue colors) scenarios. (b) Excess small phytoplankton NPP (ΔNPPn; dashed lines) and diatom NPP
(ΔNPPd; dotted lines) for GLO‐ALK‐NUT and SUB‐ALK‐NUT.
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35.62 mmol m−3 (SSP3‐7.0) and 33.28 mmol m−3 (SSP1‐2.6) (Table 2). We relate these differences to distinct
mixed layer and circulation between the emission scenarios. The alkalinity increase is dampened by concomitant
nutrient addition and amounts to 26.84 mmol m−3 (SSP3‐7.0) and 24.70 mmol m−3 (SSP1‐2.6) in GLO‐ALK‐
NUT. The 34% higher surface alkalinity in GLO‐ALK than in GLO‐ALK‐NUT can be explained by the
disproportional stimulation of small phytoplankton productivity in GLO‐ALK‐NUT (Figure 6b). As a result, the
calcification rate is ∼23% higher in GLO‐ALK‐NUT than in GLO‐ALK, which reduces the surface alkalinity
(Figure 8; Figure 9e; Table 2).

In contrast, the excess surface alkalinity in the 2090s in the subduction region experiments is 24%–25% lower in
SUB‐ALK than in SUB‐ALK‐NUT (both emission scenarios, Figure 8; Table 2). Again, this is related to the ratio
of NPPd to NPPn increase, with a stronger contribution of diatoms to the total change in NPP in the subduction
region experiments (Figure 9d). This results in a positive feedback for surface alkalinity due to a higher pro-
ductivity from diatoms because nitrogen assimilation of both phytoplankton groups generates alkalinity
(Figure 6b). While calcification from an increase in small phytoplankton productivity would overcompensate this
alkalinity generation, this is not the case for diatoms. Thus, the resulting calcification is not sufficient to reduce
surface alkalinity in SUB‐ALK‐NUT to levels lower than in SUB‐ALK, in contrast to the global experiments
(Figure 9f). The Southern Ocean features a higher increase in surface alkalinity compared to other subduction
regions, under both alkalinity‐only and alkalinity +nutrients simulations (Table 2). As the same amount of
alkalinity per surface area was added in all regions, this has to be a result of dilution by advection and mixing that
is stronger in the northern hemisphere subduction regions.

3.5. Seasonality of Olivine Deposition

Ocean alkalinity enhancement leads to a response in surface alkalinity, CO2 uptake, NPP, and DIC accumulation
that varies seasonally (Figure 10). We calculate the seasonality in these parameters as the average over the regions
of alkalinity addition only (Figures 2a–2c). As a consequence of alkalinity deposition being scaled with sea‐ice

Figure 7. Spatial distribution of the excess total net primary production (ΔNPPt), diatom NPP (ΔNPPd), and small
phytoplankton NPP (ΔNPPn) in the ocean alkalinity enhancement experiments relative to the CTRL simulation, averaged
over 2090–2099 for the SSP3‐7.0 scenario (a, c, and e) ΔNPPt, ΔNPPd, and ΔNPPn for GLO‐ALK‐NUT (b, d, and f) ΔNPPt,
ΔNPPd, and ΔNPPn for SUB‐ALK‐NUT. See Figure S3 in Supporting Information S1 for the SSP1‐2.6 scenario.
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Figure 8. Timeseries of excess surface alkalinity in the ocean alkalinity enhancement experiments relative to the CTRL
simulation under the SSP3‐7.0 (red colors) and SSP1‐2.6 (blue colors) emission scenarios. The experiments shown are GLO‐
ALK and SUB‐ALK (solid lines), GLO‐ALK‐NUT and SUB‐ALK‐NUT (dashed lines).

Figure 9. Spatial patterns of excess surface alkalinity and calcification in ocean alkalinity enhancement experiments relative
to CTRL averaged over the years 2090–2099 under the SSP3‐7.0 scenario. ΔAlk is shown for the experiments (a) GLO‐
ALK, (b) SUB‐ALK, (c) GLO‐ALK‐NUT, (d) SUB‐ALK‐NUT and ΔCalcification for (e) GLO‐ALK‐NUT and (f) SUB‐ALK‐
NUT. See Figure S4 in Supporting Information S1 for SSP1‐2.6 scenario.
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cover, olivine addition is at its minimum when sea‐ice cover peaks in the Southern Ocean winter (July‐September;
Figures 10a–10c). For the Norwegian‐Barents Sea region, olivine addition is almost constant throughout the year
except during March‐April when it is lower as the sea‐ice cover increases (Figures 11a–11d). Irrespective of the
seasonal variations in the alkalinity addition, the excess surface alkalinity is in phase with the seasonal changes in
the Mixed Layer Depth (MLD) in both hemispheres. We quantify MLD in our model by identifying the depth at
which the potential density of the water column exceeds the sea surface potential density by 0.03 kg m−3. As the
MLD begins to shoal in the summer months (December‐April: Southern Ocean, and June‐October: North
Atlantic), the surface alkalinity increases more strongly relative to CTRL due to reduced mixing thus a low loss of
excess alkalinity to the deep ocean (Figures 10b, 10e, and 10f; Figures 11b and 11e). In contrast, in the winter
months, the deeper MLD leads to a lower ΔAlk concentration for both hemispheres (Figures 10b, 10e, and 10f;
Figures 11b and 11e). As high excess surface alkalinity results in high excess CO2 uptake, the dominant driver of
CDR efficiency is MLD and its seasonal variations. We note that the simulated winter MLD in the Northwest
Atlantic and specifically in the Labrador Sea is <150 m in our model, which is lower than observation‐based
estimates (1,000–1,550 m; Lavender et al. (2002); Lorbacher et al. (2006); Figures S7 and S8 in Supporting
Information S1). This model bias is possibly due to a combination of biases in the simulated distributions of
temperature and salinity in the ocean (and thus stratification) and biases in the atmospheric fields used to force our
ocean‐only simulations (Semmler et al., 2020). Thus, the simulated shallow MLD due to this bias in the
Northwest Atlantic regions implies that our model might underestimate the excess carbon uptake and storage
capacity from OAE in this region.

Evidently, the increase in the CO2 flux relative to CTRL (ΔCO2 flux) follows the seasonal variation of the
increase in surface alkalinity (ΔAlk) and thus MLD in the Southern Ocean as well as in the North Atlantic
(Figures 10b and 10e–10h; Figures 11b, 11c, and 11e). For the SO‐ALK simulation, the highest ΔCO2 flux
occurs in the months of February to May with a few months lag after the MLD minimum, while the minimum
is found during August to December period, again with a few months lag after the MLD maximum (Figures 10e
and 10g). When including the nutrient effect (SO‐ALK‐NUT), ΔCO2 flux is higher than in SO‐ALK due to the
excess phytoplankton production (Figure 10d). Here, the maximum additional uptake occurs during December
to February and the minimum during July to September (Figure 10h). Hence, when the nutrients are included,
the seasonality in excess carbon uptake relative to CTRL is shifted from April in SO‐ALK to December as this
is when primary production peaks in SO‐ALK‐NUT. In the North Atlantic, the maximum ΔCO2 flux occurs
between August and October after MLD had been at its minimum for about 3 months. The minimum ΔCO2
flux is found between March and May for the NBS‐ALK and NWA‐ALK experiments (Figures 11e and 11c for
Norwegian‐Barents Sea region, see Figures S7 and S8 in Supporting Information S1 for the seasonality in the
Northwest Atlantic).

In order to assess the seasonal cycle of excess DIC accumulation compared to the CTRL simulation (ΔDIC), we
calculate the difference in ΔDIC between the consecutive months for the period December 2089 to December
2099. Afterward, the ΔDIC accumulation is averaged over the 10 year period as for the other metrics. The
seasonality in ΔDIC accumulation is strongly influenced by the seasonality in the ΔCO2 flux for the simulations
in the Southern Ocean (Figures 10g–10j) and the North Atlantic (Figures 11c and 11f). The top 0.5 km layer
strongly follows the variations of the ΔCO2 flux, while the intermediate (0.5–1 km) and the bottom (>1 km) layer
have only a weak seasonal cycle for all the simulations. High surface ΔDIC accumulation is observed between
January and April for the Southern Ocean and between August to October in the North Atlantic regions. The
deepening of the mixed layer over the winter months results in negative ΔDIC accumulation, where the CO2
uptake happening at the surface ocean in the particular region is not sufficient to increase the DIC concentration in
the water column. The lateral transport of the water masses leads to advection of DIC outside the regions of
consideration, thereby reducing the DIC to levels below those in the CTRL simulation (Figures 10i and 10j;
Figure 11f). For the NBS‐ALK experiment, the signal below 0.5 km can be assumed to mainly stem from the
Norwegian Sea as the Barents Sea is shallower than 400 m (Figure 11f), but we note that the latter has also been
shown to contribute to deep‐ocean carbon transfer through lateral transport (Rogge et al., 2023). In the case of SO‐
ALK‐NUT, the negative ΔDIC accumulation is larger due to enhanced respiration and remineralization in
response to the nutrient fertilization (Figure 10j).
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Figure 10. Seasonality for olivine deposition and biogeochemical responses in the ocean alkalinity enhancement experiments relative to CTRL in the Southern Ocean.
The SO‐ALK and SO‐ALK‐NUT simulations are shown and numbers are averaged over 2090–2099 under the SSP3‐7.0 scenario. (a, b, and c) Sea‐ice cover (%), Mixed
Layer Depth (MLD; m) Olivine deposition (mmol m−2 s−1) for SUB‐ALK and SUB‐ALK‐NUT. (d) Excess Total Net Primary Production ΔNPPt (PgC yr−1) for SUB‐
ALK‐NUT (e, f) Surface ΔAlk; (mmol m−3); (g, h) ΔCO2 flux (PgC yr−1; positive: enhanced uptake, negative: reduced uptake) and (i, j) ΔDIC accumulation (PgC;
positive: increase in dissolved inorganic carbon (DIC) accumulation; negative: loss of DIC due to vertical and lateral transport) in top 0.5 km (dark purple), 0.5–1 km
(orchid), below 1 km (light purple). See Figure S5 in Supporting Information S1 for a corresponding figure for the emission scenario SSP1‐2.6.
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4. Discussion
The aim of this study was to assess the CO2 uptake and storage efficiency of regional OAE in the deep and bottom
water formation regions in the Southern Ocean, the Northwest Atlantic and the Norwegian‐Barents Sea region
under both the SSP3‐7.0 and SSP1‐2.6 emission scenarios. In contrast to previous reports by He and Tyka (2023);
Bach et al. (2023), the OAE efficiency in the subduction regions under both SSP1‐2.6 and SSP3‐7.0 scenarios is
comparable in our model experiments to that in the global ocean when calculated based on the final decade of air‐
sea CO2 fluxes (CDR potential: 0.23–0.31 PgC per Pg olivine; Table 2). When calculating the efficiency based on
decades‐long cumulative carbon storage (ηCO2; depth‐integrated ΔDIC/ΔAlk), only the Norwegian‐Barents Sea
region stands out with a lower efficiency (0.65–0.75; Table 2), whereas both the Southern Ocean and the
Northwest Atlantic subduction regions still exhibit efficiencies comparable to the global ocean (0.79–0.85;
Table 2). The Norwegian‐Barents Sea region exhibits a lower efficiency due to its initially lower increase in DIC
accumulation compared to the control simulation from 2030 to 2040. The lower ΔDIC accumulation over this
period could be due to prolonged equilibration time for gas‐exchange or stronger vertical transport in this basin.
Either way, this lower efficiency from 2030 to 2040 ultimately affects the averaged ηCO2 efficiency over 2090–
2099 in the Norwegian‐Barents Sea region.

The global OAE efficiency numbers reported in this paper are comparable to previous studies. Assessing the OAE
efficiency for global OAE simulations with similar alkalinity addition as in our global simulation, Köhler
et al. (2013) report an efficiency of 0.25 PgC per Pg olivine for the present‐day (2000–2010). This is comparable
to our global CDR potential (0.27 PgC per Pg olivine) under the SSP1‐2.6 scenario (Table 2). This close
agreement is rooted in the fact that the atmospheric CO2 concentration over the period 2000–2010 is close to that
in the low emission scenario SSP1‐2.6. For the simulation under the SSP3‐7.0 scenario, our model experiments
yield a slightly higher CDR potential of 0.31 PgC per Pg of olivine. This outcome is close to the results of Hauck
et al. (2016), who reported an efficiency of 0.33 PgC per Pg of olivine for a future high‐emission scenario
(RCP8.5) when deploying the same amount of olivine as in our simulations (Table 2). These findings confirm the
small but existent scenario dependency that we will discuss below. In the context of the long‐term efficiency (η
CO2), Burt et al. (2021) reported a global efficiency of 0.79 over the last decade of their simulation under constant
atmospheric CO2 of 280 ppm when depositing 0.25 Pmol yr−1 of alkalinity over 75 years. This agrees well with
our ηCO2 for global OAE under the SSP1‐2.6 scenario (0.79; Table 2).

The CDR potential for OAE based on air‐sea CO2 flux in the subduction regions yields values comparable to that
for global OAE under both emission scenarios. This highlights that the surface efficiency of OAE is insensitive to
the region of application. This agrees with Köhler et al. (2013), who found the potential for global OAE and for
OAE along commercial ship tracks to be comparable. Studying broad latitudinal bands, Lenton et al. (2018) also
concluded that OAE exhibits little sensitivity to the region of application. In contrast, the efficiency metric based
on cumulative ΔDIC storage (ηCO2) shows the highest efficiency in the Southern Ocean (0.85) and the lowest in
the North Atlantic subduction regions, particularly the Norwegian‐Barents Sea region (0.73). This agrees with
Burt et al. (2021) who report a regional sensitivity of the response to OAE. The authors showcase the Southern
Ocean to be the most efficient (0.89) and the subpolar North Atlantic to be the least efficient (0.7), which they
attribute to the rapid loss of added alkalinity to the deep ocean.

Even though the surface CDR potential displays very low regional sensitivity in our study, the deep ocean carbon
storage (below 1 km) relative to the added alkalinity in the subduction regions is nearly twice as large as compared
to the global oceans (Figures 5a and 5b), acknowledging a smaller absolute magnitude in the former related to the
smaller area of application (Table 2). Notably, the Northwest Atlantic and the Norwegian‐Barents Sea region
transfer a higher fraction (25%–30%) of the additional carbon taken up to depths below 1 km than both the global
oceans and the Southern Ocean (see NWA‐ALK and NBS‐ALK experiments). Importantly, our results are in
contrast to the findings by He and Tyka (2023); Bach et al. (2023), who suggested that deep and bottom water
formation regions are not suitable for OAE due to their limited residence time at the ocean surface. While we find
a reduced efficiency for the Norwegian‐Barents Sea region, this cannot be confirmed for the Northwest Atlantic
and the Southern Ocean. A key difference between the studies is that we simulated continuous alkalinity addition
whereas He and Tyka (2023); Bach et al. (2023) assumed a pulsed deployment for a month. It remains to be tested
whether the continuous addition of alkalinity may compensate for the limited residence time, thus resulting in a
higher surface alkalinity and a higher OAE efficiency in the subduction regions. Siegel et al. (2021) highlighted
that the carbon discharged in the deep ocean below 500 m will lead to sequestration times over decades to

Earth's Future 10.1029/2023EF004213

NAGWEKAR ET AL. 18 of 23

 23284277, 2024, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023EF004213, W

iley O
nline Library on [05/10/2024]. See the Term

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

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License
50 publication i



centuries, thus increasing the durability of OAE efficiency. This supports our hypothesis to simulate OAE in the
subduction regions, which would facilitate long‐term carbon storage away from the atmosphere.

The sensitivity of the CDR potential to the addition of nutrients (iron and silicic acid) along with alkalinity varies
regionally. Iron availability limits primary productivity and the associated carbon uptake (Blain et al., 2007).
Specifically the Southern Ocean displays a low ambient concentration of iron which acts as a limiting micro-
nutrient for phytoplankton growth (Aumont & Bopp, 2006; Oschlies et al., 2010; Smetacek et al., 2012).
Therefore, carrying out OAE along with nutrient addition leads to an increased drawdown of carbon through
enhanced productivity. Our results thus agree with the studies by Oschlies et al. (2010); Hauck et al. (2016) which
also highlight that the Southern Ocean is the most efficient region in terms of carbon uptake efficiency due to
nutrient fertilization with silicic acid and iron. The CDR potential for global olivine deposition including the
nutrient effects was previously reported to be 0.57 PgC per Pg olivine using the same biogeochemical model as
ours but with a different physical ocean model (Hauck et al., 2016). This is slightly higher than our global CDR
potential (0.43 PgC per Pg olivine; Table 2). This difference in CDR potential between our study and that of
Hauck et al. (2016) can be traced back to the differing ratios of small phytoplankton to diatom productivity. In
their study, the ratio stands at 0.65 compared to our 1.53, due to a higher increase in diatom productivity on their
end. This led to a heightened NPP of 17.8 PgC yr−1 in their study, as opposed to our 10.92 PgC yr−1. This
distinction likely stems from difference in the background state of the simulated ecosystem.

The scenario dependency of both metrics is generally weak, but the OAE efficiencies with only alkalinity
addition are slightly higher in the high‐emission scenario. While the absolute CO2 flux is higher under SSP3‐
7.0 due to the higher atmospheric CO2 concentration, any additional CO2 flux following OAE is more closely
linked to the state of ocean carbonate chemistry than background CO2 concentrations. Thus, the lower buffer
capacity under SSP3‐7.0 leads to a higher additional carbon uptake and in turn higher OAE efficiencies than
under SSP1‐2.6 (Figures 3a and 3b; Gattuso et al. (2015); Keller et al. (2014); Hauck et al. (2016)). Using an

Figure 11. Seasonality for olivine deposition and biogeochemical responses in the ocean alkalinity enhancement experiments relative to CTRL in the Norwegian‐
Barents Sea region. The NBS‐ALK simulation is shown and numbers are averaged over 2090–2099 under the SSP3‐7.0 scenario. (a) Sea‐ice cover (%), (b) Surface
ΔAlk (mmol m−3), (c) ΔCO2 flux (PgC yr−1; positive: enhanced uptake, negative: reduced uptake), (d) Olivine deposited (mmol m−2 s−1) (e) Mixed Layer Depth (MLD;
m), and (f) ΔDIC accumulation (PgC; positive: increase in dissolved inorganic carbon (DIC) accumulation; negative: Loss of DIC due to vertical and lateral transport) in
top 0.5 km (dark purple), 0.5–1 km (orchid), below 1 km (light purple). See Figure S6 in Supporting Information S1 for the results of the NBS‐ALK experiment under the
SSP1‐2.6 emission scenario and Figures S7 and S8 in Supporting Information S1 for the Northwest Atlantic (NWA‐ALK) experiment under the SSP3‐7.0 and SSP1‐2.6
emission scenarios, respectively.
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Earth System Model, Lenton et al. (2018) reported that the low emission scenario is more efficient in terms of
atmospheric CO2 drawdown than the high emission scenario. This apparent contradiction with our results can
be understood by considering their different definition of ’efficiency’. Defining OAE efficiency as the amount
of OAE needed to achieve a given atmospheric temperature and CO2 concentration target, it is unsurprising that
a lower emission scenario is more effective than a high emission scenario in Lenton et al. (2018). Yet, we note
that using their definition, the absolute reduction in atmospheric CO2 concentration for a fixed OAE is
comparable in Lenton et al. (2018) for both scenarios, reconciling their results with ours. In our results, we also
find a scenario dependence of the fraction of carbon stored below 1 km. Under the SSP3‐7.0 scenario, a lower
fraction of total carbon taken up is stored below 1 km than under the SSP1‐2.6 scenario (Table 2). This is due to
a stronger stratification in the higher‐emission scenario and thus a less efficient carbon transfer to the deeper
oceans. This holds true for simulations with and without nutrient addition in the global and the subduction
regions (Table 2).

The results presented here assume the complete and instantaneous dissolution of olivine as in Köhler et al. (2013);
Hauck et al. (2016). Thus, our results give a theoretical upper limit of the OAE potential for global and subduction
regions. However, in reality, the dissolution of olivine and in turn the OAE efficiency are influenced by the grain
size, MLD and sea surface temperature (SST) (Köhler et al., 2013). Fine grain sizes of ∼1 μm lead to a high
residence time in the mixed layer, resulting in high OAE efficiency, whereas the efficiency decreases substan-
tially as the grain size increases and most of the material is lost to the deep ocean undissolved (Feng et al., 2017;
Köhler et al., 2013). But, the necessity of grinding the material to a very fine size is expensive in terms of energy
consumption which offsets the OAE efficiency by about 30% and also poses a practical challenge in terms of
mining and transportation (Caserini et al., 2022; Köhler et al., 2013; Renforth et al., 2013). One of the risks of
using olivine for OAE is that, it is accompanied by addition of heavy trace metals, for example, nickel which can
negatively impact the ecosystem (Hartmann et al., 2013). For instance, nickel addition leads to significant
reduction in the growth rate of some phytoplanktons, for example, diatom (Guo et al., 2022; Xin et al., 2023).
Thus, it is critical to assess the choice of alkaline material used for OAE considering the side effects it may have
on the marine ecosystem. Similarly, sinking particulate olivine grains may have undesired effects on the benthic
ecosystem through optical and mechanical stress (Feng et al., 2017). If alkalinity is excessively enhanced above a
certain threshold, increased secondary CaCO3 precipitation is possible (Hartmann et al., 2013; Middelburg
et al., 2020). Increased CaCO3 precipitation will counteract the purpose of OAE by consuming the added
alkalinity and thus dampening the carbon uptake efficiency. Therefore, to avoid secondary CaCO3 precipitation, it
is necessary to examine the safe limits for alkalinity enhancement (Hartmann et al., 2013). Laboratory experi-
ments for OAE using CaO and Ca(OH)2 in the natural sea water collected 200–300 m offshore at New South
Wales Australia were conducted by Moras et al. (2022). They found that increment of 500 μmol kg−1 of total
alkalinity drastically reduced OAE efficiency due to increased CaCO3 precipitation, while for an increase of 250
μmol kg−1 no CaCO3 precipitation was observed, implying it to be a safe limit for OAE (Moras et al., 2022). In
our simulations with uniform addition of only alkalinity, the excess surface alkalinity in SUB‐ALK (3.75 mmol
m−3) is much smaller than in GLO‐ALK (35.62 mmol m−3) at comparable efficiency. This lower excess surface
alkalinity in the SUB‐ALK simulation is due to dilution of added alkalinity resulting from the lateral and vertical
spreading, which in turn may also reduce the risk of secondary precipitation.

