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Abstract
Artificial upwelling (AU) and ocean iron fertilization (OIF) both have been proposed as marine
carbon dioxide removal methods to enhance ocean carbon uptake by stimulating the biological
carbon pump. We simulate global and regional AU and OIF individually and the combination of
both methods between the years 2025 and 2100 in ocean-atmosphere model experiments under
the moderate RCP 4.5 CO2-emission pathway and show that the combination of globally applied
AU+OIF yields the greatest ocean carbon uptake potential of+103 Pg C until year 2100. Regional
OIF simulated by itself poleward of 45◦ North and South is responsible for+86.9 Pg C additional
ocean carbon uptake. AU-only experiments do not significantly enhance ocean carbon uptake due
to the lack of iron in the upwelled waters. We find no consistent relationship between enhanced
cumulative export production and changes in the ocean carbon inventory attributable to the
biological carbon pump, which makes export production a poor indicator for additional ocean
carbon uptake. We identified a strong decrease in the global ocean nitrate inventory
(−567 Tmol N) until year 2100 as a consequence of globally applied AU+ OIF due to an
interrupted balance between N2-fixation and denitrification.

1. Introduction

The CO2 concentration in the Earth’s atmosphere
continuously rises since preindustrial times due to
anthropogenic CO2-emissions, causing an increase in
global surface air temperature (IPCC 2022). To limit
the global mean surface air temperature increase to
well below 2 ◦C in comparison to preindustrial times,
as stated in the Paris Agreement (UNFCCC 2015),
we first and foremost need to extensively reduce
CO2 emissions and in addition to this effort, actively
remove CO2 from the atmosphere to compensate
future hard-to-abate and potentially also legacy CO2-
emissions (IPCC 2022). Several methods discussed in
the scientific literature to actively remove CO2 from
the atmosphere aim to enhance the global ocean’s
capacity to take up additional CO2 via marine carbon
dioxide removal (mCDR) methods (NASEM 2022).

Two proposed mCDR ideas, artificial upwelling
(AU) and ocean iron fertilization (OIF), both aim to
supply the surface ocean ecosystem with additional
nutrients to stimulate the production and export
of organic matter into the ocean interior i.e. the
biological carbon pump (BCP) (NASEM 2022). In
detail, the OIF-approach describes the idea of releas-
ing bioavailable iron into the surface ocean in high-
nutrient-low-chlorophyl (HNLC) ocean regions, in
which the ecosystem is limited by iron (Aumont and
Bopp 2006, Boyd et al 2007, NASEM 2022, Jiang
et al 2024). Although small-scale field trials of OIF
showed a subsequent increase in chlorophyl con-
centrations after the iron addition, the quantific-
ation of additional ocean carbon uptake and car-
bon storage duration remained challenging (Boyd
et al 2007). However, Earth system modeling studies
show that large-scale OIF around the SouthernOcean
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has the potential to significantly enhance ocean car-
bon uptake via the BCP (Aumont and Bopp 2006,
Marinov et al 2006, Oschlies et al 2010b, Keller et al
2014). In contrast to the introduction of additional
iron to the surface ocean in the OIF-approach, the
AU-approach does not introduce new nutrients to
the ocean, but uses vertical ocean pipes to relocate
nutrient-rich water from the interior ocean to the
sea surface to fertilize the surface ocean ecosystem
(Lovelock and Rapley 2007, NASEM 2022). Focusing
solely on the nutrient effect of AU, however, recently
turned out to be insufficient to estimate the CDR
potential of AU, since the CO2 uptake via AU is
strongly dependent on the futureCO2-emission path-
way due to stimulated processes associated with the
solubility pump (Jürchott et al 2023). Furthermore,
several Earth-system modeling studies, which found
a significant mCDR potential of AU, followed a max-
imum potential approach for the BCP and/or did not
consider iron in the pipe-covered area as a poten-
tially limiting nutrient in the surface layer for net
primary production and consequently export pro-
duction (Yool et al 2009, Oschlies et al 2010a, Keller
et al 2014, Jürchott et al 2023).

In this study we simulate global and regional AU,
OIF and the combination of both methods between
the years 2025 and 2100 to investigate complementary
or inhibiting effects between both mCDR methods
and to better understand the role and the implications
of potential iron-limitation for the mCDR-potential
of AU. By using two configurations of an Earth System
model of intermediate complexity with differences in
their representation of the iron cycle under the RCP
4.5 CO2-emission pathway we specifically investigate
and quantify global ocean carbon uptake via AU and
OIF individually and in combination, as well as the
individual carbon uptake contributions via the BCP
and solubility pump, regional differences, ecosystem
impacts and side-effects.