The temperature dependence of alkalinity addition through olivine deposition highlight that the favourable re-
gions for maximum dissolution are between 40°N and 40°S. Additionally, the deep water formation regions in the
North Atlantic, characterised by deep MLD, allow olivine to remain at the ocean surface longer, facilitating
maximum dissolution. As a result, these areas are also deemed favorable for OAE (Köhler et al., 2013). However,
our results suggest that the shallow MLD in summer for both hemispheres is favourable for higher OAE efficiency
when dissolved alkaline material is added. This is because the added alkalinity is not lost to the deep oceans due to
reduced mixing and thus results in higher CO2 uptake and OAE efficiency. Hence, it is crucial to critically
investigate the intricacies of the regions, acknowledging the distinct dynamics exhibited by various sub‐regions
encompassed within our regional masks for OAE. Furthermore, careful consideration of modes of application is
essential to optimize OAE efficiency and mitigate negative impacts it can have on the marine ecosystems.
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5. Conclusion
Simulating OAE in the subduction regions of the Southern Ocean, the Northwest Atlantic and the Norwegian‐
Barents Sea region revealed that these regions are as efficient as the global ocean for OAE, with the
Norwegian‐Barents Sea region showing a comparatively lower efficiency. It is crucial to note that we address the
theoretical upper limit of OAE efficiencies, assuming instantaneous effects of added alkalinity on oceanic carbon
uptake, which may not hold in practical scenarios. The time period required for added alkalinity to shift the
equilibrium at the ocean surface is not accounted for and can thus introduce uncertainties in the OAE efficiencies.
In terms of practical OAE implementation, coastal deployments are deemed more realistic owing to the current
legal restrictions on open‐ocean deployments. Acknowledging the logistical challenge associated with mining
and transportation of the alkaline mineral used for OAE, it is more likely that OAE is in the form of pulsed
alkalinity addition rather than the uniform continuous additions as simulated in our study. Seasonal variations in
MLD influence the increase in surface alkalinity, which in turn affects carbon uptake and storage. The shallow
mixed layer depths during summer are associated with higher surface alkalinity, carbon uptake and storage in both
hemispheres. Hence, this accentuates the importance of identifying optimal times of the year to maximize the
efficiency of OAE deployment. Although not tested in this study, the choice of alkaline mineral used for OAE
would also influence the efficiency and have varying ecological impacts, depending on the mineral used. In
summary, this study underscores that the subduction regions can be efficient for carbon uptake and storage due to
OAE, if OAE is optimized and strategic deployment scenarios are developed.

Data Availability Statement
The data set required to reproduce the findings of this study is available in Nagwekar et al. (2024b). The Fortran
source code of FESOM2.1‐REcoM3 can be obtained via github (https://github.com/tanvinagwekar/fesom2/tree/
OAE_Experiments) or via Zenodo (Nagwekar et al., 2024a). Analysis was performed using the open‐source
software Python.
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Introduction Here, we present figures after simulating OAE globally and in the sub-

duction regions of Southern Ocean, Northwest Atlantic Sea and the Norwegian-Barents

Sea region under the SSP1-2.6 emission scenario from 2030-2100. The figures are detail-

ing spatial patterns for the increase in CO2 flux, surface alkalinity, calcification, Total

Net Primary Production (NPPt), diatom productivity (NPPd), and small phytoplank-

ton (NPPn) compared to the CTRL simulation. Additionally, we provide zonal averages

for the increase in Dissolved Organic Carbon (DIC). The seasonal time series for olivine

addition in the Southern Ocean and the Norwegian-Barents Sea region are based on the

SSP1-2.6 scenario. Meanwhile, the Northwest Atlantic displays seasonal plots for both
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SSP1-2.6 and SSP3-7.0 emission scenarios. All maps and seasonal variation time series

are averaged over the last decade of the simulation, spanning 2090-2099.

Figure S1. Spatial patterns of the difference in the CO2 flux with respect to the CTRL run (∆CO2 flux), averaged
over 2090-2099 for the SSP1-2.6 scenario for four experiments: (a) GLO-ALK, (b) SUB-ALK. (c) GLO-ALK-NUT , (d)
SUB-ALK-NUT. Positive values (blue color) represent enhanced CO2 uptake and negative values (red color) represent
reduced CO2 uptake compared to the CTRL simulation.
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Figure S2. Zonal mean of ∆DIC in the ocean alkalinity enhancement experiments with respect to the CTRL run,
averaged over 2090-2099 for SSP1-2.6 scenario for four experiments: (a) GLO-ALK, (b) SUB-ALK, (c) GLO-ALK-NUT
and (d) SUB-ALK-NUT.
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Figure S3. Spatial distribution of the excess total Net Primary Production (∆NPPt), diatom NPP (∆NPPd), and
small phytoplankton NPP (∆NPPn) in the ocean alkalinity enhancement experiments relative to the CTRL simulation,
averaged over 2090-2099 for the SSP1-2.6 scenario. (a,c,e) ∆NPPt, ∆NPPd, and ∆NPPn for GLO-ALK-NUT. (b,d,f)
∆NPPt, ∆NPPd, and∆NPPn for SUB-ALK-NUT.
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Figure S4. Spatial patterns of excess surface alkalinity and calcification in ocean alkalinity enhancement experiments
relative to CTRL averaged over the years 2090-2099 under the SSP1-2.6 scenario. ∆Alk is shown for the experiments (a)
GLO-ALK, (b) SUB-ALK, (c) GLO-ALK-NUT, (d) SUB-ALK-NUT and ∆Calcification for (e) GLO-ALK-NUT and (f)
SUB-ALK-NUT.
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Figure S5. Seasonality for olivine deposition and biogeochemical responses in the ocean alkalinity enhancement
experiments relative to CTRL in the Southern Ocean. The SO-ALK and SO-ALK-NUT simulations are shown and numbers
are averaged over 2090-2099 under the SSP1-2.6 scenario. (a,b,c) Sea-ice cover [%], Mixed Layer Depth (MLD; m) Olivine
deposition [mmol m−2 s−1] for SUB-ALK and SUB-ALK-NUT. (d) Excess Total Net Primary Production ∆NPPt [PgC
yr−1] for SUB-ALK-NUT. (e,f) Surface ∆Alk; [mmol m−3] (g,h) ∆CO2 flux [PgC yr−1; positive: into the ocean, negative:
reduced CO2 uptake compared to CTRL] and (i,j) ∆DIC accumulation [PgC; positive: increase in DIC accumulation;
negative: loss of DIC due to vertical and lateral transport] in top 0.5 km (dark purple), 0.5-1 km (orchid), below 1 km
(light purple).
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Figure S6. Seasonality for olivine deposition and biogeochemical responses in the ocean alkalinity enhancement
experiments relative to CTRL in the Norwegian-Barents Sea region. The NBS-ALK simulation is shown and numbers are
averaged over 2090-2099 under the SSP1-2.6 scenario. (a) Sea-ice cover [%], (b)Surface ∆Alk; [mmol m−3], (c)∆CO2

flux [PgC yr−1; positive: into the ocean, negative: reduced CO2 uptake compared to CTRL], (d)Olivine deposited [mmol
m−2 s−1] (e)Mixed Layer Depth (MLD; m), and (f) ∆DIC accumulation [PgC; positive: increase in DIC accumulation;
negative: loss of DIC due to vertical and lateral transport] in top 0.5 km (dark purple), 0.5-1 km (orchid), below 1 km
(light purple).
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Figure S7. Seasonality for olivine deposition and biogeochemical responses in the ocean alkalinity enhancement
experiments relative to CTRL in the Northwest Atlantic. The NWA-ALK simulation is shown and numbers are averaged
over 2090-2099 under the SSP3-7.0 scenario. (a) Sea-ice cover [%], (b)Surface ∆Alk; [mmol m−3], (c)∆CO2 flux [PgC
yr−1; positive: into the ocean, negative: reduced CO2 uptake compared to CTRL], (d)Olivine deposited [mmol m−2 s−1]
(e)Mixed Layer Depth (MLD; m), and (f) ∆DIC accumulation [PgC; positive: increase in DIC accumulation; negative:
loss of DIC due to vertical and lateral transport] in top 0.5 km (dark purple), 0.5-1 km (orchid), below 1 km (light purple).
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Figure S8. Seasonality for olivine deposition and biogeochemical responses in the ocean alkalinity enhancement
experiments relative to CTRL in the Northwest Atlantic. The NWA-ALK simulation is shown and numbers are averaged
over 2090-2099 under the SSP1-2.6 scenario. (a) Sea-ice cover [%], (b)Surface ∆Alk; [mmol m−3], (c)∆CO2 flux [PgC
yr−1; positive: into the ocean, negative: reduced CO2 uptake compared to CTRL], (d)Olivine deposited [mmol m−2 s−1]
(e)Mixed Layer Depth (MLD; m), and (f) ∆DIC accumulation [PgC; positive: increase in DIC accumulation; negative:
loss of DIC due to vertical and lateral transport] in top 0.5 km (dark purple), 0.5-1 km (orchid), below 1 km (light purple).
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abstract

Ocean Alkalinity Enhancement (OAE) is a carbon dioxide removal method that accelerates
ocean carbon uptake, reduces atmospheric CO2 concentrations, and thus supports the climate
goals of the Paris Agreement. In this study, we compare OAE in the global ocean to OAE in
subduction regions that are pivotal for anthropogenic carbon uptake and sequestration. Using
an Earth System Model, we conducted emission-driven simulations under a high-emission
scenario. From 2030 to 2100, we deposited 0.080 Pmol yr−1 and 0.018 Pmol yr−1 of alkalinity
uniformly in the global ocean and subduction regions in the Southern Ocean, Northwest
Atlantic and Norwegian-Barents Sea region, respectively. By 2100, OAE efficiency, calculated
as the ratio of excess dissolved inorganic carbon to excess alkalinity, showed limited regional
sensitivity, with comparable values in all simulations (0.72 ± 0.03). The Earth System Model
simulations did not replicate the efficient downward carbon transport as found in previous
ocean-only simulations because strong internal variability influenced deep ocean carbon
storage. A strong linear relationship emerged between added alkalinity and the atmospheric
CO2 reduction across our simulations and previous studies. Global OAE reduced atmospheric
CO2 by 20.4 ± 0.6 ppm by 2100, while regional OAE in subduction regions reduced it by
3.6 ± 1.1 ppm. The land carbon sink weakened by 3.6 ± 3.4 PgC and by 2.0 ± 3.0 PgC
in global and regional OAE, respectively. Climate feedbacks introduced high inter-annual
and internal variability, illustrating the expected challenges to quantify OAE effects in real
world applications. Overall, this study finds minimal differences in OAE efficiency between
subduction regions and global ocean by the end of multi-decadal experiments. However, large
uncertainties in the first decade of the regional application due to climate variability and Earth
System Feedbacks pose challenges for Monitoring, Reporting and Verification of OAE.

Keywords: Ocean Alkalinity Enhancement, Subduction regions, Efficiency, Earth System
Feedbacks

introduction

The oceans are pivotal in regulating atmospheric CO2 concentrations and have taken up about
a quarter of the anthropogenic CO2 emitted since preindustrial times (Friedlingstein et al.,
2022; Gruber et al., 2019). One of the main drivers for oceanic carbon uptake and outgassing is
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alkalinity, defined as the excess of proton acceptors over donors in seawater (Wolf-Gladrow
et al., 2007; Zeebe and Wolf-Gladrow, 2001). Naturally, land weathering processes deposit
alkalinity in the surface ocean, shifting carbonate equilibria by converting dissolved CO2 into
HCO3

– and CO3

2 – ions, which are not directly exchangeable with the atmosphere, aiding
long-term carbon sequestration. The chemical shift lowers the partial pressure of CO2 (pCO2)
at the ocean surface, enhancing oceanic CO2 uptake (Hartmann et al., 2013; Middelburg et al.,
2020). However, the current rate of oceanic CO2 uptake due to natural land weathering is
almost two orders of magnitude lower than the anthropogenic CO2 emission rates (Archer,
2005), and thus cannot mitigate rising atmospheric CO2 levels and global warming. Hence,
in order to achieve the climate goal by the Paris Agreement to limit the global temperature
increase to 2

◦C above pre-industrial levels by 2100, drastic emission reductions will likely need
to be accompanied by efforts of various Carbon Dioxide Removal (CDR) methods (UNFCCC,
2015). Ocean Alkalinity Enhancement (OAE) is an ocean-based CDR method that can artificially
elevate the rate of oceanic CO2 uptake (Hauck et al., 2016; Ilyina et al., 2013; Keller et al., 2021;
Kheshgi, 1995). This can be achieved by spreading alkaline powder or solutions from various
sources, such as lime, olivine, basalt, calcium carbonate or hydroxide over the ocean surface
(Caserini et al., 2022).

Earth System Models (ESMs) demonstrate that OAE in high-emission scenarios strengthens
the ocean carbon sink, while the land carbon sink weakens due to atmospheric CO2 reduction
(González and Ilyina, 2016; Jeltsch-Thömmes et al., 2024; Keller et al., 2014; Lenton et al., 2018;
Palmiéri and Yool, 2024). Ocean-only models have also been used to explore OAE efficiencies
in both global and regional applications, yielding varying results over the last decade after
75-80 years of deployment. For instance, OAE in large-scale biomes showed highest efficiencies
in the Southern Ocean and lowest in the North Atlantic (Burt et al., 2021). Contrarily, similar
efficiencies were found for global OAE and OAE along ship-tracks (Köhler et al., 2013), as
well as for continuous OAE deployed globally and in the subduction regions of the Southern
Ocean and North Atlantic. Notably, subduction regions could transfer ∼2 times more carbon
to the deep ocean compared to OAE in the global ocean (Nagwekar et al., 2024). However, this
contrasts with month-long pulsed OAE studies, which report low efficiencies in subduction
regions due to low residence times of the water masses at the ocean surface and subsequent
alkalinity loss to the deep ocean (Bach et al., 2023; He and Tyka, 2023; Jones et al., 2014). Note
that ocean-only models estimate the ’capture efficiency’ of OAE due to prescribed atmospheric
CO2 and exclusion of climate feedbacks and thus tend to overestimate OAE efficiency globally
and regionally compared to ESMs (’Earth System efficiency’, Schwinger et al., 2024).

This study quantifies the OAE efficiency of deep and bottom water formation regions in
the Southern Ocean, Northwest Atlantic and Norwegian-Barents Sea region in response to
OAE in the 21

st century in an ESM with a fully interactive carbon cycle. Through ensemble
simulations, we also address uncertainties from internal climate variability, which may pose
significant challenges for OAE’s Monitoring, Reporting, and Verification (MRV; Ho et al., 2023).
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methods

Model Description

The OAE simulations use the Alfred Wegener Institute Earth System Model (AWI-ESM-1-
REcoM, Danek et al., 2023), based on the AWI Climate Model (AWI-CM1; Semmler et al., 2020)
but includes the ocean biogeochemistry model REcoM and incorporates dynamic vegetation.
The atmosphere component is modeled by ECHAM6.3 (Giorgetta et al., 2013; Stevens et al.,
2013). Land vegetation and carbon dynamics are modeled with JSBACH3.20 (Reick et al., 2021),
and the terrestrial hydrological discharge with HDMODEL (Hagemann and Dümenil, 1997).
The ocean and sea-ice component is simulated with FESOM1.4 (Danilov et al., 2004; Wang et al.,
2014), and the ocean biogeochemistry with REcoM2 (Hauck et al., 2013; Schourup-Kristensen
et al., 2014). REcoM2 has 28 prognostic tracers and simulates marine carbonate chemistry and
air-sea CO2 exchange using the mocsy 2.0 routines (Orr and Epitalon, 2015). FESOM1.4 and
REcoM2 are discretized on an unstructured mesh with 126859 surface nodes (the so-called
CORE mesh) that has a finer resolution (∼20-30 km) in the equatorial region, north of 60

◦N
and in coastal Antarctica, and a coarser resolution (∼120 km) in subtropical gyres. The mean
horizontal resolution is ∼75 km, with 46 uneven vertical levels, varying from 5 m thickness at
the surface to 250 m in the deep ocean (Wang et al., 2014).

Experimental Setup

We start from a 970 years emission-driven spinup with preindustrial forcing following the
CMIP6 protocol (Eyring et al., 2016) and select three years spaced 25 years apart to branch off
three historical simulations from 1850 to 2014 (experiment ’esm-hist’ from C4MIP protocol,
Jones et al., 2016). These three ensemble members represent internal climate variability due
to distinct initial climate conditions. Subsequently, future scenario simulations are carried
out for the high-emission scenario SSP3-7.0 and for each ensemble member, following the
scenario simulation C4MIP protocol (Jones et al., 2016). This scenario assumes inadequate
climate policies to meet the Paris Agreement goal, with increasing CO2 emissions that lead to
an atmospheric CO2 concentration of 867 ppm by 2100, and to global warming of 3-5◦C above
preindustrial levels (O’Neill et al., 2016). These future projection simulations (2015-2100) are
termed as control (CTRL) simulations. The OAE simulations are branched off in 2030 from
their respective CTRL and are computed until the end of 2100.

Identifying deep and bottom water formation regions

Using the Water Mass Transformation (WMT) and Water Mass Formation (WMF) framework
(Walin, 1982; Pellichero et al., 2018) we locate subduction regions in the Southern Ocean (SO;
south of 40

◦S), Northwest Atlantic (NWA; Labrador Sea, Irminger Sea, Iceland Sea and shelf
regions of Davis Strait collectively; 50

◦N-75
◦N; 70

◦W-17
◦W) and the Norwegian-Barents Sea

(Gruber et al., 2009; Våge et al., 2009; NBS; 62
◦N–77

◦N; 60
◦E-10

◦W). The framework provides
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Figure 4.1: Red regions represent alkalinity deposition mask for the subduction regions in the
Southern Ocean, Northwest Atlantic, and the Norwegian-Barents Sea region.

the magnitude at which a certain water mass is made denser or lighter due to diabatic processes
like surface buoyancy fluxes, diapycnal mixing in the ocean interior and the rate of changes in
lateral transport and mixing, ensuring mass conservation in a given density range (Abernathey
et al., 2016; Pellichero et al., 2018; Nissen et al., 2022). As expected, it diagnoses deep, bottom
and intermediate WMF regions based on the surface buoyancy fluxes in the Southern Ocean
and the North Atlantic. Additionally, subduction is detected in Davis Strait shelves, a feature
absent in observations (Jeansson et al., 2017; Jeansson et al., 2023) highlighting model limitations
(also see Nagwekar et al., 2024). Further details on WMT/WMF calculations are given in the
supplement (Text S1). Using the three historical ensemble members (1950-2014), we conduct
the WMT/WMF analysis to identify subduction in the SO, NWA and NBS and create alkalinity
deposition masks for each member. We choose the mask with the largest area of alkalinity
deposition for OAE experiments in all ensemble members (Figure 4.1).

Ocean Alkalinity Enhancement Model Experiments and Efficiency

We simulate the three ensemble members for global OAE (GLO-ALK) and subduction regions
OAE (SUB-ALK) with continuous alkalinity addition from 2030 to 2100. For GLO-ALK, 0.082

Pmol yr−1 of alkalinity is deposited (equivalent to 3 Pg yr−1 olivine deposition; Hauck et
al., 2016; Köhler et al., 2013). In SUB-ALK, using the subduction regions deposition mask
(Figure 4.1), 0.018 Pmol yr−1 alkalinity is deposited (equivalent to 0.66 Pg yr−1 olivine). In both
cases, added alkalinity is scaled with relative sea-ice cover in each grid cell and time-step, with
no alkalinity addition in fully ice-covered cells. Hence, due to shrinking sea-ice cover towards
the end of the century, ∼1.9% more alkalinity was added in the 2090s compared to the 2030s
(Table 4.1).
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The OAE efficiency is calculated as the ratio of excess volume-integrated dissolved inorganic
carbon (DIC) to excess volume-integrated alkalinity (ηCO2 = ∆DIC/∆Alk; Renforth and
Henderson, 2017). It accounts for the accumulated increase in DIC and alkalinity relative to the
CTRL (Nagwekar et al., 2024). We report efficiencies calculated from globally integrated ∆DIC
and ∆Alk for GLO-ALK and SUB-ALK (Table 4.1).
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Simulations
Alkalinity added ∆FCO2 ηCO2 ∆FCO2 ocean

[Pmol yr−1] [PgC yr−1] (∆DIC/∆Alk) cumulative [PgC]

2030s 2090s 2100 2030s 2090s 2030s 2090s 2030s 2090s 2100

[Pmol]

GLO-ALK 0.078 0.080 5.57 0.53 0.75 0.46 0.73 2.67 45.28 49.54

±0.09 ±0.16 ±0.05 ±0.01 ±0.21 ±0.76 ±0.74

SUB-ALK 0.017 0.018 1.28 0.13 0.20 0.38 0.71 0.59 10.10 11.21

±0.10 ±0.15 ±0.20 ±0.03 ±0.22 ±0.51 ±0.54

Simulations
∆FCO2 land ∆DIC top 1 km ∆DIC below 1 km

cumulative [PgC] [PgC] [PgC]

2030s 2090s 2100 2030s 2090s 2100 2030s 2090s 2100

GLO-ALK −0.14 −4.17 −3.56 2.08 41.27 45.32 0.11 1.32 1.16

±2.01 ±2.66 ±3.39 ±0.45 ±0.77 ±1.29 ±0.55 ±0.50 ±0.72

SUB-ALK −1.44 −0.73 −1.99 0.26 9.50 10.23 0.19 −0.084 0.27

±3.11 ±2.64 ±3.0 ±0.32 ±1.0 ±1.49 ±0.25 ±0.93 ±1.79

Simulations
∆DIC below 1 km Atmospheric CO2 ∆SAT

[%] [ppm] [◦C]

2030s 2090s 2100 2030s 2090s 2100 2030s 2090s 2100

GLO-ALK 5.02 3.10 2.50 −0.77 −18.57 −20.43 0.005 −0.053 −0.043

±55.0 ±39.4 ±35.8 ±0.64 ±0.99 ±0.59 ±0.066 ±0.092 ±0.18

SUB-ALK 42.22 −0.89 2.57 0.28 −4.35 −3.6 0.001 0.016 0.054

±43.9 ±48.2 ±45.4 ±0.95 ±0.89 ±1.12 ±0.088 ±0.076 ±0.053

Table 4.1: Amount of alkalinity added and response of the Earth System to the ocean alkalinity
enhancement. We report added alkalinity after scaling with sea-ice cover, excess of oceanic
CO2 uptake (∆FCO2), the efficiency metric ηCO2 that is calculated as the volume-integrated
excess dissolved inorganic carbon (DIC) over volume-integrated excess alkalinity over the
global ocean, the cumulative changes in air-sea (∆FCO2 ocean cumulative) and air-land
CO2 flux (land CO2 flux cumulative). We further list the increase in the DIC concentration
in the top 1 km, below 1 km of the global ocean and percent of carbon stored below 1

km, changes in the atmospheric CO2 mixing ratio and the Surface Air Temperature (SAT;
2 m). The numbers are calculated as OAE experiment minus CTRL and are reported as
an average over the 2030s, 2090s and the year 2100. Alkalinity added in the year 2100

represents the cumulative value.
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results and discussion

Variability in the oceanic CO2 uptake in response to OAE

Figure 4.2: Ocean carbon response to ocean alkalinity enhancement for global (GLO-ALK) and
subduction region (SUB-ALK) experiments. (a) Global oceanic CO2 uptake in the Control
(CTRL) and OAE simulations. The 2090-2099 mean difference between CTRL and GLO-
ALK is shown by the green bar, and between CTRL and SUB-ALK by the purple bar. (b)
OAE efficiency ηCO2, calculated as the volume-integrated increase in dissolved inorganic
carbon (DIC) divided by the volume-integrated increase in alkalinity relative to the CTRL
simulation. The average ηCO2 over the 2090s is indicated by a green bar for GLO-ALK and
a purple bar for SUB-ALK. Shades around the lines represent the standard deviation of
the ensemble members. (c) Increase in CO2 flux relative to CTRL versus added alkalinity
averaged over 2090-2099 for different studies using ocean-only and Earth System Models
in a high emission scenario. Solid black and gray lines are the linear fits. Solid black linear
fit is only for the studies with comparatively low levels of alkalinity addition and solid
gray linear fit is for the studies with low as well as the study with a very high amount of
alkalinity addition.

Alkalinity perturbation globally and in the subduction regions enhance CO2 uptake through-
out the century compared to the CTRL simulation (Figure 4.2a), although regional differences
arise between ensemble members due to ocean-atmosphere interactions (Figure 4.3a-c). In
GLO-ALK, CO2 uptake relative to CTRL (∆FCO2) is enhanced by 0.52 PgC yr−1 in the 2030s
and by 0.75 PgC yr−1 in the 2090s. In SUB-ALK, CO2 uptake rises by 0.13 PgC yr−1 (2030s)
and 0.20 PgC yr−1 (2090s). The increase in ∆FCO2 over time results from delayed equilibration
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between ocean and atmosphere (Bach et al., 2023; Jones et al., 2014) and elevated ocean carbon-
ate chemistry sensitivity to enhanced alkalinity at the end of the century in a high-CO2 world
(Hauck et al., 2016).

Our results show that by the end of the century, CO2 uptake in GLO-ALK and SUB-ALK
scales linearly with the amount of added alkalinity, as also seen in other ESMs and ocean-
only models (Figure 4.2c). For instance, when adding as much alkalinity as in our GLO-ALK
experiment to coastlines globally, the OAE-induced CO2 uptake is comparable to our simulation
(0.8 PgC yr−1, Palmiéri and Yool, 2024). This implies that the ocean CO2 response to OAE scales
primarily with alkalinity input, while regional differences are secondary. Accordingly, higher
alkalinity deposition globally or regionally (0.25 and 1.4 Pmol yr−1) results in proportionally
higher excess CO2 uptake (González and Ilyina, 2016; Ilyina et al., 2013; Keller et al., 2014;
Sonntag et al., 2018). However, the ocean-only models show higher excess CO2 uptake than
ESMs for the same alkalinity addition. For example, depositing 0.078 Pmol −1 of alkalinity
globally using an ocean-only setup increased the CO2 uptake by 0.9-1.0 PgC yr−1 (Hauck et al.,
2016; Nagwekar et al., 2024), which is 0.1-0.2 PgC yr−1 higher than in the emission-driven ESM
simulation GLO-ALK. Similarly, Burt et al. (2021), using an ocean-only model with the same
alkalinity addition (0.25 Pmol yr−1

1; 2020-2100) as in the ESM studies of Keller et al. (2014) and
Lenton et al. (2018), reported a slightly higher CO2 uptake by 0.1 PgC yr−1 compared to the
ESM studies. This difference is attributed to climate feedbacks in the ESMs and thus confirms
that ocean-only studies provide an upper limit estimate of the increase in excess CO2 uptake
(Schwinger et al., 2024).

The OAE efficiencies of GLO-ALK and SUB-ALK converge in the 2090s (0.71-0.73), which is
in line with other OAE studies using an ESM (e.g., 0.72-0.78; Feng et al., 2017; Palmiéri and
Yool, 2024). However, efficiencies vary substantially in the first 20 years of the simulations
(Figure 4.2b), due to different initial climate conditions in each ensemble member that influence
the earth system response to OAE. Compared to GLO-ALK (8.5% standard deviation around
the mean), SUB-ALK shows explicitly high variability among its ensemble members (±55.5%).
Since the initial decades are key for real-world applications, the high uncertainty in efficiency
of regional applications during this period will be a challenge for MRV. Following the larger
OAE-induced ocean CO2 uptake in ocean-only models, they also reported higher efficiencies,
ranging from 0.85 to 0.95 for global and regional OAE (Burt et al., 2021; He and Tyka, 2023;
Nagwekar et al., 2024; Wang et al., 2023). This again underlines the role of climate feedbacks in
determining the OAE efficiency.

In an ocean-only setup, global and subduction regions OAE revealed nearly uniform spatial
patterns of CO2 flux changes relative to CTRL (∆FCO2), with consistent positive anomalies
(Nagwekar et al., 2024). In contrast, ESM simulations for GLO-ALK and SUB-ALK display more
regional heterogeneity in ∆FCO2, with negative anomalies (FCO2 lower in OAE than in CTRL)
caused by climate feedbacks (Figure 4.3a-f). Consequently, each ensemble member exhibits
distinct regional patterns due to specific land-ocean-atmosphere interactions. For instance,
in SUB-ALK, positive ∆FCO2 (FCO2 higher in OAE than in CTRL) occurs predominantly in
the Southern Ocean, where we deposit alkalinity, but the Weddell Sea response varies across
ensemble members. The North Atlantic also shows ensemble member-dependent results, with
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Figure 4.3: Spatial patterns for changes in the air-sea CO2 flux relative to CTRL (∆FCO2) for each
ensemble member averaged over 2030-2100 in (a,b,c) GLO-ALK and (d,e,f) SUB-ALK.
CO2 flux in CTRL is positive for uptake and negative for outgassing. In the ∆FCO2 maps,
positive indicates an increase in FCO2 relative to CTRL and negative indicates a decrease
in FCO2 relative to CTRL. Correlation coefficients for GLO-ALK in the first ensemble
member (E1) between CO2 flux anomalies and (g) Mixed Layer Depth (MLD) anomalies,
(h) Wind Speed anomalies and (i) Sea Surface Temperature (SST) anomalies, respectively.
The hatched regions show where the correlation coefficient is not statistically significant
(confidence level=0.95). All correlations are calculated from monthly means over 2030-2100.
See supplement Figure S3 and S4 for the correlation patterns in other ensemble members
for GLO-ALK and SUB-ALK.

the first ensemble member in SUB-ALK exhibiting a negative ∆FCO2, while the other two
ensemble members show a positive anomaly (Figure 4.3d-f). This response is likely linked
to the variable deep mixing in the Southern Ocean and North Atlantic. In summary, these
experiments illustrate how the spatial CO2 flux response to OAE is modified by internal climate
variability.

The differences of CO2 flux anomalies between ensemble members can be explained through
well-known drivers of air-sea CO2 fluxes that seemingly vary between ensemble members (e.g.,
Takahashi et al., 2009). Here, we illustrate this through maps of correlations between CO2 flux
anomalies with MLD (as a proxy for mixing), wind speed (as the major driver of gas-exchange)
and SST anomalies (as a proxy for solubility). We find significant correlations throughout most
of the global ocean (Figure 4.3g-i) that are robust across ensemble members (Figure S3-S4).
Higher CO2 uptake in response to OAE occurs when the MLD is shallower, wind speeds are
stronger, and SST is lower compared to the CTRL.
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Long-term carbon storage in form of Dissolved Inorganic Carbon

Figure 4.4: Volume-integrated dissolved inorganic carbon (DIC) relative to CTRL (a) in the top 1

km and (b) below 1 km for global OAE (GLO-ALK; green) and subduction regions OAE
(SUB-ALK; purple). Solid lines represent the Earth System Model (ESM) simulations (this
study) and dashed lines show ocean-only simulations (Nagwekar et al., 2024). Shades
around the lines represent the standard deviation of the ensemble members. (c,d) Spatial
patterns for changes in DIC in the GLO-ALK experiment relative to CTRL using the ESM
in the top 1 km and below 1 km, respectively. See supplementary Figures S5 and S6

for ∆DIC spatial patterns in individual ensemble members of GLO-ALK and SUB-ALK
respectively.

We next assess changes in the DIC inventory (∆DIC) to evaluate the OAE impact on deep
ocean carbon storage in subduction regions versus the global ocean. In the top 1 km of the water
column, 41.3 ± 0.8 PgC of DIC is accumulated in GLO-ALK and 9.5 ± 1.0 PgC in SUB-ALK
until 2090s (relative to CTRL, Table 4.1). Carbon accumulation is positive throughout the top
1 km, with a low interannual variability and ensemble spread (Figure 4.4a). The maximum
accumulation is found in the top 100 m depth in both the experiments. Below 1 km, ∆DIC
shows high annual fluctuations and variability across the ensemble members, with lower
accumulation than CTRL during certain decades (Figure 4.4b). This variability on a global
and regional scale arises from climate feedbacks to OAE and internal climate variability in the
ESM. The role of climate feedbacks is illustrated by SUB-ALK relatively transferring on average
8.4 times more excess carbon below 1 km than GLO-ALK in the 2030s, but accumulating less
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excess carbon below 1 km compared to GLO-ALK in the 2090s with large variability across
the ensemble. In an ocean-only setup without climate feedbacks, SUB-ALK could transfer ∼2

times more carbon to the deep ocean than GLO-ALK by the 2090s (Nagwekar et al., 2024).
Internal climate variability is depicted by the fact that for the first ensemble member, SUB-ALK
accumulates more carbon than GLO-ALK in 2090s, whereas the other two ensemble members
render the opposite. This illustrates that without ensemble simulations, the impact of internal
climate variability on storage efficiency would be overlooked.

Along with temporal variability, ∆DIC also exhibited spatial variability (Figure 4.4c-d).
Positive ∆DIC occurs in the top 1 km, with maximum accumulation in the gyre system, the
Arctic, and the Southern Ocean. Below 1 km, ∆DIC increases prominently in the North Atlantic
and along the Antarctic coast. Surprisingly, both the upper 1 km and the layer below 1 km have
negative ∆DIC anomalies, i.e., the DIC is lower in OAE simulations compared to the CTRL. As
this is not found in the ocean-only simulations, this must be driven by climate feedbacks that
leads to redistribution of DIC within the water column. Possible processes that may play a role
in these feedbacks are altered ocean circulation, mixing, biological productivity in the euphotic
zone, and shifts of ocean fronts (Clement and Gruber, 2018; Keppler et al., 2023; Doney et al.,
2009). These confounding effects present a challenge for MRV that rely on measurements of
changes in DIC and alkalinity inventories due to OAE.

Impact of OAE on Atmospheric CO2, Surface Air Temperature (SAT), and Land Carbon Fluxes

A crucial outcome of OAE for climate change mitigation is the atmospheric CO2 reduction.
GLO-ALK and SUB-ALK reduce atmospheric CO2 by 20.4 ± 0.6 ppm and 3.6 ± 1.1 ppm,
respectively, in 2100 (Figure 4.5a). The reduction in atmospheric CO2 scales linearly with the
added amount of alkalinity (Figure 4.5c, R2 = 1). This linear relationship persists across various
studies, despite differences in model configuration, resolution, and underlying assumptions,
such as the region, period, method and material used for OAE deployment. Palmiéri and Yool
(2024), simulated a decrease of 20.8 ppm in atmospheric CO2 by 2100 from OAE along global
coasts, which is comparable in terms of added alkalinity (0.078 Pmol yr−1) and CO2 reduction
to our GLO-ALK experiment. This suggests a limited regional sensitivity in atmospheric CO2

reduction, consistent with findings by Lenton et al. (2018), who reported a CO2 reduction
of 82-86 ppm for 0.25 Pmol yr−1 alkalinity addition globally and regionally by the end of
the 21

st century. However, the atmospheric CO2 reduction simulated in our experiments
and in other studies is small compared to the historical atmospheric CO2 increase due to
fossil fuel emissions and land-use change. This re-emphasizes the need for drastic emission
reduction prior to application of a portfolio of negative emissions technologies, to which
OAE could contribute. It is common sense that OAE would be more effective in mitigating
climate change and minimizing negative impacts on marine ecology in low-emission pathways,
as these align better with emission reduction strategies and net-zero targets (Ho, 2023). To
reduce atmospheric CO2 by 450 ppm and limit temperature rise to 1.5◦C within a high-emission
scenario, an unrealistically large amount of alkalinity (1.4 Pmol yr−1) addition would be needed
(González and Ilyina, 2016). While OAE modeling studies often use high-emission scenarios,
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Figure 4.5: Time series for the change in (a) atmospheric CO2 and (b) surface air temperature
relative to the CTRL in global OAE (GLO-ALK; green) and subduction region OAE (SUB-
ALK; purple). Shades around the lines represent the standard deviation of the ensemble
members. Scatter plots showing the relationship between (c) added alkalinity and the
corresponding reduction in atmospheric CO2 concentration, and (d) atmospheric CO2
reduction and the decrease in surface air temperature (SAT; 2 m) across different studies
using various Earth System Models. Solid black linear fit is only for the studies with
comparatively low levels of alkalinity addition or atmospheric CO2 reduction and solid
gray linear fit is for the studies with low as well as the study with a very high amount of
alkalinity addition or atmospheric CO2 reduction.

the scenario dependence of OAE is relatively low, hence the results will be transferable to other
emission pathways (Lenton et al., 2018; Nagwekar et al., 2024).

The atmospheric CO2 reduction stimulated fluctuations in SAT (2 m). Compared to the CTRL
simulation, SAT is reduced by a statistically insignificant 0.053 ± 0.092

◦C (GLO-ALK) and 0.016

± 0.076
◦C (SUB-ALK) in the 2090s. In addition, the interannual variability is strong and SAT

can at times also become higher than in the CTRL simulation. A comparison with other studies
indicates that the response of SAT to atmospheric CO2 reduction is highly model dependent
(Figure 4.5d). In contrast to the well understood carbon system response to OAE (Figure 4.5c),
the SAT signal depends on the model’s equilibrium climate sensitivity (ECS). For instance,
Palmiéri and Yool (2024) show a higher SAT reduction for a similar decrease in atmospheric
CO2 as our GLO-ALK (Figure 4.5d), due to the higher ECS of UK-ESM (5.4◦C; Sellar et al., 2019)
compared to AWI-ESM (3.2◦C; Semmler et al., 2020). Further, a lag of approximately a decade
in SAT response following CO2 decline due to OAE has been reported (Jeltsch-Thömmes et al.,
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2024). However, over a 70-years simulation, this lag probably has only a small effect on the
relationship between ∆SAT and atmospheric CO2 reduction by 2100. Our simulations as well
as previous studies suggest that the scale of OAE applied here (0.018-0.25 Pmol yr−1) results in
a negligible SAT decrease by 2100 (Figure 4.5d). Thus, at this scale, OAE can only be effective
if implemented along with drastic emission reductions and with a portfolio of other CDR
techniques.

Figure 4.6: Time series for the cumulative change in (a) the oceanic CO2 flux and (b) the land CO2
flux changes. Positive: strengthening of the carbon sinks. Both global OAE (GLO-ALK)
and subduction region OAE (SUB-ALK) are relative to the CTRL simulation. Solid lines
represent the ensemble mean and the shading is the standard deviation of the three
ensemble members.

In our GLO-ALK simulation, the atmospheric CO2 is reduced by 43.4 ± 1.3 PgC relative
to CTRL by 2100, of which 49.5 ± 0.7 PgC is taken up by the oceans and the land uptake
is reduced by 3.6 ± 3.4 PgC. SUB-ALK results in removal of 7.6 ± 2.4 PgC atmospheric
CO2 relative to CTRL by 2100, with the oceans taking up 11.2 ± 0.5 PgC and land uptake
weakening by 2.0 ± 3.0 PgC (Figure 4.6a,b). This implies that the ocean’s response to OAE
is robust, whereas the land response is weaker and more variable. In SUB-ALK, changes in
the land carbon sink remain indistinguishable from zero throughout the 21

st century due to
lower alkalinity addition. Contrarily, in GLO-ALK, the differences deviate from zero after 2080,
implying that the effect of alkalinity addition has a time of emergence of 50 years. Generally,
OAE can affect the land carbon cycle through alterations in the atmospheric CO2 and SAT.
A reduction in atmospheric CO2 diminishes the CO2 fertilization effect, leading to a lower
rate of carbon uptake by vegetation (Jeltsch-Thömmes et al., 2024). Additionally, changes in
the SAT and precipitation influence the vegetation dynamics and soil carbon storage, further
affecting the land carbon cycle (Adloff et al., 2018). In our simulations, the higher reduction in
atmospheric CO2 and SAT in GLO-ALK, resulting from higher total alkalinity addition, leads
to a stronger weakening of the land carbon sink compared to SUB-ALK over the 21

st century.
Our results are in line with previous studies that reported a weakening of the land carbon sink
in both global and regional OAE experiments of varying magnitude based on amount of added
alkalinity and corresponding atmospheric CO2 and SAT reduction (González and Ilyina, 2016;
Keller et al., 2014; Lenton et al., 2018; Palmiéri and Yool, 2024). Our simulations also point to a
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large internal variability of the land carbon sink that will complicate its quantification if that is
considered necessary as part of MRV.

Limitations

We conducted idealized OAE experiments assuming instantaneous and complete dissolution of
the added alkaline mineral in the surface ocean. While being consistent with prior studies using
prescribed alkalinity addition rates (Butenschön et al., 2021; Hauck et al., 2016; Keller et al.,
2014; Lenton et al., 2018), it eludes how ambient seawater temperature, pH and mineral grain
size affect the dissolution dynamics. Maximum dissolution rate is achieved with finely ground
minerals (∼1 µm) are dissolved in warmer, more acidic seawater (Feng et al., 2017; Köhler
et al., 2013; Palmiéri and Yool, 2024). However, the energy consumption in mining, grinding,
transportation, and distribution of the minerals reduces the overall efficiency, which is not
considered in this study. Another unaddressed risk in our study is secondary calcium carbonate
precipitation at high alkalinity concentrations, that may result in runaway precipitation and
reduced OAE efficiency (Hartmann et al., 2023; Moras et al., 2022). Suitner et al. (2024) observed
runaway precipitation when aragonite saturation states (Ωa) exceeded a threshold of 2.5-5.0. In
another experiment, secondary precipitation reduced the OAE efficiency from 0.8 to 0.1 mol
CO2 per mol alkalinity above an Ωa threshold of ∼7 (Moras et al., 2022). Our model simulations
reached a maximum value of 1.5 ± 0.03 over 2090s at the ocean surface, suggesting our global
and regional experiments could be a safe limit in terms of runaway precipitation.

While we added pure alkalinity to our model without accounting for potential biological
effects, the different alkaline minerals used for OAE can differ considerably in terms of
efficiency, and may have a negative effect on marine ecosystems. Reported effects include
species-specific reduction in growth rates of diatoms and phytoplankton (Ferderer et al., 2022;
Guo et al., 2022) and disruption of seafloor ecosystem due to sinking of undissolved alkaline
mineral grains used for OAE (Feng et al., 2017; Fuhr et al., 2022). However, the extent and nature
of these effects are not yet fully understood and require further investigation. Assessing these
biological impacts falls outside the scope of this study, but future research should integrate
potential ecological effects into biogeochemical models.

conclusion

Ocean Alkalinity Enhancement experiments in the global ocean (GLO-ALK) and in subduction
regions (SUB-ALK) resulted in similar efficiencies over the 2090s (0.72 ± 0.03) in an emission-
driven Earth System Model (ESM). However, climate feedbacks introduced high inter-annual
and internal variability, which was strongest in SUB-ALK during the initial decades of deploy-
ment. These feedbacks also modified the OAE effects on atmospheric CO2 reduction and, in
turn, land carbon fluxes. Notably, land fluxes offset the enhanced ocean carbon sink by 7.3 ±
6.8% (GLO-ALK) and 17.8 ± 26.6% (SUB-ALK) in the 2090s. The OAE levels in our simulations
had no significant effect on surface air temperature. While the capture efficiency of OAE,
derived from ocean-only models with prescribed atmospheric CO2, is more comparable with
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the current carbon accounting practices (Schwinger et al., 2024), our ESM simulations highlight
the importance of understanding climate feedbacks for effective Monitoring, Reporting, and
Verification of OAE.
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Text S1: Water Mass Transformation and Water Mass Formation 
 

 
 
Figure S1: Water Mass Transformation (WMT, left) and Water Mass Formation (WMF, right) rates for the subduction 
regions. (a,c, and e) The annual mean surface WMT rates (Sv) integrated over 0.025 kg/m3 density bins in panel (a) the 
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Southern Ocean, (c) the Northwest Atlantic, and (e) the Norwegian-Barents Sea region as a function of the potential density 
anomaly s2  (kg/m3) due to the total buoyancy flux (black), heat flux (red), evaporation minus precipitation (E-P; dark blue), 
and the sea-ice induced freshwater flux (light blue). The shading marks the density ranges of downwelling (red) and 
upwelling (blue). (b, d, and f) The annual mean surface WMF rates (Sv) for the different subduction regions are integrated 
over 0.1 kg/m3 density bins. The total WMF (black bars) results from the contribution of the heat flux (red bars) and the two 
components of the freshwater flux, that is E-P (dark blue bars) and sea-ice (light blue bars). Positive values represent 
subduction/downwelling (red shaded regions) and negative values represent upwelling (blue shaded regions).   
 

 
 
Figure S2: The regional mask for alkalinity deposition, obtained by using the isopycnal outcrops for deep and bottom water 
formation areas from the water mass formation analysis. (a) Southern Ocean, (b) Northwest Atlantic, and (c) Norwegian-
Barents Sea regions. The black boxes for the Northwest Atlantic and the Norwegian-Barents Sea region denote the areas 
considered for the water mass transformation analysis. For the Southern Ocean, we consider the areas south of 40°S. 
 