2. Methods

2.1. Model configurations
In this study we use two individually calibrated con-
figurations of the UVic 2.9 Earth System model of
intermediate complexity (Weaver et al 2001, Keller
et al 2012) with a dynamically coupled energy-
balance atmosphere, sea-ice and ocean component
(Gent and Mcwilliams 1990, Orr et al 1999, Koeve
et al 2020), which differ in their representation of the
marine iron cycle (Keller et al 2012, Yao et al 2019).
In both model configurations all interactions with
the biogeochemical land component are intention-
ally disabled (noLand) in order to isolate the effects
of AU and OIF exclusively to the ocean. This pro-
cedure has no direct impact on e.g. ocean circula-
tion and allows us to better understand the impact
on the marine carbon cycle, but disables potential

carbon-concentration and carbon-climate feedbacks
from the land model component (Arora et al 2020).
The three-dimensional ocean component has a spa-
tial resolution of 3.6˚ longitude and 1.8˚ latitude and
consists of 19 vertical levels ranging from a 50 m
thick layer at the surface to up to 500 m thick lay-
ers in the deep ocean. The model ocean contains a
fully simulated carbon cycle and includes dissolved
inorganic carbon (DIC) and alkalinity as prognostic
model tracers. The nutrients phosphate and nitrate
are calculated as prognostic tracers as well. A mar-
ine NPZD-ecosystem model represents the BCP, in
which we assume a fixed C–N–P organic matter stoi-
chiometry following Redfield ratio (Keller et al 2012),
in addition to a simple diagnostic CaCO3 counter
pump representation (Schmittner et al 2008). Neither
primary production nor the production or dissolu-
tion of CaCO3 are assumed sensitive to CO2.

To easily distinguish between both individually
calibrated UVic 2.9 model configurations and to
ensure continuity with existing literature we refer to
them by the names Fe_Mask (Keller et al 2012) and
Fe_Dyn (Nickelsen et al 2015, Yao et al 2019). In
Fe_Mask iron-limitation is prescribed via a season-
ally cycling climatological iron concentration mask
at the oceans surface layer taken from the BLING
model (Galbraith et al 2010). Fe_Dyn contains a data-
constrained and calibrated iron cycle with dissolved
iron simulated as a prognostic tracer in the model
ocean and includes iron-specific processes such as
iron scavenging (Tagliabue et al 2017) and hydro-
thermal sources (Yao et al 2019). The N–Fe stoi-
chiometry ratio for organicmatter in the Fe_Dyn eco-
systemmodel is 1 mol N per 10 µmol Fe and assumed
to be constant (Yao et al 2019). Since both model
versions are individually calibrated, they start from
slightly different initial conditions, but their perform-
ance for all relevant Earth-system variables during
the simulated climate change transient is comparable
(figures S1–S3 and S5).We provide a detailed descrip-
tion of bothmodel versions in the supporting inform-
ation S1.

2.2. Separation of marine carbon pumps
We diagnose the individual impacts on the carbon
cycle via the BCP and the solubility pump by intro-
ducing two idealized tracers, DICremin and DICpre, to
themodel (Jürchott et al 2023). The amount ofDIC in
the ocean interior exclusively attributable to the BCP
is diagnosed via the idealized tracer DICremin, which is
set to zero upon contactwith the atmosphere and only
increases in the ocean interior via the amount of DIC
released into the water column as a consequence of
organic matter degradation. The contribution to the
ocean DIC inventory exclusively attributable to the
solubility pump is diagnosed via the idealized tracer
DICpre, which adopts the total DIC value of the sur-
face layer and preserves it while being transported
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to depth through ocean circulation. Both idealized
tracers do not influence other model tracers, but are
affected by ocean circulation.

2.3. Experimental design
Following individual model spin-up under preindus-
trial pCO2 conditions for both model configurations,
we simulate the transient period from the year 1765–
2005 with historical CO2-emissions to the atmo-
sphere and continue with themoderate RCP 4.5 CO2-
emission pathway until the year 2100 (Meinshausen
et al 2011). Historical CO2-emissions are consist-
ent with historical land-use and fossil fuel CO2-
emissions, but have been individually corrected for
the use of our two noLand model configurations to
account for the disabled land carbon uptake. This
correction is necessary to ensure that both simula-
tions experience the same climate change as their fully
coupled counterparts (Koeve et al 2020). For details
see supporting information S1.