We relate the monthly surface buoyancy fluxes, i.e., heat flux, freshwater flux decomposed into sea-ice formation 
and melting and evaporation minus precipitation (E-P), to the surface density distribution to derive Water Mass 
Transformation (WMT) rates (Nagwekar et al., 2024; Nissen et al., 2022; Figure S1). Water Mass Formation 
(WMF) rate, is the derivative of WMT with respect to density, and shows where water masses converge (WMF>0; 
downwelling) or diverge (WMF<0; upwelling) in given density bins (Pellichero et al., 2018).  In the Southern 
Ocean subduction occurs primarily due to sea-ice formation and loss of heat in the density bins >36.8 kg/m3 (red 
shaded region in Figure S1a and S1b). This density range is representative of the Antarctic Bottom Water (AABW) 
formation in the Weddell and Ross Sea basins (Orsi et al., 1999). The Antarctic Intermediate and Subantarctic 
Mode Water (AAIW and SAMW) masses are found between 45 and 60°S characterized by the freshwater flux 
(Cerovečki & Mazloff, 2016; Hartin et al., 2011; Talley, 2008). Accordingly, our model simulations suggest the 
E-P component of freshwater flux leads to subduction in the density bins between 33.1 and 35.5 kg/m3 (Figure 
S1a and S1b) which represent the AAIW and SAMW formation regions in the Subantarctic (Figure S2a). 
Buoyancy induced upwelling occurs in between 35.5 and 36.8 kg/m3 (blue shaded regions in Figure S1a and S1b). 
In the North Atlantic the formation of North Atlantic Deep Water mainly occurs due heat loss (Dickson & Brown, 
1994; Jeansson et al., 2017; Våge et al., 2009). Similarly, our model also suggests heat loss to be the main driver 
of subduction in the Northwest Atlantic in the density bins >36 kg/m3 and in density bins between 34.6 and 35.4 
kg/m3 (Figure S1c and S1d). Similarly, in the Norwegian-Barents Sea regions subduction occurs in the density 
bins >36.6 kg/m3 primarily due to heat loss (Figure S1e and S1f). The density thresholds obtained from the WMF 
analysis are then used to locate the subduction regions in the Southern Ocean, Northwest Atlantic and Norwegian-
Barents Sea regions (Figures S2a, S2b and S2c). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

bibliography 91



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure S3: Correlation coefficient across the three ensemble members in the SUB-ALK experiment between the I flux 
anomalies and (a,b,c) Mixed Layer depth anomalies, (d,e,f) Wind Speed anomalies and, (j,h,i) Sea Surface Temperature 
anomalies. The hatched regions show where the correlation coefficient is not statistically significant (confidence level=0.95). 
All correlations are calculated from monthly means over 2030-2100. 
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Figure S4: Correlation coefficient across the two ensemble members in the GLO-ALK experiment between the CO2 flux 
anomalies and (a,b) Mixed Layer depth anomalies, (c,d) Wind Speed anomalies and, (e,f) Sea Surface Temperature 
anomalies. The hatched regions show where the correlation coefficient is not statistically significant (confidence level=0.95). 
All correlations are calculated from monthly means over 2030-2100. 
 

 
 
Figure S5: Spatial patterns for changes in deph-integrated DIC in the GLO-ALK experiment relative to CTRL for the three 
ensemble members in (a,b,c) top 1 km and (d,e,f) below 1 km. 
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Figure S6: Spatial patterns for changes in depth-integrated DIC in the SUB-ALK experiment relative to CTRL for the three 
ensemble members in (a,b,c) top 1 km and (d,e,f) below 1 km. 
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abstract

Ocean Alkalinity Enhancement (OAE) has emerged as a promising ocean-based carbon dioxide
removal strategy to augment oceanic CO2 uptake. Ocean models are used to assess the
efficiency and the effects of OAE, but how sensitive the model-based estimates to OAE
are to model resolution remains uncertain. Here, we compare OAE simulations using the
global ocean biogeochemistry model FESOM2.1-REcoM3 in low- and high-resolution (LR
and HR) configurations. Experiments are conducted under the SSP3-7.0 emission scenario,
with continuous, uniform alkalinity deployment applied globally as well as in the subduction
regions of the Southern Ocean and North Atlantic from 2030 to 2100. We find that century-scale,
basin-wide increases in CO2 flux and final OAE efficiencies are only modestly affected by
horizontal resolution, particularly when alkalinity is introduced globally with OAE efficiency
ranging over 0.57-0.56 (2030s) and 0.85-0.86 (2090s) on the two setups. However, in the early
phase (2030s) of OAE applied to subduction regions HR simulations reveal 11.1% higher (0.70)
OAE efficiencies than LR (0.63), highlighting the potential effect of finer-scale processes that
seam to matter more on a shorter timescale and taper off by the end of the century. Beyond OAE
efficiency, HR and LR runs also differ in their simulated distributions of dissolved inorganic
carbon (DIC), with more carbon transferred to the ocean interior in the HR configuration under
both global (5.5%) and subduction regions (7.7%) deployments than the LR simulations. Total
net primary production, in particular when coupled with added nutrients (iron and silicic acid)
to mimic olivine addition as an alkaline substance, shows a broadly similar basin-wide increase
in both resolutions but exhibits subtle differences tied to background nutrient availability in
the HR setup. Seasonal response in OAE-induced changes is similar in both setups, where
the regional OAE simulations indicates that the timing of deployment can be crucial, with
summertime shallow mixed layer depth resulting in higher excess surface alkalinity and higher
increase in carbon uptake compared to the winter months. Overall, while the LR models
capture long-term, large-scale OAE trends well, the HR simulations could provide valuable
insights into initial variability in regional OAE efficiency and deep ocean DIC storage. However,
robust model evaluation is the prerequisite for the future modeling studies in order to inform
near-term monitoring, reporting, and verification (MRV) needs.
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introduction

Carbon Dioxide Removal (CDR) refers to artificially removing carbon from the atmosphere
and storing it in geological formations, land or ocean carbon reservoirs, or in products (In-
tergovernmental Panel on Climate Change IPCC, 2018). Although phasing out fossil fuels
remains paramount to stabilize and ultimately reduce the atmospheric CO2 concentration,
CDR is deemed necessary as a complementary effort particularly in the second half of this
century to remove residual and legacy CO2 emissions (IPCC, 2023). Together, these efforts aid
in reaching the climate goal set by the Paris Agreement to limit the rise of global temperature
to well below 2

◦C and preferably below 1.5◦C by 2100 (UNFCCC, 2015). Currently, the majority
of the climate mitigation pathways by the IPCC considers various land-based CDR methods
like afforestation and reforestation, bioenergy with carbon capture and storage, and soil carbon
sequestration (Pongratz et al., 2024). However, they exhibit limitations regarding competition
for land use, carbon storage durability, and ecosystem disruption (Fuss et al., 2018). Hence,
ocean-based CDR methods are receiving increasing attention (Ho and Bopp, 2024). These
methods leverage the vast capacity of the ocean to take up and store carbon. Ocean Alkalinity
Enhancement (OAE) is one such ocean-based CDR method that enhances the oceanic carbon
uptake capacity by manipulating the carbonate chemistry. This method offers a substantial
potential for carbon uptake and sequestration while, to date, showing minimal adverse effects
on marine ecosystems (Gattuso et al., 2021; Keller et al., 2014). However, further research
is essential to fully evaluate its long-term effectiveness, ecological impacts, and feasibility
(Oschlies et al., 2023). Additionally, developing a comprehensive monitoring, reporting, and
verification (MRV) framework is critical for ensuring its responsible implementation (Ho et al.,
2023).

Historically, the ocean has played a pivotal role in the global carbon cycle, acting as a major
regulator of the Earth’s climate (Gruber et al., 2009). Since the Industrial Revolution, the ocean
has absorbed approximately one-quarter of anthropogenic CO2 emissions (Friedlingstein et al.,
2024). A key control on oceanic carbon cycling is alkalinity, defined as the excess of proton
acceptors over proton donors (Wolf-Gladrow et al., 2007). Naturally, alkalinity is introduced
into the surface ocean through rock weathering, a process that shifts the carbonate equilibrium
toward bicarbonate (HCO3

– ) and carbonate (CO3

2 – ) ions, thereby reducing the concentration
of aqueous CO2 (Zeebe and Wolf-Gladrow, 2001). This reduction in aqueous CO2 concentration
lowers the partial pressure of CO2 (pCO2) at the ocean surface. When surface ocean pCO2

falls below atmospheric pCO2, the resulting gradient drives net CO2 uptake by the oceans
(Middelburg et al., 2020). However, this natural weathering process operates on geological
timescales, making it insufficient to counterbalance the current pace of anthropogenic emissions
(Archer, 2005). OAE seeks to accelerate this process by artificially increasing ocean alkalinity.
This can be achieved by spreading finely pulverized rock powders, such as olivine, basalt, or
lime, in the surface ocean or by depositing alkalinity generated through electrolysis of seawater
or brine solutions (Bach et al., 2019; Eisaman et al., 2023; Hartmann et al., 2013; Renforth et al.,
2013).
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Modeling studies have illustrated varying degrees of regional response to OAE deployment.
For instance, Köhler et al. (2013) observed similar excess carbon uptake (∼7 PgC) in both global
OAE and OAE along ship-track over 2000-2010, assuming a uniform annual deposition of
3 Pg olivine. Likewise, Lenton et al. (2018) reported small regional variability when comparing
global OAE with latitudinal band-specific applications, noting an excess carbon uptake of 184

PgC over the period 2020-2100 with a yearly addition of 0.25 Pmol alkalinity. In contrast, Burt
et al. (2021) found regional differences in OAE-induced carbon uptake over a 75-year period,
where the Southern Ocean sequestered 175 PgC, compared to 82 PgC in the North Atlantic
under identical alkalinity addition rates but with different deployment areas compared to
Lenton et al. (2018). The corresponding OAE efficiencies (ηCO2 = ∆DIC/∆Alk; Renforth and
Henderson, 2017) were 0.89 for the Southern Ocean and 0.65 for the North Atlantic. Further,
Butenschön et al. (2021) simulated OAE along ship tracks in the Mediterranean Sea over a
50-year period and reported a low efficiency of 0.5 by the end of the experiment. Both studies
attributed the lower efficiencies in the North Atlantic and Mediterranean Sea to rapid alkalinity
loss to the deep ocean. He and Tyka (2023) investigated month-long pulsed OAE deployments
along global coastlines, reporting efficiencies between 0.6 and 0.8. They, along with Bach et al.
(2023), noted that regions with strong downwelling (e.g., around Iceland and in the Labrador
Sea) are unsuitable for OAE, as water masses here are exported to the deep ocean before
equilibration with atmospheric CO2 can occur. This results in reduction of about half of the
carbon uptake potential of OAE. In contrast to these findings, Nagwekar et al. (2024) reported
comparable efficiencies (∼0.85) for continuous OAE deployment in both the global oceans
and subduction regions of the Southern Ocean and the North Atlantic. Their study also found
that subduction regions transferred nearly twice the relative amount of carbon to the deep
ocean compared to global OAE, though the absolute amount was lower due to their smaller
surface area. These contrasting findings underscore the need for more detailed investigations
into the regional dynamics of subduction areas. To achieve this, high-resolution models can
be employed to simulate the physical and biogeochemical processes critical to OAE with
consideration of regionally important smaller scale processes.

Intermediate, deep, and bottom water formation is a crucial component of the ocean over-
turning circulation, as it transfers anthropogenic carbon-laden surface water masses into the
ocean interior resulting in carbon sequestration on centennial to millennial timescales (Gruber
et al., 2009; Gruber et al., 2019). Accordingly, the Southern Ocean and North Atlantic are
associated with 40% and 23% of ocean anthropogenic carbon uptake, respectively (Gruber
et al., 2019; Khatiwala et al., 2009; Sabine et al., 2004). A range of physical processes impact the
anthropogenic carbon uptake and storage, including mesoscale eddies which can be better rep-
resented using high resolution eddy permitting or resolving models. Eddies are characterized
by typical radii of 40 to 100 km and an average lifetime of 16 to 32 weeks (Chelton et al., 2011).
They are ubiquitous in the global ocean and induce changes in vertical and horizontal mixing,
heat distribution, gas exchange and circulation patterns (Beech et al., 2022; Gnanadesikan
et al., 2015; Meredith and Hogg, 2006; Smith et al., 2000). By altering these dynamics, they
facilitate transport of carbon, oxygen and nutrients, thus modifying physical carbon uptake
and storage as well as primary productivity in the oceans (Dufour et al., 2015; Oschlies and
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Garçon, 1998). Furthermore, cyclonic and anticyclonic eddies were shown to exert differing
impacts on carbon uptake. For instance, integrated over the Southern Ocean, anticyclonic eddies
contributed ∼0.03 PgC yr−1 to total carbon uptake and cyclonic eddies offset this by ∼0.01

PgC yr−1 (Keppler et al., 2024). Previous studies comparing models of different resolutions
demonstrated that high-resolution models (1/6

◦, 1/10
◦) outperform coarse-resolution models

by resolving small-scale processes and thus providing a more precise representation of upper
ocean dynamics, deep water formation, and mixed layer depth (Oschlies, 2002; Sidorenko et al.,
2020). Further, Langlais et al. (2017) reported that coarse-resolution models underestimate
the anthropogenic carbon sequestration in the Southern Ocean intermediate water masses by
40% as compared to high resolution models. However, the high computational cost and long
runtimes of high resolution models could come at the cost of shorter spin-ups, which may
cause errors in estimation of anthropogenic carbon uptake (Beech et al., 2024; Terhaar et al.,
2024).

Despite the recognized importance of high-resolution modeling for capturing small-scale
processes, studies investigating OAE predominantly rely on coarse resolution simulations.
Moreover, high resolution model estimates complementing direct observations would be
essential for effective Monitoring, Reporting, and Verification (MRV) of OAE (Fennel et al., 2023;
Ho et al., 2023). Therefore, this study seeks to address this gap by employing high-resolution
modeling to simulate OAE globally and in subduction regions and comparing the results
with those from coarse-resolution simulations by Nagwekar et al. (2024).By doing so, we aim
to distinguish the impact of model resolution on simulated OAE-induced changes in OAE
efficiency, oceanic carbon uptake and storage.

methods

Model Description

Simulations for OAE are carried out using the global ocean general circulation Finite-volumE
Sea Ice-Ocean Model (FESOM2.1; Koldunov et al., 2019; Scholz et al., 2022; Scholz et al., 2019)
coupled to the global biogeochemistry Regulated Ecosystem Model (REcoM3; Gürses et al.,
2023). REcoM3 has 28 prognostic tracers and simulates the marine carbonate system and
air-sea CO2 exchange using the mocsy 2.0 routines (Orr and Epitalon, 2015). It consists of two
phytoplankton classes (silicifying diatoms and small phytoplankton with an implicit represen-
tation of calcifiers) and three zooplankton groups (microzooplankton, mesozooplankton, and
polar macrozooplankton; Karakuş et al., 2021). It resolves the cycling of the macronutrients
dissolved inorganic nitrogen (DIN) and silicic acid (DSi) and of the trace metal iron (DFe).
REcoM3 incorporates a variable stoichiometry approach, that is, variable C:N:Chl:Si ratios for
diatoms and C:N:Chl:CaCO3 ratios for small phytoplankton, which can help to simulate the
physiological response of phytoplankton to changing environmental conditions such as light
and nutrient availability (Hohn, 2008; Schartau et al., 2007).
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Experimental Setup

Figure 5.1: Mesh Resolution in km (a) High-resolution and (b) Low-resolution.

High-resolution simulations are carried out with the so-called BOLD mesh (hereafter High-
resolution: HR). It has 1,306,775 surface nodes and 47 unevenly spaced vertical z levels, where
layer thickness varies from 5 m at the surface to 250 m in the ocean interior. It has an increased
horizontal resolution of about 5 to 10 km in the Southern Ocean, North Atlantic, Arctic,
equatorial Pacific, and Indian Ocean (Figure 5.1a). The resolution is coarsened to 50-60 km
in the tropics and the subtropical gyres in the Pacific and Atlantic Ocean (Figure 5.1a; Sein
et al., 2018). The HR mesh is a globally eddy permitting mesh. Hence, by using this mesh
we can study the effect of high resolution on the OAE-induced changes as compared to the
OAE simulations carried out on the relatively coarse resolution CORE mesh (hereafter Low-
resolution: LR; Figure 5.1b; Nagwekar et al., 2024). The LR mesh has 126,858 surface nodes
and the horizontal resolution is 20 km along the Antarctic coast, in the equatorial regions and
north of 50

◦N and ∼75 km in the subtropical ocean basins. It has the same vertical resolution
as the HR mesh.

For this study we first ran 104 years of physics-only spin-up on the HR mesh. The drift in
the circulation was assessed by quantifying the volume transport across the Drake Passage,
which reached a quasi-steady state within 100 years. We interpolated the biogeochemical fields
from an existing spin-up of 150 years on the LR mesh to the HR mesh. With these initial
conditions, we started the historical simulation from 1950 to 2014. Considering the first 40 years
of the historical simulation as further spin-up time, physical and biogeochemical tracers have
experienced a total of 144 and 40 years of spin-up on the HR mesh, respectively. Following the
spin-up and the historical simulation, we performed future scenario simulations from 2014 to
2100. As in Nissen et al. (2022) and Nagwekar et al. (2024), all simulations at the ocean surface
were forced with atmospheric output from the AWI Climate Model, in particular from its
contribution to the “Coupled Model Intercomparison Project Phase 6 (CMIP6)” (Semmler et al.,
2020). The simulations are forced with 3-hourly atmospheric momentum fluxes, freshwater
fluxes, radiation, and daily output of terrestrial freshwater runoff from the first member of the
historical simulation from 1950 to 2014 and of the Shared Socioeconomic Pathways SSP3-7.0
experiment from 2015 to 2100 (O’Neill et al., 2016). The SSP3-7.0 scenario has inadequate
climate policies and assumes a continuous increase in emissions, leading to an atmospheric
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CO2 mixing ratio of 867.2 ppm and global warming of ∼5
◦C by the end of the 21st century

(Semmler et al., 2020).

Identification of deep and bottom water formation regions

Figure 5.2: Alkalinity deposition masks obtained from the water mass transformation and formation
analysis for (a) High-resolution mesh and (b) Low-resolution mesh.

The Water Mass Transformation (WMT) and Water Mass Formation (WMF) framework
is utilized to identify subduction regions in the Southern Ocean (SO; south of 40

◦S), the
Northwest Atlantic (NWA; 50

◦N–75
◦N; 70

◦W–17
◦W), and the Norwegian-Barents Sea (NBS;

62
◦N–77

◦N; 60
◦E–10

◦W) using the historical simulations spanning the period from 1950 to 2014.
Originally proposed by Walin (1982), this framework provides a means to quantify the extent
to which water within a specific density class becomes either denser or lighter due to diabatic
processes, including surface fluxes, diapycnal mixing in the ocean’s interior, and changes in
lateral transport and mixing rates (Nissen et al., 2022; Abernathey et al., 2016). Consequently,
the transformation rate serves as a measure of the net volume flux through isopycnal surfaces.
This is crucial because water masses must either subduct or upwell within defined density
ranges to maintain mass continuity at the ocean surface (Abernathey et al., 2016; Walin, 1982;
Pellichero et al., 2018).

Using this framework, WMT rates are derived by accounting for the contributions of surface
buoyancy fluxes comprising heat and freshwater exchanges to changes in surface density. These
rates yield density thresholds above or below which the water masses are made denser or
lighter. Based on these thresholds, we locate subduction regions in the SO, NWA, and NBS and
generate the alkalinity deposition mask for OAE experiments (Figure 5.2a). A similar analysis
was carried out using the CORE mesh simulations to obtain the alkalinity deposition mask
(Figure 5.2b; Nagwekar et al., 2024). Notably, the mask from the HR mesh covers a total area of
42.87x10

12 m2, which is substantially larger than the 27.16x10
12 m2 covered by the LR mesh

mask. Both configurations indicate subduction on the Davis Strait shelves, a feature that is not
captured by observational studies (Jeansson et al., 2023; Jeansson et al., 2017 see also Nagwekar
et al., 2024). Additional details on WMT/WMF calculations, including the equations used, are
provided in the supplement (Text S1; Figure S1 and Figure S2).
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OAE Model Experiments

Following the historical simulation, a CTRL run (without alkalinity addition) is performed
from 2014 to 2100 under the SSP3-7.0 high-emission scenario. Previous studies have shown that
the dependency of OAE on the emission scenario is small, making results highly transferable
across scenarios (Lenton et al., 2018; Nagwekar et al., 2024). Therefore, we limit our high-
resolution simulations to the SSP3-7.0 scenario. OAE simulations are branched off from the
CTRL run in 2030 and continue until 2100. Three distinct OAE experiments are conducted with
uniform and continuous alkalinity deposition: global OAE (GLO-ALK), OAE in subduction
regions (SUB-ALK), and global OAE with nutrient fertilization (GLO-ALK-NUT). In the SUB-
ALK experiment, alkalinity is deposited across all three subduction regions collectively to
evaluate their combined potential for carbon uptake and storage. Previous simulations of
OAE in individual subduction regions on the LR mesh showed approximately additive effects
(Nagwekar et al., 2024), supporting the rationale for combined regional simulations here.

In all simulations, the added alkalinity and nutrients are scaled according to the relative
sea-ice cover in each grid cell at each time step, ensuring that no additions occur in the fully
ice-covered regions. As sea-ice extent declines towards the end of the century, alkalinity and
nutrient deposition increases in the 2090s compared to the 2030s. For global OAE experiments
the alkalinity addition rates are similar between LR and HR and amount to 77.82 Tmol yr−1

over the 2030s, increasing slightly to 79.46 Tmol yr−1 during the 2090s. This amount of added
alkalinity would be equivalent to deposition of 3 Pg olivine per year, where 1 mol of olivine
dissolved in seawater releases 4 mol of alkalinity (Hauck et al., 2016; Köhler et al., 2013). In the
SUB-ALK experiments, alkalinity deposition is consistently higher in the HR setup throughout
the century due to its finer resolution, which captures larger subduction regions. Accordingly,
during the 2030s, the HR SUB-ALK simulation applies 9.25 Tmol yr−1 of alkalinity, compared
to 5.71 Tmol yr−1 in the LR setup. By the 2090s, alkalinity deposition in the HR simulation
increases slightly to 9.52 Tmol yr−1, while the LR rate remains nearly unchanged at 5.72 Tmol
yr−1. The olivine equivalent for the alkalinity released in the HR setup is 0.36 Pg yr−1, whereas
in the LR setup, it amounts to 0.22 Pg yr−1. In GLO-ALK-NUT simulation, nutrient fertilization
accompanies alkalinity addition in both setups, reflecting the composition of olivine used as
an alkaline feedstock. Along with alkalinity release, olivine dissolution also introduces silicic
acid and iron, with 1 mol of olivine releasing 1 mol of silicic acid and 0.2 moles of iron. Given
the identical global addition of alkalinity, both the HR and LR setups exhibit equal deposition
rates of nutrients. In the 2030s, these rates are 19.44 Tmol of silicic acid per year and 3.88 Tmol
of iron per year, which increase to 19.84 Tmol of silicic acid per year and 3.97 Tmol of iron per
year by the 2090s.

The OAE efficiency ηCO2 = ∆DIC/∆Alk is calculated as the global ratio of the volume-
integrated increases in dissolved inorganic carbon (DIC) and alkalinity, both relative to the
CTRL simulation (Renforth and Henderson, 2017). This efficiency metric is independent of the
mode of OAE deployment and material used for OAE. It accounts for an accumulated increase
in DIC and alkalinity as a result of alkalinity enhancement relative to CTRL.
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Table 5.1: Excess oceanic CO2 uptake (∆CO2f), Ocean alkalinity enhancement efficiency (ηCO2)
calculated as the ratio of volume integrated excess dissolved inorganic carbon (DIC) over
volume-integrated excess alkalinity, increase in total net primary production (∆NPPt),
and increase in DIC (∆) in top 1 km and >1 km of the ocean depth with respect to
CTRL simulations, on the high-resolution (HR) and low-resolution (LR) model setups. All
numbers are calculated as an average over the global ocean, Southern, Pacific, Atlantic,
Indian, and Arctic Ocean over the 2030s and 2090s. ∆DIC values are only given for the
Global Ocean.

Global Ocean

Variable Year
GLO-ALK SUB-ALK GLO-ALK-NUT

HR LR HR LR HR LR

∆CO2f [PgC yr−1] 2030s 0.65 0.63 0.09 0.05 2.45 2.39

2090s 0.92 0.90 0.11 0.065 1.26 1.24

ηCO2 [∆DIC/∆Alk] 2030s 0.57 0.56 0.68 0.63 - -

2090s 0.86 0.85 0.90 0.85 - -

∆NPPt [PgC yr−1] 2030s - - - - 12.21 13.15

2090s - - - - 8.90 9.50

∆DIC top 1 km [PgC] 2030s 2.94 2.89 0.39 0.24 9.29 8.85

2090s 51.80 50.95 6.01 3.70 72.41 69.51

∆DIC >1 km [PgC] 2030s 0.0073 0.0034 0.0015 0.0007 2.22 2.03

2090s 3.0 1.73 0.50 0.25 35.08 32.43

Southern Ocean

Variable Year
GLO-ALK SUB-ALK GLO-ALK-NUT

HR LR HR LR HR LR

∆CO2f [PgC yr−1] 2030s 0.15 0.14 0.074 0.041 1.06 1.05

2090s 0.21 0.20 0.10 0.05 0.81 0.71

ηCO2 [∆DIC/∆Alk] 2030s 0.66 0.65 0.68 0.63 - -
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Continued

Variable Year
GLO-ALK SUB-ALK GLO-ALK-NUT

HR LR HR LR HR LR

2090s 0.89 0.88 0.91 0.85 - -

∆NPPt [PgC yr−1] 2030s - - - - 2.83 3.17

2090s - - - - 3.34 3.72

Pacific Ocean

Variable Year
GLO-ALK SUB-ALK GLO-ALK-NUT

HR LR HR LR HR LR

∆CO2f [PgC yr−1] 2030s 0.28 0.27 0.006 0.004 1.19 1.13

2090s 0.39 0.37 0.008 0.005 0.32 0.33

ηCO2 [∆DIC/∆Alk] 2030s 0.56 0.55 0.68 0.63 - -

2090s 0.86 0.85 0.89 0.84 - -

∆NPPt [PgC yr−1] 2030s - - - - 9.13 9.50

2090s - - - - 5.63 5.96

Atlantic Ocean

Variable Year
GLO-ALK SUB-ALK GLO-ALK-NUT

HR LR HR LR HR LR

∆CO2f [PgC yr−1] 2030s 0.13 0.12 0.004 0.003 0.12 0.12

2090s 0.18 0.17 0.005 0.004 0.14 0.15

ηCO2 [∆DIC/∆Alk] 2030s 0.55 0.54 0.63 0.61 - -

2090s 0.85 0.84 0.86 0.83 - -

∆NPPt [PgC yr−1] 2030s - - - - 0.11 0.17
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Continued

Variable Year
GLO-ALK SUB-ALK GLO-ALK-NUT

HR LR HR LR HR LR

2090s - - - - −0.24 0.05

Indian Ocean

Variable Year
GLO-ALK SUB-ALK GLO-ALK-NUT

HR LR HR LR HR LR

∆CO2f [PgC yr−1] 2030s 0.08 0.08 4.5e−5
5.7e−5

0.05 0.05

2090s 0.11 0.11 6.4e−5
9.3e−5 −0.03 0.02

ηCO2 [∆DIC/∆Alk] 2030s 0.54 0.52 0.79 0.74 - -

2090s 0.87 0.85 0.86 0.86 - -

∆NPPt [PgC yr−1] 2030s - - - - 0.04 0.14

2090s - - - - −0.66 −0.32

Arctic Ocean

Variable Year
GLO-ALK SUB-ALK GLO-ALK-NUT

HR LR HR LR HR LR

∆CO2f [PgC yr−1] 2030s 0.008 0.008 0.001 0.0009 0.008 0.008

2090s 0.02 0.019 0.002 0.002 0.02 0.02

ηCO2 [∆DIC/∆Alk] 2030s 0.65 0.64 0.54 0.48 - -

2090s 0.90 0.89 0.82 0.80 - -

∆NPPt [PgC yr−1] 2030s - - - - 0.009 0.01

2090s - - - - −0.01 0.0004
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results

Oceanic CO2 uptake and OAE efficiency in the high- and low-resolution model setups

Figure 5.3: Time series of the increase in oceanic CO2 uptake (PgC yr−1) due to Ocean Alkalinity
Enhancement (OAE) in global and subduction region OAE experiments under the SSP3-7.0
emission scenario, averaged over (a) the global ocean and (b-f) individual ocean basins
where the region definition is based on RECCAP (DeVries et al., 2023). Solid lines represent
high-resolution simulations, while dashed lines represent low-resolution simulations.
Colors denote different experiments: global alkalinity addition (solid dark purple for
high-resolution, dashed light purple for low-resolution), subduction region alkalinity
addition (solid dark blue for high-resolution, dashed light blue for low-resolution), and
global alkalinity with nutrient fertilization (solid dark green for high-resolution, dashed
light green for low-resolution). The zoomed-in version of the SUB-ALK experiments is
provided in Figure 4. Note the difference in the scales on the y-axis for each panel.

The GLO-ALK simulation on the HR setup exhibits a higher increase in oceanic CO2 uptake
relative to CTRL (∆CO2f) than the LR setup, with a 3.7% greater uptake when averaged over the
full simulation period (Figure 5.3a). During the 2030s, global ∆CO2f reaches 0.65 PgC yr−1 in HR
GLO-ALK, slightly exceeding the 0.63 PgC yr−1 in LR (Figure 5.3a; Table 5.1). By the end of the
century, as atmospheric CO2 concentrations rise under the SSP3-7.0 scenario, ∆CO2f increases
to 0.92 PgC yr−1 in HR and 0.90 PgC yr−1 in LR, maintaining a small but consistent difference.
Regionally, the Pacific Ocean exhibits the highest increase in carbon uptake in both setups,
with HR showing a 3.4% greater ∆CO2f than LR over the 2030s (Figure 5.3c). The Southern
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Figure 5.4: Time series of the increase in oceanic CO2 uptake (PgC yr−1) relative to the CTRL
simulation due to Ocean Alkalinity Enhancement (OAE) for the subduction region OAE
(SUB-ALK) under the SSP3-7.0 emission scenario, averaged over (a) the global ocean, and
(b-f) individual ocean basins using the high-resolution setup (solid dark blue lines) and
low-resolution setup (dashed light-blue lines). Note the difference in the scales on the
y-axis for each panel.

Ocean follows, with uptake ranging from 0.20 to 0.21 PgC yr−1 in both setups (Figure 5.3b).
The Atlantic and Indian Oceans show increases of 0.10-0.17 PgC yr−1 (Figure 5.3d-e), while the
Arctic Ocean exhibits the lowest uptake (∼0.02 PgC yr−1) with minimal differences between
resolutions (Figure 5.3f). While HR consistently shows slightly higher carbon uptake than LR,
the differences remain small across all regions and timescales. Given that both simulations
receive identical global alkalinity additions, the increase in oceanic CO2 uptake is primarily a
function of the added alkalinity rather than model resolution. This indicates that the effect of
resolution on global and regional ∆CO2f is overall small.

The higher oceanic CO2 uptake in the HR SUB-ALK simulation is primarily due to greater
alkalinity addition compared to the LR setup. The HR configuration has a 66.3% larger
subduction area for alkalinity deposition, leading to a 63.8% higher alkalinity input in these
regions over the simulation period. As a result, HR exhibits a 66.7% higher ∆CO2f (0.10

PgC yr−1) than LR (0.06 PgC yr−1) when averaged globally over the full simulation period
(Figure 5.4a). Regionally, the Southern Ocean shows the largest difference, with ∆CO2f in HR
being nearly twice as high as in LR during both the 2030s and 2090s (Figure 5.4b; Table 5.1).
The Pacific Ocean follows, where ∆CO2f is 50–60% higher in HR compared to LR (Figure 5.4c).
In contrast, the Atlantic Ocean shows only minor differences in ∆CO2f between the two setups,



publication iii 109

Figure 5.5: Time series of Ocean Alkalinity Enhancement (OAE) efficiency (ηCO2 = ∆DIC/∆Alk)
across (a) the global ocean and (b-f) individual ocean basins. Solid lines represent high-
resolution simulations, while dashed lines represent low-resolution simulations. Colors
indicate different OAE experiments: global OAE (GLO-ALK: solid dark purple for high-
resolution, dashed light purple for low-resolution) and subduction region OAE (SUB-ALK:
solid dark blue for high-resolution, dashed light blue for low-resolution).

with values of 0.004 and 0.003 PgC yr−1 in the 2030s and 0.005 and 0.004 PgC yr−1 in the
2090s (Figure 5.4d; Table 5.1). These results for the SUB-ALK experiment also indicate that the
primary driver of increased oceanic CO2 uptake is the amount of added alkalinity, while the
effect of model resolution appears to be of secondary importance.

The nutrient fertilization simulations in HR and LR result in a similar global carbon uptake
increase (1.24-1.26 PgC yr−1) relative to CTRL over the 21

st century. In the HR setup, ∆CO2f
increases by 2.45 PgC yr−1 in the 2030s and 1.26 PgC yr−1 in the 2090s, while LR shows
slightly lower values of 2.39 PgC yr−1 and 1.24 PgC yr−1, respectively (Figure 5.3a; Table 5.1).
Regional variations are, however, evident, particularly in the Indian Ocean, where HR exhibits
a decline in CO2 uptake compared to LR and even falls below the CTRL, resulting in negative
values of ∆CO2f. By the 2090s, ∆CO2f in the Indian Ocean decreases by 0.03 PgC yr−1 in the
HR setup, whereas it increases by 0.02 PgC yr−1 in LR (Figure 5.3e; Table 5.1). This Indian
Ocean ∆CO2f reduction in the HR setup is likely due to differences in nutrient utilization in
other basins, particularly in the Pacific and Southern Oceans on the two setups. The Southern
Ocean exhibits highly comparable carbon uptake in the HR and LR setup over the 2030s,
with the value being slightly higher (by 0.95%) in the HR setup. However, by the 2090s, the
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increase in carbon uptake on HR setup in the Southern Ocean is higher by 14.1% than the LR
setup. The Pacific Ocean shows nearly identical ∆CO2f in both configurations throughout the
simulation period (Figure 5.3b and c). Since both setups receive identical alkalinity and nutrient
inputs, discrepancies in nutrient utilization and their impact on carbon uptake in the Indian
and Southern Oceans stem from differences in model configuration and the representation
of nutrients in the mean state of the HR and LR setups. Additionally, over time, differences
in particulate organic carbon transport between the LR and HR setups can lead to varying
outgassing patterns in the Atlantic, Indian, and Pacific Oceans over time (Harrison et al., 2018).

Despite the seamingly similar CO2 flux response to alkalinity addition in both the setups,
the HR simulations indicate that subduction regions exhibit higher OAE efficiencies than the
global ocean, reaching 0.68 in the 2030s and 0.90 in the 2090s (Figure 6.1a). Throughout the
simulation period, both GLO-ALK and SUB-ALK in the HR setup consistently exhibit higher
globally averaged efficiencies than their LR counterparts (Figure 6.1a). The largest efficiency
differences between GLO-ALK and SUB-ALK occur in the initial phase of OAE deployment.
In the 2030s, SUB-ALK in the HR setup is 19.3% more efficient than GLO-ALK, whereas in
the LR setup, this difference is 12.5%. By the 2090s, the efficiency gap narrows to 3.5% in the
HR setup, with SUB-ALK reaching 0.90 and GLO-ALK 0.87, while both experiments in the
LR setup stabilize at 0.85. Across individual ocean basins in the 2090s, GLO-ALK efficiencies
in the HR setup range from 0.85 to 0.89, compared to a narrower range of 0.84 to 0.85 in the
LR setup (Figure 6.1b–f). Similarly, SUB-ALK efficiencies in the HR setup vary between 0.81

and 0.91, with the highest in the Southern Ocean (0.91; Figure 6.1b) and the lowest in the
Arctic Ocean (0.81; Figure 6.1f). The LR setup follows the same pattern but with lower values,
ranging from 0.79 to 0.85. Efficiency differences between global and regional experiments tend
to diminish toward the end of the century, but substantial differences persist in the early years
of deployment (Figure 6.1a-f). These initial disparities may arise from the finer model resolution
in the HR setup and differences in the background carbonate chemistry state between the two
setups (Figure S5, S6 to S10). In the early phase of alkalinity deployment, local dynamics specific
to the deployment regions can play a substantial role in shaping the efficiency differences.
However, as the alkalinity perturbation signal spreads beyond the application site, the impact
of resolution differences weakens, leading to more similar efficiencies between the two setups.

Increase in Net Primary Production in the high- and low-resolution model setups

The addition of iron and silicic acid alongside alkalinity enhances global total net primary
production (NPPt) in both HR and LR simulations compared to their respective control (CTRL)
states (Figure 5.6a). However, the magnitude of this increase varies between the two setups.
When averaged globally, the increase in total NPP (∆NPPt) relative to CTRL is marginally
higher in the HR setup (42.3%) than in the LR setup (41.4%) over the 2030s (Figure 5.6b). In
contrast, during the 2090s, the HR setup exhibits a lower ∆NPPt (28.5%) than the LR setup
(30.2%; Figure 5.6b). Globally, the LR setup has a 9.2% higher NPPt (31.6 PgC yr−1) in its
CTRL simulation than the HR setup (28.7 PgC yr−1) averaged over the entire simulation period,
whereas the HR setup has marginally higher values of NPPt (∼0.2 PgC yr−1) than the LR setup
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Figure 5.6: Time series for the percent increase in total net primary production (∆NPPt; solid lines),
small phytoplankton NPP (∆NPPn; dashed lines), and diatom NPP (∆NPPd; dotted lines)
relative to CTRL on the high-resolution setup (green color) and low-resolution setup (blue
color) in the (a) global ocean and (b-f) individual ocean basins.

in the Southern Ocean (Figure 5.7c). These small differences in the relative changes of NPPt
caused by OAE may stem from variations in the baseline state of nutrient distributions and
hence the nutrient limitation of phytoplankton growth between the two setups, resulting in
different sensitivities to the nutrient addition.

Regional variations in NPPt further highlight differences in nutrient utilization across ocean
basins. The Southern Ocean and Pacific Ocean exhibit the highest increases in NPPt relative to
CTRL in both setups as they are to large-extent iron limited (Figure 6b-c). In particular, ∆NPPt
in the Southern Ocean of both setups is consistent throughout the simulation period with the
HR setup exhibiting an increase of 56.3% (3.3 PgC yr−1) and the LR setup of 63% (3.7 PgC
yr−1; Figure 5.6b; Table 5.1). In the Pacific Ocean, ∆NPPt is also large and positive due to iron
limitation in the South Pacific, but declines over time. ∆NPPt values in the Pacific Ocean are
comparable between the two setups with values ranging between 84.3% and 85.3% (9.1-9.5 PgC
yr−1) in the 2030s and reducing to 51.4-52.2% (5.6-5.9 PgC yr−1) in the 2090s (Figure 5.6c;
Table 5.1). While the NPPt in the CTRL simulation on both setups in the Pacific Ocean remains
largely unchanged throughout the simulation period, the decline in ∆NPPt over time could be
due to the saturation reached by the additional nutrients deposited and by the nutrient robbing
in the Southern Ocean. That means that as iron and silicic acid are added, more DIN is used
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Figure 5.7: Spatial maps for differences in total net primary production (∆NPPt) between different
simulations. All maps are calculated as an average over the 2030s. (a,b) Differences
between GLO-ALK-NUT and their respective CTRL (∆NPPt) and differences between the
high-resolution and low-resolution simulations for (c) the control simulations, and (d)
increase in NPPt (∆NPPt).

locally in the Southen Ocean, making less DIN available for export to the global ocean, thus,
reducing NPP outside of the Southern Ocean as compared to the unperturbed state (Hauck
et al., 2016). Consequently, the Southern Ocean exhibits a consistently positive effect due to
permanent iron fertilization. In the Pacific, there is a positive increase in NPPt because of the
strong fertilization in the South Pacific, but this positive increase declines over time likely due
to nutrient robbing in the Southern Ocean, and possibly due to disturbed nutrient cycles in
the North Pacific. In contrast, the Atlantic, Indian, and Arctic Oceans experience continuous
declines in ∆NPPt, with values falling below their respective CTRL states (Figure 5.6d–f) as
these basins respond less to DSi and DFe fertilization and receive progressively less DIN.
However, the decrease in NPPt relative to the CTRL simulations in these basins is outweighed
by the strong positive responses in the Southern and Pacific Ocean, leading to a net positive
increase in global NPPt in both setups.

The differences in the response of small phytoplankton NPP (NPPn), diatom NPP (NPPd),
and total NPP between the HR and LR setups primarily arise from variations in background
nutrient distributions (Figure S3 and S4). The dissolved iron (DFe) concentration on the HR
setup in its CTRL simulation is higher than the LR setup globally (Figure S3). Particularly,
in the Southern Ocean the higher background DFe in HR CTRL results in higher NPPt than
the CTRL simulation on the LR setup over the 2030s (Figure 5.7c). As a consequence, the HR
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simulation exhibits a weaker response to additional iron deposition in the OAE experiment,
leading to a smaller increase in NPPt relative to the LR simulation (Figure 5.6b). Similarly, the
HR CTRL simulation has higher dissolved silicic acid (DSi) concentrations in the Southern
Ocean than the LR setup (Figure S4). This greater nutrient availability in the HR CTRL state
reduces nutrient limitation for both diatoms and small phytoplankton, thereby dampening the
response to additional nutrient fertilization both globally and across different ocean basins
compared to the LR simulation.

Dissolved Inorganic Carbon (DIC) in the high- and low-resolution model setups

Figure 5.8: Zonal mean increase in dissolved inorganic carbon relative to the control simulation
(∆DIC), averaged over 2090-2099, for (a, d) GLO-ALK, (b, e) SUB-ALK, and (c, f) GLO-
ALK-NUT in (a-c) the high-resolution setup and (d-f) the low-resolution setup.

In all experiments, the HR simulations transfer a larger fraction of carbon below 1 km than
their LR counterparts (Figure 5.8a-f). In the GLO-ALK experiments, where both the HR and
LR setups receive the same alkalinity additions, the HR simulations transfers 5.5% of the total
increase in DIC relative to the the CTRL to the depths below 1 km over the 2090s, while the LR
simulations transfers only 3.3% (Figure 5.8a and 5.8d). In the SUB-ALK experiments, the HR
simulation transports 7.7% of the carbon taken up below 1 km, in contrast to 6.3% in the LR
simulation (Figure 5.8b and 5.8e). In the GLO-ALK-NUT experiments, where both nutrients
and alkalinity additions are similar between HR and LR, the HR simulation transports 32.6%
of the excess carbon to the depths below 1 km, slightly higher than the 31.8% observed in the
LR simulation (Figure 5.8c and 5.8f). Moreover, both HR and LR models reveal that subduction
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regions facilitate the transport of approximately 1-2 times more excess carbon to depths below
1 km than observed in the corresponding GLO-ALK experiments. It is important to note,
however, that the absolute increase in DIC for SUB-ALK experiments amounts to only 7-11% of
that in the GLO-ALK cases due to smaller surface areas of the subduction regions as identified
with the water mass transformation framework and thus resulting in lower total alkalinity
additions than in the GLO-ALK experiments.

Figure 5.9: Zonal mean differences in the increase of dissolved inorganic carbon (∆∆DIC = OAE-
CTRL) between the high and low resolution simulations for (a) only alkalinity addition in
the global ocean (GLO-ALK) and, (b) global alkalinity addition with nutrient fertilization
(GLO-ALK-NUT), averaged over 2090–2099. Solid black lines indicate neutral density
isopycnals in the high-resolution simulation, while dashed gray lines represent isopycnals
in the low-resolution simulation.

Comparing the DIC accumulation in response to OAE between the high and low resolution
simulations (∆∆DIC) highlights the key role of the Southern Ocean in shaping this global
signal (Figure 5.9). Neutral density contours reveal structural differences in isopycnal slopes,
which strongly influence deep ocean carbon transport pathways (Chen et al., 2022). In the high
resolution simulation, steeper isopycnal slopes indicate stronger vertical transport, leading to a
greater penetration of carbon into the ocean interior. This is particularly evident in the top 500

m depth, where elevated ∆∆DIC values align with major subduction pathways. Accordingly,
the amount of carbon transferred to 1-3 km in the Southern Ocean for GLO-ALK of HR is 0.88

PgC while that in the LR is 0.39 PgC over the 2090s.
Furthermore, nutrient fertilization in the GLO-ALK-NUT experiment amplifies the increase

in deep ocean DIC in the HR simulation relative to the LR setup, due to larger biological
productivity and thus larger carbon storage (Figure 5.9b). This difference arises from distinct
initial nutrient limitations, which lead to different NPP responses and carbon storage outcomes.
In the HR simulation, stronger vertical transport redistributes carbon more efficiently from the
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surface to deeper layers, resulting in 14.92 PgC being transferred below 1 km over the 2090s
compared to 11.93 PgC in the LR experiment. The primary factor behind this enhanced transfer
is the higher NPP observed in the HR control simulation, particularly between 40

◦S and 50
◦S,

relative to the LR control (Figure 5.7c). In addition, the particularly negative ∆∆DIC values
in the surface layer indicate that, although DIC increases in both HR and LR after nutrient
addition, the increase is less pronounced in HR. These findings underscore that variations
in initial nutrient conditions and potential differences in spin-up times or initial states can
substantially influence carbon sequestration efficiency under nutrient fertilization.

Seasonal response of OAE in the subduction regions using the high- and low-resolution model setups

Figure 5.10: Seasonal response for ocean alkalinity enhancement (OAE) in the Northwest Atlantic for
regional OAE (SUB-ALK) on the high-resolution (solid lines) and low-resolution (dashed
lines) setups. The numbers are averaged over 2030-2039 under the SSP3-7.0 emission
scenario. (a) Sea-ice cover [%], (b) Excess surface alkalinity ∆Alk [mmol m−3], (c) Excess
CO2 flux ∆CO2f [PgC yr−1], (d) Amount of alkalinity (olivine) deposited [mmol m−2

s−1], (e) Mixed Layer Depth (MLD; m), and (f) Excess dissolved inorganic carbon (DIC)
accumulation (∆DIC; PgC) in the top 0.5 km (dark purple), 0.5-1 km (orchid), and below
1 km (light purple).

The increase in surface alkalinity (∆Alk), CO2 uptake (∆CO2f), and DIC accumulation (∆DIC)
relative to CTRL show a consistent seasonal response across both HR and LR regional OAE
simulations (SUB-ALK) in both hemispheres (Figure 5.10 and 5.11). As the alkalinity addition
is scaled with sea-ice cover, a seasonal peak occurs when sea ice is at its minimum (Figure 5.10a
and 5.10d; Figure 5.11a and 5.11d). In the SO, this peak occurs between January and March
(Figure 5.10d), while in the NWA, it is observed from July to November (Figure 5.11d). Although
the HR simulation generally exhibits greater sea-ice cover than the LR setup, the effective
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Figure 5.11: Seasonal response for ocean alkalinity enhancement (OAE) in the Northwest Atlantic for
regional OAE (SUB-ALK) on the high-resolution (solid lines) and low-resolution (dashed
lines) setups. The numbers are averaged over 2030-2039 under the SSP3-7.0 emission
scenario. (a) Sea-ice cover [%], (b) Excess surface alkalinity ∆Alk [mmol m−3], (c) Excess
CO2 flux ∆CO2f [PgC yr−1], (d) Amount of alkalinity (olivine) deposited [mmol m−2

s−1], (e) Mixed Layer Depth (MLD; m), and (f) Excess dissolved inorganic carbon (DIC)
accumulation (∆DIC; PgC) in the top 0.5 km (dark purple), 0.5-1 km (orchid), and below
1 km (light purple).

sea-ice-covered area within the alkalinity deposition mask is lower when considering only the
Southern Ocean subduction regions (Figure 5.10a). This is because the alkalinity deposition
area in the HR setup is 63% larger than the LR setup, reducing the relative fraction of the
region covered by sea-ice (Figure 5.2a). In contrast, in the NWA, the alkalinity deposition mask
is 9% smaller in the HR setup than in the LR setup, leading to 10% greater sea-ice cover in the
HR simulation during February–April (Figure 5.11a).

The seasonal cycle of ∆Alk is closely linked to variations in mixed layer depth (MLD;
Figure 5.10b and 5.10e and Figure 5.11b and 5.11e). When the MLD is shallow, excess sur-
face alkalinity reaches its maximum. This pattern is observed during February–April in
the SO (Figure 5.10b) and June–August in the NWA (Figure 5.11b). Conversely, in winter
months—July–October in the SO and January–March in the NWA—the deepening of the MLD
leads to a reduction in excess surface alkalinity. The magnitude of these variations differs be-
tween the two setups, particularly in the Southern Ocean where the larger alkalinity deposition
area and lower sea-ice cover in the HR setup leads to higher alkalinity addition than the LR
setup (Figure 5.10a and 5.10d). Additionally, when averaged over the alkalinity deposition
mask in the Southern Ocean, the MLD results in being shallower in the HR than the LR setup
(Figure 5.10e). These factors contribute to differences in the surface ∆Alk between the two
resolutions, with HR having stronger anomalies than the LR (Figure 5.10b). In contrast, in the
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NWA, the alkalinity deposition regions in the HR and LR setups differ by 9%, resulting in
similar alkalinity addition in the ice-free regions (Figure 5.11d). Since the MLD is very similar
between the two setups, the surface ∆Alk is also very similar (Figure 5.11b and 5.11e).

The seasonal changes in CO2 flux relative to CTRL follow the pattern of excess alkalinity
in both hemispheres (Figure 5.10c and 5.11c). Higher ∆CO2f values occur during the summer
months—February–April in the SO and June–August in the NWA—coinciding with peaks in
excess alkalinity. Since increased alkalinity enhances CO2 uptake, the high-resolution setup,
which exhibits a higher excess alkalinity and lower sea-ice cover, also shows a stronger CO2 flux
anomaly compared to the low-resolution model in the Southern Ocean (Figure 5.10b and 5.10c).
In NWA, where ∆Alk is similar in both setups, the increase in CO2 uptake is also comparable
(Figure 5.11b and 5.11c). This demonstrates that the primary driver of ∆CO2f is the amount of
excess alkalinity governed by the MLD seasonality, for which model resolution seems to play a
secondary role.

The seasonal cycle of ∆DIC follows that of ∆CO2f, with the strongest accumulation in the
upper 0.5 km occurring during February–May in the SO (Figure 5.10f) and June–August in
the NWA (Figure 5.11f). The deeper layers (0.5–1 km and >1 km), show only a weak seasonal
cycle. In the SO, where ∆CO2f is higher in the high-resolution setup, ∆DIC accumulation is
also greater compared to the low-resolution model (Figure 5.10f). In the NWA, where CO2

uptake is similar between the two setups, ∆DIC accumulation is also similar. However, during
January–March in the NWA, negative ∆DIC values appear in the upper 0.5 km (Figure 5.11f).
This can be attributed to the deep winter MLD, which reduces OAE-induced surface CO2

uptake, preventing a net increase in DIC relative to CTRL. Additionally, lateral advection of
water masses out of the alkalinity addition region may contribute to localized ∆DIC values
falling below baseline levels in both setups. Overall, the seasonal dynamics of surface alkalinity,
CO2 uptake, and DIC accumulation are primarily governed by the MLD variability and the
effect of model resolution on the overall seasonal cycle seems not to affect these substantially.

discussion and conclusion

Our study examines the impact of enhanced horizontal resolution on the simulated efficiency
of OAE at global scales and within the subduction regions of the Southern Ocean and the
North Atlantic. To assess the resolution effect, we compared our HR simulations with those of
Nagwekar et al. (2024), who used the same model on a LR mesh. Our historical (1950-2014)
and future projection CTRL (no-OAE; 2015-2100) simulations under the SSP3-7.0 scenario show
nearly identical global carbon uptake in both the HR and LR configurations, with values of
1.2-1.3 PgC yr−1 during the historical period and 3.9-4.0 PgC yr−1 for the future period. These
results indicate that large-scale air-sea CO2 fluxes in our model are only marginally sensitive to
horizontal resolution. In contrast, previous studies have reported different impacts of mesoscale
processes on surface carbon uptake, which can only be resolved by HR meshes. For example,
Ford et al. (2023) used in-situ observations and a Lagrangian eddy atlas to show that long-lived
eddies in the South Atlantic can enhance regional carbon uptake by approximately 0.06 MtC
yr−1. Guo and Timmermans (2024) estimated the net mesoscale-driven CO2 uptake to be on the
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order of 105 tC yr−1 using a HR global model. Gnanadesikan et al. (2015) further demonstrated
that variations in eddy-induced mixing parameters can modify carbon uptake by about 15%.
Our results align with the modest net mesoscale effect reported by Guo and Timmermans
(2024) and Ford et al. (2023) but differ from the larger discrepancies observed by Gnanadesikan
et al. (2015).

In our OAE experiments, differences in CO2 uptake between HR and LR configurations
primarily reflect the amount of added alkalinity and its coupling with large-scale circulation.
In the global OAE (GLO-ALK) experiments, where the same alkalinity input is applied in
both resolutions, the increase in CO2 uptake relative to the control is nearly identical, ranging
from 0.63 to 0.65 PgC yr−1 in the 2030s and from 0.90 to 0.92 PgC yr−1 in the 2090s, with HR
exhibiting a modestly higher uptake than LR (by 2-3%). In contrast, the subduction region
OAE (SUB-ALK) experiments reveal more pronounced differences. In the 2030s, HR yields an
increase in CO2 uptake of 0.09 PgC yr−1 compared to 0.05 PgC yr−1 in LR which is a 80% higher
value, while in the 2090s, HR attains 0.11 PgC yr−1 versus 0.07 PgC yr−1 in LR, corresponding
to a 57.1% increase. This disparity is likely driven but cannot be fully explained by a 63.8%
higher alkalinity addition in HR and may also stem from differences in the dynamical processes
between the two configurations. Our results for global and regional OAE demonstrate that the
increase in oceanic CO2 uptake in both the setups scales linearly with the added amount of
alkalinity by the end of the century, which is consistent with the Publication II of this thesis
(Nagwekar et al., submitted). Overall, both our CTRL (non-OAE) and OAE simulations show
minimal sensitivity of large-scale air-sea CO2 fluxes to horizontal model resolution. In OAE
simulations, the increase in CO2 uptake is primarily determined by the amount of alkalinity
added, while differences in the background state of each model can further modulate the
response (Figure S9, S10).

Notable differences between global and regional OAE efficiencies emerge in the initial phase
of deployment (2030s), which could be crucial for MRV strategies. In our simulations, the HR
SUB-ALK experiment reaches the highest efficiency of 0.70, exceeding the LR SUB-ALK by
7.9%. These early disparities likely reflect fine-scale processes resolved by the HR mesh and the
differences in the background state of alkalinity and DIC. By the end of the century, however,
resolution effects on OAE efficiency diminish. In the 2090s, the HR GLO-ALK efficiency is 0.86

versus 0.85 in LR, and the SUB-ALK experiment reaches 0.90 in HR compared to 0.85 in LR.
These values align with estimates from Burt et al. (2021) who used a coarse-resolution model
for global and regional OAE simulations with a higher alkalinity addition of 250 Tmol yr−1,
reporting a global efficiency of 0.83 after 70 years and a Southern Ocean efficiency of 0.89. Our
SUB-ALK Southern Ocean results (0.85 in LR to 0.91 in HR) closely match that range. Across
other ocean basins, our ηCO2 values are also consistent with the findings of Burt et al. (2021),
although our Arctic Ocean values (0.80-0.82) fall somewhat below the 0.87 reported by them.
This is likely because we do not explicitly add alkalinity in the Arctic Ocean resulting in lower
oceanic CO2 uptake and thus lower OAE efficiency. Wang et al. (2023), using a high-resolution
(∼10 km) Bering Sea model with 0.0167 Tmol yr−1 of alkalinity addition, found an efficiency
of 0.96 after three years of deployment. They attribute this high efficiency to the shallow ocean
depth in the Bering Sea and to higher background DIC and alkalinity values in the region.
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Other coarse-resolution studies also report efficiencies between 0.85 and 0.95 (He and Tyka,
2023; Zhou et al., 2025; Yankovsky et al., 2024), indicating that over large spatial and temporal
scales, resolution exerts a relatively modest effect. Nonetheless, our study shows that focusing
solely on the final decade can obscure important initial contrasts and overlook substantial
early-phase uncertainty in the OAE experiments.

Based on our results, large discrepancies in OAE efficiency during the first years of deploy-
ment introduce considerable uncertainty into MRV during those years. If short-term variability
and uncertainty is overlooked, carbon removal may be over- or undercounted, compromising
both the credibility of early-phase life cycle assessments and the integrity of associated carbon
credit schemes. High-resolution modeling can alleviate these risks by capturing fine-scale
physical and biogeochemical processes, such as localized mesoscale dynamics and the rapid,
initial shifts in alkalinity concentration that occur immediately after OAE implementation and
often drive outsized fluxes. By more accurately replicating these transient responses, high-
resolution simulations can help pinpoint the timing and location of critical measurement needs,
thereby guiding targeted observations. This, in turn, supports a robust MRV framework that
can possibly reflect an improved trajectory of carbon sequestration capacity of OAE deployed
in a particular region and can ensure that carbon credits more reliably mirror actual CO2

removal.
Irrespective of model resolution, both HR and LR setups exhibit a similar seasonal response

to OAE-induced changes, primarily driven by seasonal variations in MLD. During summer,
a shallower MLD enhances the retention of excess alkalinity, leading to increased oceanic
CO2 uptake, whereas in winter, a deeper MLD reduces surface alkalinity levels, subsequently
lowering CO2 uptake (Nagwekar et al., 2024). This pattern aligns with findings from multiple
studies that simulated pulsed OAE across various regions and the open ocean (He and Tyka,
2023; Zhou et al., 2025; Yankovsky et al., 2024). These studies primarily applied alkalinity
pulses in January (a winter month in the Northern Hemisphere) and reported that subduction
regions in the North Atlantic, including the Labrador Sea, Nordic Seas, and areas around
Iceland, are unsuitable for OAE, as alkalinity is rapidly transported to the deep ocean before
having a substantial impact on enhancing oceanic CO2 uptake. Zhou et al. (2025) further
simulated pulsed OAE globally in January, April, July, and October, demonstrating a similar
seasonal response in OAE efficiency to that observed in our simulations. In the Labrador Sea, the
efficiency increased from 0.2 in winter to 0.7 in summer, highlighting the importance of seasonal
timing in OAE deployment. Based on these findings, our results suggest that subduction regions
can be viable for OAE if deployment strategies account for seasonal variability. Future studies
should focus on comparing different alkalinity deployment modes (pulsed vs. continuous), as
pulsed deployment is more representative of real-world implementation and holds particular
relevance for the MRV framework of OAE.

In this study, we also examined how horizontal resolution influences total NPP over the 21
st

century. In the CTRL (no-OAE) simulations, the HR setup in the Southern Ocean exhibits about
4% higher NPPt than the LR setup during the initial 20 years, yet by the end of the century it
becomes 5% lower. Outside the Southern Ocean, NPPt in the CTRL simulation on HR remains
consistently lower by roughly 17.13% compared to LR. These findings partially align with
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previous HR studies that show eddies can enhance production but do not always produce
uniformly higher values. For instance, Lévy et al. (2012) reported a temporary phytoplankton
boost upon moving from 1/9

◦ to 1/54
◦ resolution, followed by a 10-20% decline in basin-wide

production over 50 years. Oschlies (2002) also found that mesoscale eddies increase production
relative to coarse-resolution runs, though the net impact falls short of geochemical estimates.

Turning to the nutrient-enhanced simulations (iron and silicic acid) combined with alkalinity
addition (GLO-ALK-NUT), we observe a global NPPt increase in both HR and LR. Initially, HR
shows a slightly stronger increase relative to its CTRL simulation in the 2030s (by 0.9%), yet it
ends up being 1.8% lower than LR over the 2090s. These contrasting responses stem from the
higher background iron and silicic acid concentrations of the HR setup (Figure S11, and S12),
which reduce the sensitivity of primary production to added nutrients. Such resolution-driven
discrepancies in nutrient supply are consistent with the work of Mahadevan and Archer (2000),
who observed a two- to three fold rise in nutrient flux to the euphotic zone when grid spacing
was reduced from 40 km to 10 km, and Lévy et al. (2001), who recorded similarly large increases
in upward nutrient transport when moving from a 6 km to a 2 km grid. These findings show
that finer grid spacing resolves nutrient injections and can alter simulated primary production,
sometimes enhancing local growth but, in other cases, reducing productivity on broader
regional or decadal scales. However, as our evaluation indicates that the HR model exhibits
stronger biases in DSi concentrations than the LR model with respect to the observational data,
it does not necessarily provide a more reliable representation of nutrient dynamics (Figure S11,
and S12). Given these biases, a more robust model evaluation against observations is essential
in order to determine the most reliable setup for nutrient-enhanced OAE simulations

Our CTRL simulations for 2030-2100 show that the HR configuration yields slightly lower
DIC concentrations than the LR setup. Specifically, HR has 1.6% lower DIC in the upper
1 km and 1.2% lower DIC below 1 km compared to LR. This result contrasts with previous
studies. For example, Langlais et al., 2017 reported that coarse-resolution models underestimate
anthropogenic carbon sequestration in intermediate water masses by nearly 40% compared to
the high-resolution simulations. Resplandy et al. (2019) reported that eddy-driven subduction
transports carbon to depths of 500-1000 m but contributes less than 5% to the annual basin-scale
flux because upward and downward fluxes nearly counterbalance. In the Southern Ocean,
Matear (2001) demonstrated that mesoscale eddies enhance the efficiency and alter the spatial
pattern of carbon uptake by intensifying subduction and mixing. In contrast, our baseline
experiments indicate that small-scale processes resolved in HR do not lead to enhanced DIC
concentrations relative to LR.

In our OAE experiments, the resolution effect on DIC concentrations becomes more pro-
nounced. In the GLO-ALK simulation, with equal alkalinity additions in both setups, HR
exhibits 1.7% higher increase in DIC concentrations relative to CTRL (∆DIC) in the upper 1 km
and striking 73.4% higher ∆DIC concentrations below 1 km compared to LR. In the Southern
Ocean of the GLO-ALK experiments, the carbon transfer to below 1 km in HR is nearly twice
that in LR. This outcome is primarily attributed to steeper and deeper isopycnal structures in
HR, which allow for more efficient vertical transport. In the SUB-ALK experiments, the larger
increases in DIC concentrations observed in HR in both the upper 1 km and below are likely
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due to a higher alkalinity addition compared to LR, rendering the resolution effect secondary
in this case. Overall, while our CTRL results contrasts the conventional view of enhanced deep
carbon sequestration via mesoscale eddies, our OAE experiments underscore that, under equal
alkalinity forcing, high-resolution modeling displays a pronounced, region-specific impact on
how deep ocean carbon storage.

In conclusion, our results indicate that the most pronounced differences in OAE efficiency
appear during the initial deployment phase of regional OAE, presumably due to differences in
how ocean carbonate chemistry is represented in each setup. Over multi-decadal timescales,
however, OAE efficiency and additional carbon uptake remain largely driven by the amount of
alkalinity added, making the net resolution effect relatively modest. Although the HR configu-
ration exhibits greater carbon sequestration below 1 km than LR in the global and regional OAE
experiments, complexities arising from differences in small-scale dynamics, spin-up strategies,
and biases in the mean state complicate direct comparisons. Furthermore, the substantial
computational cost of HR modeling can constrain spin-up duration and the feasibility of
extensive multi-decadal experiments, potentially introducing further uncertainties. While HR
may capture more detailed short-term and regional processes, it does not fundamentally alter
large-scale trends relative to LR (Gnanadesikan et al., 2015). Taken together, these insights
underscore the difficulty in disentangling resolution-driven effects and the necessity for robust
model evaluation, regardless of the chosen resolution, when assessing OAE outcomes.
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supplemental material

Text S1

Figure S1: Water Mass Transformation (WMT, left) and Water Mass Formation (WMF, right) rates for
the subduction regions. (a,c,e) The annual mean surface WMT rates (Sv) integrated over
0.025 kg m−3 density bins in panel (a) the Southern Ocean, (c) the Northwest Atlantic,
and (e) the Norwegian-Barents Sea region as a function of the potential density anomaly
ρ

2
(kg m−3) due to the total buoyancy flux (black), heat flux (red), evaporation minus

precipitation (E-P; dark blue), and the sea-ice induced freshwater flux (light blue). The
shading marks the density ranges of downwelling (red) and upwelling (blue). (b,d,f) The
annual mean surface WMF rates (Sv) for the different subduction regions are integrated
over 0.1 kg m−3 density bins. The total WMF (black bars) results from the contribution of
the heat flux (red bars) and the two components of the freshwater flux, that is E-P (dark
blue bars) and sea-ice (light blue bars). Positive values represent subduction/downwelling
(red shaded regions) and negative values represent upwelling (blue shaded regions).

We relate the monthly surface buoyancy fluxes, i.e., heat flux, freshwater flux decomposed
into sea-ice formation and melting and evaporation minus precipitation (E-P), to the surface
density distribution to derive Water Mass Transformation (WMT) rates (Nagwekar et al., 2024;
Nissen et al., 2022; Figure S1) following the below equation.
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Figure S2: The regional mask for alkalinity deposition, obtained by using the isopycnal outcrops
for deep and bottom water formation areas from the water mass formation analysis. (a)
Southern Ocean, (b) Northwest Atlantic, and (c) Norwegian-Barents Sea regions. The
black boxes for the Northwest Atlantic and the Norwegian-Barents Sea region denote the
areas considered for the water mass transformation analysis. For the Southern Ocean, we
consider the areas south of 40

◦S.

WMT(ρk , t) = − 1
ρk+1

− ρk

∫︂∫︂
A

αQnet
ρ

0
Cp

dA +
1

ρk+1
+ ρk

∫︂∫︂
A

βSFnet
ρ

0

dA . (5.1)

Here, A is the outcrop area between two consecutive density bins k and k+1, ρ
0

is the reference
density (35 kg m−3) and S is surface salinity. The coefficients α, Cp (3994 J kg−1 K−1), and β are
the thermal expansion coefficient, heat capacity, and haline contraction, respectively. The values
for α, β and S were calculated as monthly means over the analysis period (1950-2014). Fnet is
decomposed into freshwater fluxes between atmosphere and ocean (Fatm →ocean, evaporation
minus precipitation) and between sea ice and ocean (Fseaice → ocean, sea-ice formation or melting):

Fnet = Fatm → ocean + Fsea ice → ocean (5.2)

Water Mass Formation (WMF) rate, is the derivative of WMT with respect to density, and
shows where water masses converge (WMF>0; downwelling) or diverge (WMF<0; upwelling)
in given density bins (Pellichero et al., 2018). Following Pellichero et al. (2018) and Abernathey
et al. (2016), the WMF rates are calculated by integrating over density bins of width 0.1 kg
m−3 for the subduction regions in the Southern Ocean, Northwest Atlantic and the Norwegian-
Barents Sea region. In the Southern Ocean subduction occurs primarily due to sea-ice formation
in the density bins >36.8 kg m−3 (red shaded region in Figure S1a and S1b). This density range
is representative of the Antarctic Bottom Water (AABW) formation in the Weddell and Ross Sea
basins (Orsi et al., 1999). The Antarctic Intermediate and Subantarctic Mode Water (AAIW and
SAMW) masses are found between 45 and 60

◦S characterized by the freshwater flux (Cerovečki
and Mazloff, 2016; Hartin et al., 2011; Talley, 2008). Accordingly, our model simulations suggest
the E-P component of freshwater flux leads to subduction in the density bins between 35.1 and
36.2 kg m−3 (Figure S1a and S1b) which represent the AAIW and SAMW formation regions in
the Subantarctic (Figure S2a). Buoyancy induced upwelling occurs in between 36.2 and 36.8
kg m−3 (blue shaded regions in Figure S1a and S1b). In the North Atlantic the formation of
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North Atlantic Deep Water mainly occurs due heat loss (Dickson and Brown, 1994; Våge et al.,
2009; Jeansson et al., 2017). Similarly, our model also suggests heat loss to be the main driver of
subduction in the Northwest Atlantic in the density bins >35.9 kg m−3 and in density bins
between 32.5 and 34.9 kg m−3 (Figure S1c and S1d). Similarly, in the Norwegian-Barents Sea
regions subduction occurs in the density bins >36.5 kg m−3 and in the density bins between
33.9 and 35.3 kg m−3 primarily due to heat loss (Figure S1e and S1f). The density thresholds
obtained from the WMF analysis are then used to locate the subduction regions in the Southern
Ocean, Northwest Atlantic and Norwegian-Barents Sea regions (Figures S2a, S2b and S2c).

Figure S3: Spatial maps for differences in dissolved iron (∆DFe) between different simulations. All
maps are calculated as an average over the 2030s. (a,b) Differences between GLO-ALK-
NUT and their respective CTRL (∆DFe) and differences between the high-resolution and
low-resolution simulations for (c) the control simulations, and (d) increase in DFe (∆DFe).
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Figure S4: Spatial maps for differences in dissolved iron (∆DSi) between different simulations. All
maps are calculated as an average over the 2030s. (a,b) Differences between GLO-ALK-
NUT and their respective CTRL (∆DSi) and differences between the high-resolution and
low-resolution simulations for (c) the control simulations, and (d) increase in DSi (∆DSi).

Parameters Correlation Coefficient

High-resolution Low-resolution

Alkalinity (top 100 m) with GLODAP 0.94 0.97

DIC (top 100 m) with GLODAP 0.94 0.97

Air-sea CO2 flux with Chau et al., 2020 0.72 0.58

DSi (top 100 m) with WOA 0.69 0.84

Table 5.2: Correlation coefficients for Alkalinity, dissolved inorganic carbon (DIC), air-sea CO2 flux
and DSi in the high-resolution and low-resolution models with the observational datasets.
All the correlation coefficients are calculated over the period 2000 to 2009.
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Figure S5: Evaluation of alkalinity concentration [mmol m−3] in top 100 m against the GLODAP data
over the period 2000 to 2009 on the high-resolution (HR) setup. (A) Alkalinity in the HR
setup, (B) Alkalinity from GLODAP, and (C) Alkalinity anomaly between HR setup and
GLODAP.
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Figure S6: Evaluation of alkalinity concentration [mmol m−3] in top 100 m against the GLODAP data
over the period 2000 to 2009 on the low-resolution (LR) setup. (A) Alkalinity in the LR
setup, (B) Alkalinity from GLODAP, and (C) Alkalinity anomaly between LR setup and
GLODAP.
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Figure S7: Evaluation of dissolved inorganic carbon (DIC) concentration [mmol m−3] in top 100 m
against the GLODAP data over the period 2000 to 2009 on the high-resolution (HR) setup.
(A) DIC in the HR setup, (B) DIC from GLODAP, and (C) DIC anomaly between HR setup
and GLODAP.
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Figure S8: Evaluation of dissolved inorganic carbon (DIC) concentration [mmol m−3] in top 100 m
against the GLODAP data over the period 2000 to 2009 on the low-resolution (LR) setup.
(A) DIC in the LR setup, (B) DIC from GLODAP, and (C) DIC anomaly between LR setup
and GLODAP.
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Figure S9: Evaluation of air-sea CO2 flux [molC m−2 yr−1] against Chau et al. (2020) over the period
2000 to 2009 on the high-resolution (HR) setup. (A) Air-sea CO2 flux in the HR setup, (B)
Air-sea CO2 flux from Chau et al. (2020), and (C) Air-sea CO2 flux anomaly between HR
setup and Chau et al. (2020). Negative values mean flux into the ocean.
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Figure S10: Evaluation of air-sea CO2 flux [molC m−2 yr−1] against Chau et al. (2020) over the period
2000 to 2009 on the low-resolution (LR) setup. (A) Air-sea CO2 flux in the LR setup, (B)
Air-sea CO2 flux from Chau et al. (2020), and (C) Air-sea CO2 flux anomaly between LR
setup and Chau et al. (2020). Negative values mean flux into the ocean.
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Figure S11: Evaluation of dissolved silicate (DSi) concentration [mmol Si m−3] in top 100 m against
the World Ocean Atlans (WOA) over the period 2000 to 2009 on the high-resolution (HR)
setup. (A) DSi in the HR setup, (B) DSi in WOA, and (C) DSi anomaly between HR setup
and WOA.
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Figure S12: Evaluation of dissolved silicate (DSi) concentration [mmol Si m−3] in top 100 m against
the World Ocean Atlans (WOA) over the period 2000 to 2009 on the low-resolution (LR)
setup. (A) DSi in the LR setup, (B) DSi in WOA, and (C) DSi anomaly between LR setup
and WOA.
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The atmospheric CO2 inventory has been rising at a rate of 5.2 PgC yr−1 from 2014 to
2023 (Friedlingstein et al., 2024), bringing the planet closer to the 2

◦C global warming limit
above preindustrial levels specified by the Paris Agreement (UNFCCC, 2015; Pörtner et al.,
2022). Avoiding this requires not only rapid emission reductions by phasing out fossil fuel
usage, but also the deployment of various land and ocean-based CDR methods (IPCC, 2023).
Among these methods, Ocean Alkalinity Enhancement stands out for its high potential for
durable carbon storage (Gattuso et al., 2021; Oschlies et al., 2023). It leverages the ocean’s
natural capacity to absorb CO2 by accelerating the natural weathering process that would
otherwise occur over geological timescales. Thus, by artificially enhancing alkalinity, OAE shifts
the carbonate equilibrium by promoting the conversion of CO2 to more stable carbonate and
bicarbonate ions (Hartmann et al., 2013; Renforth and Henderson, 2017). Although OAE shows
promise, uncertainties regarding its scalability, efficiency, and ecological effects necessitate
further research, including laboratory studies, field experiments, and numerical modeling
(Eisaman et al., 2023; Iglesias-Rodríguez et al., 2023; Riebesell et al., 2023).

Although numerical ocean models are simplified representations of natural processes and
subject to inherent uncertainties, they are critical for evaluating the diverse impacts of OAE on
oceanic and biogeochemical processes. For instance, fit-for-purpose models provide valuable
insights into the regional and global dynamics of OAE deployment (Fennel et al., 2023).
Ocean-only models, by prescribing atmospheric CO2 levels, isolate oceanic responses to OAE
interventions, providing insights into the upper limits of carbon uptake efficiency (Burt et
al., 2021; Hauck et al., 2016; Köhler et al., 2013; Butenschön et al., 2021; He and Tyka, 2023;
Wang et al., 2023). In contrast, ESMs account for the coupled interactions between the ocean,
atmosphere, and land, capturing feedbacks that influence OAE efficiency (Fakhraee et al., 2023;
González and Ilyina, 2016; Jeltsch-Thömmes et al., 2024; Keller et al., 2014; Lenton et al., 2018;
Palmiéri and Yool, 2024; Schwinger et al., 2024). Together, these modeling approaches are
vital for quantifying uncertainties, evaluating ecological impacts, and informing the design of
robust MRV frameworks critical for ensuring transparency and reliability in carbon accounting
(Fennel et al., 2023; Ho et al., 2023).

Despite advancements in modeling understanding of OAE, substantial gaps remain, partic-
ularly concerning its efficiency in subduction regions, such as those in the Southern Ocean,
Northwest Atlantic, and Norwegian-Barents Sea. These regions naturally transfer surface car-
bon to deeper ocean layers and isolate it from the atmosphere for multi-decadal to centennial
time-scales (Gruber et al., 2019). However, some studies have suggested that these regions are
not ideal for OAE as the subduction process limits the residence time of water masses at the
ocean surface resulting in loss of CO2-deficient waters to deep ocean before it can equilibrate
with the atmosphere (Bach et al., 2023; He and Tyka, 2023; Jones et al., 2014). This would lead
to reduction of about half of the carbon uptake efficiency of OAE. However, the complexities of
the processes in these regions and their response to OAE remain inadequately studied and
motivates further research.

This thesis thus addresses this research gap by simulating OAE globally and in subduction
regions utilizing both coarse- and high-resolution ocean-only models, as well as a fully coupled
ESM. Alkalinity is enhanced continuously and uniformly from 2030 to 2100 under a low and
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high emission scenario. By integrating these modeling approaches, the findings enhance the
understanding of how subduction regions respond to OAE in terms of carbon uptake and
deep ocean carbon sequestration. This synthesis chapter summarizes the key findings, their
implications for future OAE deployment, and discusses limitations and recommendations for
advancing modeling approaches for OAE.

6.1 major findings of the thesis

6.1.1 Q1: How do the subduction regions, individually and collectively, perform in terms of carbon
uptake and OAE efficiency to global OAE and what are the uncertainty estimates?

Effect of alkalinity addition on oceanic carbon uptake

Publications I, II, and III present OAE simulations performed globally and in subduction
regions under the SSP3-7.0 emission scenario over the 21

st century. They allow quantification
and comparison of oceanic CO2 uptake across various model configurations. Publications I and
III utilize ocean-only models (FESOM2.1-REcoM3) with coarse and high spatial resolutions
respectively, whereas Publication II employs the fully coupled emission-driven ESM AWI-
ECM-1-REcoM. Robust results emerge across these different model configurations which
consistently demonstrate a significant linear relationship between the amount of alkalinity
added and the resulting increase in oceanic CO2 uptake, applicable to both global and regional
deployments. Notably, Publication II extends this analysis by comparing alkalinity addition
rates and CO2 uptake responses from multiple independent OAE studies employing ocean-
only models and ESMs (Burt et al., 2021; Hauck et al., 2016; Keller et al., 2014; Lenton et al.,
2018; Nagwekar et al., 2024; Palmiéri and Yool, 2024). This comparative assessment reinforces
the robustness of the linear scaling behavior across diverse model types and experimental
designs. It further highlights that the first-order carbonate chemistry effects governing CO2

uptake are well understood and consistently scale linearly with the magnitude of alkalinity
addition, reinforcing confidence that the basic concept of OAE works and that other effects
(e.g., choice of model) are secondary on global spatial and centennial time-scale. However, this
linear relationship may change or may not hold when biological effects, mineral dissolution,
or secondary precipitation are explicitly included in the models. Since current models do not
represent these processes, their influence on OAE induced carbon uptake remains unknown.
Future modeling studies should therefore focus on parametrizing these processes to improve
the CO2 uptake estimates.

Despite the overall agreement among the models used in this thesis, subtle differences
emerge in their simulated CO2 uptake responses. In global OAE simulations, Publications I and
III report CO2 uptake increases of 0.85-0.86 PgC yr−1 during the 2090s, whereas Publication
II, which accounts for climate feedbacks, reports a lower uptake of 0.75 PgC yr−1. This result
is consistent with Schwinger et al. (2024) showing that climate feedbacks can reduce the
carbon uptake induced by OAE simulated using an ESM as compared to ocean-only models.
Publication III further evaluates CO2 uptake differences for global alkalinity addition across
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major ocean basins and finds results comparable to those of Publication I, indicating that model
resolution has a limited effect on the global-scale uptake. For subduction region deployments,
differences in CO2 uptake are primarily attributed to differences in the alkalinity deposition
area, obtained from water mass transformation analysis, leading to different amounts of added
alkalinity in each setup. Among the three studies, CO2 uptake over the 2090s is highest in
Publication II (0.20 PgC yr−1), lowest in Publication I (0.07 PgC yr−1), and intermediate in
Publication III (0.11 PgC yr−1). Publication III also compares effects of regional alkalinity
addition across different ocean basins with results from Publication I and finds that only
the Southern Ocean shows consistently higher CO2 uptake in the high-resolution model. In
particular, the CO2 uptake in the Southern Ocean in the high-resolution model is twice as
high as in the low-resolution simulation during the 2090s. However, this increase can be
primarily attributed to the 63.8% higher alkalinity deposition in Publication III while the
resolution effect is secondary. Overall, these results imply that the primary driver of oceanic
CO2 uptake globally or in the subduction regions is the amount of added alkalinity with
further uncertainties introduced by the climate feedbacks while the effect of model resolution
being only of second order importance by the end of the century.

Publication I also investigates the scenario dependency of OAE by performing simulations
under SSP1-2.6 along with SSP3-7.0 emission scenario. Consistent with Lenton et al. (2018) the
results indicate a small scenario dependency, with slightly higher CO2 uptake (0.1 PgC yr−1;
12.5% for global OAE and 0.01 PgC yr−1; 16.6% for regional OAE) in SSP3-7.0 than SSP1-2.6
due to reduced ocean buffer capacity in a high-CO2 environment. However, the first-order
effect, the linearity between added alkalinity and increase in CO2 uptake is also observed across
different emission scenarios, making the results highly transferable. Additionally, Publication
I examines the seasonal response of OAE and finds that shallow mixed layer depths (MLD)
during summer enhance surface alkalinity and, consequently, carbon uptake and storage in
both hemispheres. This finding contrasts with previous studies that either reported no seasonal
response Lenton et al. (2018) or associated deeper MLDs, particularly in the North Atlantic,
with higher alkalinity retention and carbon uptake (Köhler et al., 2013). These differences
highlight the need for further research to refine deployment strategies for optimal deployment
in order to increase OAE efficiency.

OAE Efficiency

OAE efficiency is defined as the ratio of volume-integrated increase in DIC to volume-
integrated increase in alkalinity (ηCO2 = ∆DIC/∆Alk; Renforth and Henderson, 2017). It
captures changes in ocean carbonate chemistry since the onset of OAE and can thus be
considered a metric for long-term efficiency. Publication I demonstrated that under the SSP3-7.0
and SSP1-2.6 scenarios, OAE efficiency in subduction regions was identical to that of the global
ocean, with values of 0.85 and 0.80, respectively, during the 2090s. The slightly higher efficiency
under SSP3-7.0 is attributed to the reduced buffer capacity of the ocean at higher atmospheric
CO2 levels. Publications II and III, both focused on the SSP3-7.0 scenario, and further assessed
OAE efficiency at global and regional scales. Publication II reported comparable global and
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Figure 6.1: Efficiency of ocean alkalinity enhancement (OAE; ηCO2 = ∆DIC/∆Alk) for the three
model setups averaged over the 2030s and 2090s under SSP3-7.0 emission scenario. Solid
bars represent global OAE experiments (GLO-ALK) while the dashed bars represent the
subduction regions OAE experiments. Low-resolution ocean-only model (Publication
I; green bars), fully coupled Earth System Model (Publication II; blue bars), and high-
resolution ocean-only model (Publication III; pink bars).

regional efficiency (0.71-0.73), while Publication III reported global efficiency of 0.85 and
regional efficiency of 0.91. This contrasts with earlier studies that suggested subduction regions
are inefficient for OAE, attributing the low efficiency to rapid loss of alkalinity and CO2

deficient waters to the deep ocean via strong downwelling (Bach et al., 2023; He and Tyka,
2023). A possible explanation for this discrepancy is the difference in alkalinity addition
methods: previous studies applied pulsed additions, while my approach used continuous,
uniform additions over 70 years. If so, this would point to the importance of developing optimal
deployment scenarios. However, whether this methodological difference directly influences
OAE efficiency requires further study (see section 6.2.1).

Although all three publications report comparable OAE efficiencies between the global
ocean and subduction regions, Publication II reports the lowest efficiency of 0.71-0.73. This
difference stems from its ESM configuration, which allows the atmospheric CO2 reservoir
to interact dynamically with land and ocean reservoirs, incorporating the effects of climate
feedbacks on OAE-induced changes. In contrast, ocean-only models, which use prescribed
atmospheric pCO2, do not account for these feedbacks. Consequently, the efficiency estimated
using an ESM is termed “earth system efficiency,” while that from ocean-only models is referred
to as “capture efficiency” (Schwinger et al., 2024). The distinction between these metrics is
particularly relevant when evaluating CDR deployment within different policy frameworks. In
a cost-benefit analysis of climate policies, earth system efficiency is the appropriate metric, as
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it provides a comprehensive measure of net carbon removal by considering the earth system
feedbacks. However, when a climate target is already established and policy instruments such
as emission trading are in place, the focus shifts to a cost-effective approach. Here the CDR
methods (OAE in this case) must be compared based on their cost per unit of carbon captured.
In this context, capture efficiency becomes a relevant measure, as it quantifies the directly
sequestered carbon and determines the amount of carbon offset credits assigned for a given
CDR approach (Schwinger et al., 2024).

Most notably, during the initial deployment phase in the 2030s, all three publications reveal
pronounced differences and uncertainties in global and regional OAE efficiencies (Figure 6.1).
In ocean-only models, subduction regions show higher efficiencies compared to global OAE
simulations, with the high-resolution SUB-ALK simulation achieving an efficiency of 0.7. Con-
versely, Publication II indicates that regional efficiencies are lower than the global average
while reporting the highest uncertainty (±55% around the mean) during the 2030s. Over time,
the lateral and vertical spread of alkalinity perturbations in the ocean leads to a gradual
decrease in uncertainty by the end of the simulation period. Furthermore, Publication II with
the ensemble simulations capture the model internal variability which is higher in the regional
OAE compared to global OAE. This variability indicates that the response of OAE is sensitive
to the initial climate conditions, and varying these conditions can yield different outcomes.
Given the prominent differences in the global and regional efficiencies and higher uncertainties
across all model setups during the initial years of OAE deployment which are the most critical
for real-world implementation, this may pose a potential challenge for MRV of OAE. Therefore,
future modeling studies should focus more on the immediate impacts of OAE on global as
well as regional scale.

Effect of nutrient (iron and silcic acid) fertilization of oceanic CO2 uptake and surface CDR
potential

Publications I and III account for the dual effect of nutrient fertilization and alkalinity
addition on oceanic CO2 uptake and storage. In these studies, nutrient fertilization results from
the assumed deposition of olivine, as an alkaline feedstock for OAE, which releases iron and
silicic acid into surface waters. Publication I simulates nutrient fertilization globally, in three
subduction regions combined, and exclusively in the Southern Ocean subduction region. In
Publication III, solely global-scale deposition is considered. Both Publications reported that the
magnitude of oceanic CO2 uptake with nutrient fertilization is notably (∼37%) higher than
only alkalinity addition experiments. For global deposition, both studies report a comparable
nutrient-induced increase in CO2 uptake of 1.24-1.26 PgC yr−1 over the 2090s. This indicates
that, when averaged at a global scale, differences in model resolution do not have substantial
influence on the nutrient-induced carbon uptake. Publication III demonstrates that while global
averages align, differences are observed in region specific nutrient-induced carbon uptake.
Particularly, the Southern Ocean in the high-resolution setup shows a 14.1% higher increase
in carbon uptake than the low-resolution setup over the 2090s. In the Indian Ocean, however,
uptake decreases substantially in the high-resolution simulation, with values falling below
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those in the CTRL (no OAE) simulation. Similarly, the Atlantic Ocean in the high-resolution
setup also exhibits marginally reduced carbon uptake compared to low-resolution simulations.
This disparity primarily arises due to difference in representation of nutrients in the mean state
of the high-resolution and low-resolution model setups. When compared to observational data,
the high-resolution simulation exhibited a stronger bias and a lower correlation (0.69) in DSi
distribution than the low-resolution model, which achieved a correlation of (0.84). These results
suggest that the low-resolution model may be sufficient for nutrient fertilization experiments,
as the high-resolution setup does not demonstrate a clear advantage while also being more
computationally demanding.

The surface CDR potential is defined as the amount of carbon sequestered per unit amount
of dissolved alkaline material (in this case olivine; Hauck et al., 2016; Köhler et al., 2013).
This metric represents a short-term efficiency measure by focusing solely on surface ocean
carbon uptake. Unlike ηCO2, which exclusively accounts for carbon uptake driven by carbonate
chemistry alterations from OAE, the surface CDR potential also captures the contribution of
nutrient fertilization effects associated with olivine dissolution. While only alkalinity addition
experiments demonstrated comparable ηCO2 between global and subduction regions, the
additional influence of nutrient fertilization introduces substantial regional variability in CDR
potential. Notably, Publication I reported that the Southern Ocean exhibits the highest CDR
potential, reaching approximately 1 PgC per Pg olivine which is 2.5 times higher than the
CDR potential reported for global nutrient fertilization simulations. This elevated response
is primarily attributed to iron fertilization, as the Southern Ocean is naturally iron-limited
(Baar et al., 1995; Smetacek et al., 2012). Iron deposition thus enhances primary productivity,
resulting in increased carbon uptake. Notably, about 97% of the total increase in nutrient-
induced carbon uptake occurs in the Southern Ocean, while the contribution from North
Atlantic subduction regions is small. The efficiency of nutrient fertilization is highest during
the initial few years of the simulation but declines toward the end of the century. This decline
occurs due to the saturation of fertilization effect, reduced nutrient consumption over time,
and release of carbon via remineralization, leading to a gradual decrease in carbon uptake.
Similar findings have been discussed in previous studies, such as Hauck et al. (2016) and Köhler
et al. (2013), which emphasize the transient nature of nutrient fertilization efficiency. Although
nutrient fertilization itself is recognized as a potential CDR method (Aumont and Bopp, 2006;
Zeebe and Archer, 2005), studies have reported associated side effects, including potential
ecological disruptions and altered biogeochemical cycles, warranting careful consideration
before large-scale implementation (Keller et al., 2014; Oschlies et al., 2010a; Tagliabue et al.,
2023).

6.1.2 Q2: Can subduction regions increase deep ocean carbon sequestration due to OAE and what are
the associated uncertainty estimates?

The primary rationale for targeting subduction regions for OAE lies in their natural capacity
to transport dissolved carbon from the surface ocean to the interior, enabling sequestration
over multi-decadal to centennial timescales (Gruber et al., 2019; Sabine et al., 2004). To evaluate
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Figure 6.2: Time series for increase in dissolved inorganic carbon relative to the CTRL (∆DIC) in the (a)
top 1 km and (b) below 1 km ocean depth for all the model setups. Low-resolution ocean-
only model (Publication I; green color), fully coupled Earth System Model (Publication II;
blue color), and high-resolution ocean-only model (Publication III; pink color). Solid lines
represent global OAE experiments (GLO-ALK) and dashed lines represent regional OAE
experiments (SUB-ALK).

this hypothesis, I analyzed the increase in DIC in the upper 1 km and below 1 km of the
water column following OAE deployment in both global and subduction regions across three
model setups (Figure 6.2a and b). In the global OAE experiments, where an equal amount of
alkalinity is deposited across all setups, the ocean-only models in Publications I and III report
comparable increases in DIC in the upper 1 km, with the high-resolution simulation showing
higher accumulation (54.80 PgC) than the low-resolution simulation (50.95 PgC) over the 2090s.
In contrast, the global OAE experiment in Publication II shows the lowest increase in DIC (41.27

± 0.77 PgC) in this layer due to the influence of climate feedbacks, which are not accounted for
in the ocean-only models. For regional OAE experiments, the amount of alkalinity added varies
across setups based on the extent of subduction regions in each configuration. The regional
OAE experiment in Publication II, which receives the highest alkalinity input, leads to the
largest increase in CO2 uptake and, consequently, the highest increase in DIC (9.50 ± 1.0 PgC)
in the upper 1 km during the 2090s. This is followed by the high-resolution regional OAE
simulation, which receives the second-highest alkalinity input and results in a DIC increase
of 6.00 PgC. The low-resolution regional OAE simulation in Publication I, which receives the
least alkalinity input, shows the lowest increase in DIC (3.70 PgC) in the top 1 km over the last
decade of the century.

For deep ocean carbon sequestration (below 1 km depth; Figure 6.2b), both ocean-only setups
show a consistent positive increase in DIC throughout the simulation period for both global and
regional OAE deployments. Among all simulations, the global OAE experiment in Publication
III reports the highest DIC accumulation (3.00 PgC), which can be attributed to a steeper and
deeper neutral density isopycnal structure, indicating stronger vertical transport and greater
penetration of carbon into the ocean interior. In the regional OAE experiments, the higher
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DIC accumulation in Publication III is primarily due to a 63.8% greater alkalinity addition
compared to the simulations in Publication I, with model resolution playing only a minor role
in this case. Notably, both ocean-only setups in Publications I and III show that subduction
regions transfer a ∼1–2 times higher fraction of the total carbon taken up to depths below 1

km compared to their respective global OAE experiments. However, this efficient downward
transport of carbon is not reflected in the findings of Publication II.

Publication II concludes that subduction regions may not be as efficient as the global ocean
in sequestering carbon in the deep ocean. While DIC changes in the upper 1 km exhibit a
consistent positive increase with low uncertainty for both global and subduction region OAE,
DIC changes below 1 km show substantial interannual and internal variability. Notably, during
several years of the simulation period, deep ocean DIC concentrations fall below baseline
levels (CTRL; no OAE), a pattern not observed in either the high- or low-resolution ocean-
only simulations. This variability, along with occasional reductions in DIC relative to the
CTRL, arises from climate feedbacks and model internal variability, contributing to elevated
uncertainty in both global and regional OAE outcomes. These findings highlight the necessity
of accounting for Earth system feedbacks when assessing OAE-induced carbon uptake and
storage potential, as neglecting these factors could lead to misleading conclusions. At the same
time, incorporating such feedbacks remains both a challenge and a prerequisite for developing
reliable carbon management strategies and designing a robust MRV framework.

Publication I and III investigated the combined effect of nutrient fertilization and alkalinity
addition on carbon sequestration in the global ocean, both identifying the Southern Ocean
as the most effective region for deep ocean carbon storage. However, the absolute amount
of carbon stored below 1 km differs between the two simulations. The CTRL simulation
in Publication III exhibits higher net primary productivity than the low-resolution CTRL
simulation, amplifying the efficiency of biological carbon sequestration. As a result, Publication
III reports a greater (14.92 PgC) absolute amount of carbon sequestered compared to Publication
I, which sequestered 11.93 PgC. However, preliminary evaluation indicates that the high-
resolution model overestimates nutrient availability, which may ultimately affect net primary
production and consequently influence carbon uptake and storage. Therefore, further research
and comprehensive model evaluation are required to ensure robust assessments of model
performance in the context of OAE. Beyond the global ocean experiments, Publication I also
examined nutrient fertilization in subduction regions and found similar trends, with the
Southern Ocean subduction region demonstrating the highest efficiency among all subduction
regions. However, despite its effectiveness, the total carbon sequestered in subduction regions
remained lower than in the global ocean experiment, primarily due to their smaller spatial
extent, which limited alkalinity addition and, consequently, reduced the overall carbon uptake.

Overall the findings suggest that the primary driver for increase in DIC in the top 1 km
depth for the regional OAE is the amount of added alkalinity. For global OAE with similar
alkalinity input, the deciding factor is the influence of the climate feedbacks, while the role of
model resolution is only secondary. In terms of deep ocean carbon sequestration, for global
OAE experiments, the better representation of surface to deep ocean connecting pathways
in the high-resolution potentially results in higher deep ocean DIC, however, we see that the
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consideration of climate feedbacks and internal climate variability will also be equally or more
important in order to have a realistic estimate of deep ocean carbon sequestration for global as
well as regional OAE deployment scenarios.

6.1.3 Q3. How do the global and regional OAE deployments affect land and ocean carbon sinks,
atmospheric CO2 concentration, and surface air temperature?

Unlike ocean-only models in Publications I and III, which are tailored to investigate ocean-
specific processes and responses to OAE, the ESM in Publication II integrates terrestrial
and atmospheric components, offering a broader implication of OAE on the earth system.
Global OAE deployment was found to lower atmospheric CO2 concentration by approximately
20.43 ± 0.59 ppm by 2100, while OAE confined to subduction regions achieved a reduction
of 3.6 ± 1.12 ppm. A notable finding was the significant linear relationship between the
reduction in atmospheric CO2 and the quantity of alkalinity added for OAE in the last
year of deployment (2100). This relationship is consistent across multiple ESM-based studies,
irrespective of variations in model configurations, resolutions, and assumptions regarding OAE
deployment regions (González and Ilyina, 2016; Keller et al., 2014; Lenton et al., 2018; Palmiéri
and Yool, 2024). This consistency suggests that large-scale OAE responses are reliably captured
across models. However, further research should prioritize refining small-scale deployment
strategies by identifying optimal sites for real-world OAE implementation.

Publication II concluded that the reductions in atmospheric CO2 achieved through both
global and regional OAE deployments are insufficient to have any substantial impact on
reduction in surface air temperature by the end of the century. Globally, alkalinity addition
resulted in an insignificant surface temperature reduction of 0.043 ± 0.18

◦C, while deployment
in subduction regions achieved a decrease of 0.054 ± 0.053

◦C by 2100. These temperature
changes exhibited high interannual variability and uncertainty throughout the simulation
period, with several years showing temperature increases above the CTRL simulation. This
variability is consistent with findings of the studies that implemented alkalinity addition rates
ranging from 0.02 to 0.25 Pmol yr−1 (González and Ilyina, 2016; Keller et al., 2014; Lenton et al.,
2018; Palmiéri and Yool, 2024). Additionally, a comparatively weaker linear relationship was
identified between atmospheric CO2 reduction and surface air temperature changes across
different studies. In contrast to the air-sea CO2 fluxes, this weak correlation is due to the
dominant influence of equilibrium climate sensitivity in determining the temperature response,
which varies depending on the model used in each study.

Publication II reported that the land carbon sink weakened over the simulation period, with
reductions of 0.73 ± 2.64 PgC for SUB-ALK and 4.17 ± 2.66 PgC for GLO-ALK during the
2090s. This aligns with other studies that also documented a decrease in land sink ranging
from 1-5 PgC by the end of the century (González and Ilyina, 2016; Palmiéri and Yool, 2024).
The weakening is attributed to reduced atmospheric CO2 levels, which diminish the CO2

fertilization effect on vegetation, and to temperature variations that alter precipitation patterns,
impacting vegetation and soil carbon storage (Adloff et al., 2018; Jeltsch-Thömmes et al., 2024).
In the subduction region simulations, the impact on the land sink was small, with changes



156 synthesis

remaining near zero (0.02 ± 3.0 PgC) over the multiple years. Conversely, global alkalinity
addition led to significant deviations from zero after 35-40 years (3.6 ± 3 PgC), reflecting a lag
time of approximately three to four decades before the effects of OAE on the land sink became
apparent. Throughout the simulation period, the land carbon sink exhibited pronounced
interannual variability and considerable uncertainty, contrasting with the relatively consistent
and robust response observed in the ocean carbon sink. This variability underscores challenges
if the land sink is to be integrated into MRV frameworks and highlights the need for further
investigation to improve predictive accuracy.

6.2 limitations and future outlook

6.2.1 Mode of Alkalinity Addition

Alkalinity addition was continuously applied in all OAE experiments reported in Publications
I, II, and III. Simulations employed models with 15-minute time-steps, during which 0.21 mol
m−2 of alkalinity was uniformly distributed across the global oceans and the subduction regions
over a 70-year period. This approach, provides an upper limit estimate of carbon sequestration
for the amount of added alkalinity. The global-scale experiments assumed an addition of
78.80 Tmol of alkalinity annually, while subduction-region experiments in Publications I, II,
and III modeled annual inputs of 5.72 Tmol, 17.99 Tmol, and 9.37 Tmol, respectively. Such
volumes vastly exceed the current global production capacity of 5–6 Mt yr−1, necessitating an
unprecedented expansion of mining infrastructure, which would in turn introduce substantial
additional carbon emissions and erode the overall efficacy of the method (Caserini et al., 2022).

An alternative and more practical approach is the pulsed/discontinuous addition of alkalinity.
Several modeling studies have examined this approach under particular seasonal timing and
regional characteristics. Zhou et al. (2025) simulated OAE pulse in January, April, July, and
October globally and reported a seasonal response of OAE efficiency with summer months
having higher efficiency than winter months. For instance, a pulse in July in the Labrador Sea
achieved an efficiency of 0.7, while a pulse in January resulted in a much lower efficiency of
0.2, both efficiencies calculated 15 years after the pulse was deployed. They attributed this to
deep winter mixing, which removes alkalinity from the surface ocean. In general, they report
that the polar regions (deep and bottom water formation areas) in both hemispheres have
persistent lower efficiencies as compared to the subpolar water masses which are deemed to
be the best regions for OAE as they achieve efficiencies of 0.8 within 8 years of deployment.
Similarly, He and Tyka (2023) and Yankovsky et al. (2024) also simulated a month-long pulsed
OAE in January at different coastal and open ocean locations. Their results also concluded
that the regions around Iceland and Labrador Sea, are not suitable for OAE, again due to
the limited time for CO2-deficient waters to equilibrate with the atmosphere. Yamamoto et al.
(2024) also conducted a pulsed OAE experiment over the global ocean, but using a coupled
ocean-atmosphere linearized model. Their results mirrored those of the previous studies, with
low OAE efficiencies in regions around the Labrador Sea and the Southern Ocean deep-water
formation zones. However, Yamamoto et al. (2024) also highlighted a distinct feature in the



6.2 limitations and future outlook 157

subpolar mode water regions which are north of the polar front. In these areas, mode waters
that are subducted into the deeper ocean resurface more quickly than deep waters, allowing for
a secondary phase of CO2 uptake. This resurfacing dynamic facilitates continued atmospheric
CO2 ingassing, partially mitigating the inefficiency caused by initial alkalinity loss to deeper
ocean layers.

These findings contrast with the results of Publications I and III, which reported sustained
high efficiencies (0.85–0.90) in subduction regions by the end of the century, under continuous
alkalinity addition over 70 years. The apparent contradiction may stem from differences in
alkalinity addition mode (pulsed vs continuous) and the seasonal dependence of efficiency
(Publication I), however, this remains to be tested. Notably, Publication I and III aligns with
Zhou et al. (2025) in identifying higher CO2 uptake during summer, reinforcing the critical role
of seasonality in OAE efficiency. This underscores the need for further investigation into how
application mode modulates OAE outcomes, particularly in subduction regions.

6.2.2 Alkaline Mineral Dissolution

The only-alkalinity addition experiments across all three publications are independent of
the specific alkaline mineral and method for OAE, meaning dissolution kinetics is not a
concern when alkalinity is introduced in solution form. In contrast, the nutrient fertilization
experiments assume olivine as the source, where dissolution kinetics influence the extent
of carbon uptake due to the particulate nature of the material. These simulations assume
complete and instantaneous dissolution, an unrealistic scenario in natural ocean conditions.
This assumption arises due to the absence of comprehensive dissolution kinetics data, which
limits its explicit representation in models. Consequently, the reported carbon uptake and
OAE efficiencies represent upper-bound estimates. In reality, mineral dissolution rates are
influenced by factors such as particle size, ambient seawater temperature, and pH (Feng
et al., 2017; Oelkers, 2001). Smaller particle sizes enhance dissolution rates due to their higher
surface area-to-volume ratio, with particles smaller than 10 µm being optimal for near-complete
dissolution in the surface ocean (Köhler et al., 2013). In case of olivine, mineral composition
also affects dissolution, with magnesium-rich olivine dissolving 20–30% faster than its iron-rich
counterpart under similar conditions (Hangx and Spiers, 2009; Oelkers et al., 2018; Olsen,
2007). Furthermore, dissolution rates are generally higher in warmer and more acidic waters.
For instance, in high latitudes, dissolution rates can decrease by a factor of 2.5-3.6 compared
to those in low to intermediate latitudes (45

◦S to 45
◦N) due to colder water temperatures

(Geerts et al., 2025; Hangx and Spiers, 2009). This implies that if olivine would be used for
OAE in subduction regions, the colder water masses in these areas would significantly reduce
dissolution rates and the upper-bound estimate of the model simulations would not be reached.
Thus, if any alkaline rock powder feedstock is used for OAE, then accounting for such factors
in future modeling efforts will be crucial for refining the accuracy of predicted OAE impacts
and better aligning them with real-world scenarios.

Currently, no global or regional models incorporate the effects of near-field dynamics on
OAE. To address this gap, parameterization schemes must be developed based on insights
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from near-field models, such as direct numerical simulations or large eddy simulations, which
resolve processes at scales of micrometers to meters (Fennel et al., 2023). These models capture
processes under varying turbulence intensities, where increased particle suspension and mixing
enhance effective dissolution and thus is relevant for OAE (Mensa et al., 2015; Taylor et al.,
2020). Additionally, near-field models can simulate localized pH buffering and dynamics at the
injection site, where alkalinity addition can temporarily elevate pH by 0.1-0.3 units (Hartmann
et al., 2013), impacting dissolution efficiency (Fornari et al., 2016). They can also account
for particle aggregation, especially for fine particles (<10 µm), which, despite their rapid
dissolution potential, are prone to aggregation. This process reduces effective surface area and
dissolution efficiency, highlighting the need for precise parametrization of such interactions.
However, near-field models are computationally demanding, resulting in a low feasibility for
long-term simulations. Moreover, the current lack of validation against observational data
and field experiments restricts the reliability of these models. To overcome these challenges,
multi-scale modeling frameworks are needed to couple near-field dynamics with regional
dispersal models, ensuring consistent dissolution predictions across spatial and temporal scales.
Validation through field experiments should be prioritized to enhance model accuracy and
applicability for future OAE research (Fennel et al., 2023).

6.2.3 Secondary Mineral Precipitation

Secondary calcium carbonate (CaCO3) precipitation occurs when seawater becomes supersatu-
rated with carbonate ions (Ω > 1; Zeebe and Westbroek, 2003). During OAE, if the addition
of alkalinity results in oversaturation, this phenomenon could counteract the intended effects
by consuming the added alkalinity to form CaCO3 (Bach et al., 2019; Schulz et al., 2023). To
mitigate this risk, the critical Ω values at the deployment site should be determined in order
to estimate the amount of alkalinity that can be safely introduced (Hartmann et al., 2023).
Saturation states, which vary with salinity and temperature, are typically higher in mid- and
low-latitude regions compared to the polar oceans (Schulz et al., 2023). The three publications
in this thesis did not account for secondary precipitation, and therefore, the upper limit of
alkalinity addition in either the global ocean or subduction regions was not explicitly tested.
Current understanding suggests that maintaining Ω below a threshold of approximately 5 to
7 is essential to avoid secondary mineral precipitation (Fuhr et al., 2022; Moras et al., 2022;
Suitner et al., 2024). In our simulations, 0.034 µmol kg−1 of alkalinity was added globally
and in subduction regions over the 21

st century. This amount remains well below levels ap-
plied in some experimental studies, where extreme alkalinity additions (>2700 µmol kg−1)
led to surpassing the Ω threshold and triggered secondary precipitation (Gately et al., 2023).
Notably, Publications I identified increased calcification in the southern subtropical Pacific
Ocean and certain areas of the Southern Ocean during nutrient addition experiments. This
elevated calcification, driven by enhanced productivity of small phytoplankton with implicit
calcification processes, reduced surface alkalinity compared to experiments with only alkalinity
addition. Collectively, both inorganic precipitation and biologically driven CaCO3 production
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constitute a form of "CaCO3 leakage," where alkalinity is removed from the ocean surface,
thereby constraining the OAE efficiency.

Overall, the alkalinity additions in our studies falls well within what can be considered a safe
range. However, critical Ω values are region-specific, influenced by local physical, chemical, and
biological conditions (Bach et al., 2019; Hartmann et al., 2023), and therefore, further laboratory
and field experiments are needed to refine these thresholds. Moreover, a key limitation of
global ocean models is the large grid cells which cannot capture processes at a few meter to
kilometre scale and thus leads to rapid dilution of added alkalinity. In real ocean conditions,
point-source alkalinity addition would not experience such swift dilution, which may alter local
saturation levels. Hence, to improve the understanding of regional impacts, high-resolution
near-field models are essential to capture small-scale processes that influence OAE efficiency.
Such insights could support the development of parameterizations for secondary mineral
precipitation, enabling more robust and accurate OAE simulations in future modeling efforts
(Fennel et al., 2023).

6.2.4 Biological response to OAE

The three publications in this thesis do not consider the biological impacts of OAE, which
are crucial for determining the permissible alkalinity addition at a given site based on its
background biological conditions. While field experiments involving varying levels of alkalinity
addition, have not yet reported drastic adverse effects on marine ecosystems, these findings
remain preliminary. A more critical assessment of how different phytoplankton functional types
(PFTs) respond to alkalinity addition is essential (See section 2.7.2). Publications I and III, in the
nutrient fertilization experiments, report an increase in net primary productivity; however, the
models used here are not equipped to capture potential impacts on higher trophic levels, such
as changes in energy transfer within marine food webs. Additionally, the parameterizations
used in these studies do not explicitly account for how OAE might affect the growth rates of
specific phytoplankton and zooplankton groups.

Incorporating a full range of biological and ecological processes into global ocean models
remains a significant challenge due to the intricate interactions involved. For example, while
REcoM simulates nutrient limitations, such as those related to iron and silicic acid for small
phytoplankton and diatoms Hauck et al. (2016), the model version used for the thesis does
not account for the effects of changes in carbonate chemistry caused by alkalinity addition on
these species. Moreover, no current models simulate the ecological consequences of Ni release
from olivine-based OAE. Biological impacts of OAE are often subtle and can be obscured by
natural variability, further complicating their representation in global models (Fennel et al.,
2023). If the electrochemical approach is employed for OAE, the primary biological feedback
to consider would be the changes in carbonate chemistry, particularly its impact on biogenic
calcification rates and phytoplankton growth (Eisaman et al., 2023; Ringham et al., 2024). These
effects could potentially be easier to include in global models compared to the crushed rock
feedstock approach, as the latter involves additional complexities. Specifically, it not only alters
the carbonate chemistry but also introduces physical dissolution dynamics and the risk of
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heavy metal contamination, which are more difficult to parameterize in models due to a lack
of sufficient data (Bach et al., 2019; Fennel et al., 2023; Fennel et al., 2023; Hartmann et al.,
2013). Therefore, further field studies are required to enhance model accuracy and develop the
necessary parametrizations to account for the biological impacts of OAE.

6.2.5 Model Validation

The accurate representation of total alkalinity and DIC is critical for assessing the efficiency of
OAE as a negative emissions technology using an ocean model. An evaluation of CMIP6 models
against the GLODAPv2 dataset indicated that the models underestimated surface alkalinity,
with global mean biases ranging from –85 mmol m−3 (–3.6%) to +50 mmol m−3 (+2.1%). Surface
DIC biases ranged from –55 mmol m−3 (–2.6%) to +53 mmol m−3 (+2.5%; Hinrichs et al., 2023).
These biases affect the modeled carbonate system response to OAE, leading to discrepancies in
the estimated efficiency of CO2 removal. Consequently, a hypothetical addition of 100 µmol
kg−1 of alkalinity produced pCO2 reductions between 91 and 104 µatm instead of the observed
92 µatm, resulting in an overestimate of up to 13%, even though the CO2 uptake efficiency
(ηCO2) remained within −0.1% to +1.1% of observations (Hinrichs et al., 2023).

These coupled biases affect deep and bottom water formation regions. Errors in preformed
alkalinity in the upper 1 km, combined with calcium carbonate dissolution in deeper layers, can
shift surface underestimations into overestimations at depth with alkalinity biases exceeding
+100 mmol m−3 below 4000 m. Deep water formation is crucial for transporting carbon into
the ocean interior for long-term sequestration, so even small inaccuracies in alkalinity and
DIC have significant implications for estimates of carbon storage over centennial to millennial
timescales (Hinrichs et al., 2023). These uncertainties can compromise MRV systems that
depend on precise representations of carbonate chemistry and water mass transport. However,
such uncertainties can be effectively reduced through data assimilation techniques, which
integrate observational data with model simulations to produce optimized state estimates. This
approach aligns model outputs more closely with real-world conditions (Fennel et al., 2023).
Validated models are thus indispensable for refining OAE efficiency estimates and meeting
MRV requirements necessary for real-world implementation (Fennel et al., 2023; Ho et al.,
2023).

6.3 conclusion

Ocean Alkalinity Enhancement (OAE) was investigated to test the hypothesis that intermediate,
deep and bottom water formation regions in the Southern Ocean and North Atlantic, crucial for
anthropogenic carbon uptake, can act as effective sites for OAE deployment by leveraging their
natural ability to sequester carbon away from the atmosphere over multi-decadal to centennial
timescales. Using low- and high-resolution ocean-only models and a fully coupled emission
driven Earth System Model (ESM), this study assessed the efficiency of OAE in these regions
compared to global applications, under high and low emission pathways.
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The results show that the choice of model has a greater impact on OAE efficiency in the
initial decade of alkalinity deployment than on long-term estimates, with all models projecting
high uncertainties during this phase. This highlights the need for future studies to focus on the
immediate impacts of OAE and conduct robust model evaluations during this period to refine
monitoring, reporting, and verification (MRV) formulations. While all models show a significant
linear relationship between the amount of alkalinity added and the increase in oceanic CO2

uptake, this linearity only becomes evident after approximately 60 years of alkalinity addition
and may not exist at smaller spatial and temporal scales. Furthermore, biological implications,
effects of mineral dissolution, and secondary mineral precipitation are not accounted for in
the models and may further influence this linearity, necessitating future efforts to parametrize
these processes for more realistic carbon uptake estimates. Results show that the subduction
regions can be a viable option for OAE but are subject to a strong seasonal variability. Thus,
future studies should consider seasonal dynamics for regional OAE applications and develop
more optimal deployment strategies by investigating the impact of pulsed versus continuous
alkalinity addition and comparing coastal versus open-ocean applications. Additionally, the
results also elucidate that Earth system feedbacks substantially impact both short-term regional
OAE efficiencies and deep ocean carbon sequestration, underscoring the need for a better
understanding of post-OAE ocean-atmosphere interactions and their implications for achieving
climate targets. Addressing these uncertainties through improved model parametrization
and evaluation is crucial to refining OAE efficiency estimates, which in turn will contribute
to the development of a robust MRV system that supports effective, sustainable, and safe
implementation of OAE.
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