The general design of the simulation of AU
is adopted from a previous study conducted with
an earlier version of the UVic model (Oschlies
et al 2010a) and modified as described below. All
model tracers and idealized tracers are subject to the
upwelling of AU and transferred adiabatically from
the grid box at the pipe’s source depth to the sur-
face grid box. To ensures volume conservation and
compensate the amount of upwelling, we simulate
an additional down-welling flux through all inter-
mediate levels. Any redistribution of heat and salin-
ity due to the pipe’s activity influences the dens-
ity structure of the water column and thus, impacts
ocean circulation. The source depth of the AU-pipes
is kept constant at 500 m (i.e. upper five vertical
levels) and the upwelling intensity is set to 0.5 cmd−1.
The chosen upwelling intensity translates into the
upwelling of a 0.5 cm thick layer per day averaged
over the pipe-covered grid boxes. These conditions
represent the assumed upper technical feasible limit
of AU at the current technological stage (Oschlies
et al 2010a, Koweek 2022). The effects of OIF are
simulated exclusively in Fe_Mask by relaxing any
iron-limitation for phytoplankton and diazotrophs
at the surface ocean (Keller et al 2014). This OIF-
implementation ensures, that iron is not limiting eco-
system productivity and is part of the default AU-
approach in Keller et al (2014) and Jürchott et al
(2023) in an effort to maximize a BCP response to
AU. The AU approach in both studies can therefore be
understood as our AU+OIF approach introduced in
the next paragraph.

With the Fe_Mask model we carry out three
sets of mCDR experiments, in which we simu-
late AU and OIF individually (Fe_Mask_AU-only,
Fe_Mask_OIF-only), as well as both in combination
(Fe_Mask_AU + OIF). For the Fe_Dyn model we
simulate AU individually (Fe_Dyn_AU-only), since

in Fe_Dyn iron is not just represented at the sur-
face ocean but as a prognostic tracer at depth and is
therefore subject to the upwelling via AU (see table 1
as well). All four mCDR-simulations are carried out
with either (i) a global application area approach, (ii)
only in the region equatorward between 45◦ N and
45◦ S, or (iii) only in the region poleward of 45◦Nand
45◦ S covering high-latitude regions and only where
the bathymetry allows for 500 m long vertical pipes
(figure S4) (Jürchott et al 2024). All three regions, in
which we simulate both mCDR approaches individu-
ally and in combination, are kept constant over the
duration of the experiments.

3. Results & discussion

3.1. Carbon cycle & ecosystem response
Globally simulated AU + OIF yields the greatest
ocean carbon uptake of +103 Pg C until year 2100,
while global OIF-only is responsible for +95 Pg C
(figure 1(a)), which would correspond to avoided
emissions of about 124 Pg C (Oschlies et al 2010b)
and compensate for approximately 27% of the cumu-
lative carbon emissions between year 2025–2100 from
the adjusted Fe_Mask noLand RCP 4.5 CO2 emis-
sion pathway (+465 Pg C). We detect neither signi-
ficant changes in the ocean carbon inventory in both
globally simulated AU-only experiments, nor major
shifts in the idealized DICremin and DICpre tracer con-
tributions (figures 1(b) and (c)). These results sug-
gest, that AU-only is ineffective under the moderate
RCP 4.5 CO2 emission pathway to increase the oceans
capacity of additional carbon uptake. Contributing
factors, which lead to the ineffectiveness of AU-only
to increase ocean carbon uptake, are (i) the low
abundance of preformed nutrients at 500 m depth
(figure S5), (ii) the constant mCDR application area,
which does not allow for variations in the pipe-
covered area duringmodel run time tomaximize local
ocean carbon uptake and avoid outgassing (Oschlies
et al 2010a, Keller et al 2014, Jürchott et al 2023),
(iii) a constant carbon-to-nutrient stoichiometry in
organic matter (Keller et al 2012), (iv) the possib-
ility for iron-limitation (see discussion below) and
(v) the applied RCP 4.5 CO2 emission pathway
(Jürchott et al 2023). Although recent mesocosm
studies suggested, that AU might lead to increased
C:N ratios compared to Redfield ratio (Baumann
et al 2021, 2023, Goldenberg et al 2022), they con-
tradict with observed and lower C:N ratios in nat-
ural upwelling systems, since higher nutrient availab-
ility at the surface ocean is generally associated with
lower carbon-to-nutrient ratios in biomass (Moreno
and Martiny 2018). Our noLand model configur-
ations do not allow for carbon-concentration and
carbon-climate feedbacks from the land model com-
ponent. For OIF-only experiments we expect a negat-
ive carbon-concentration feedback, i.e. a carbon flux
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Figure 1. Global changes of marine carbon inventories (a)–(c) and fluxes (e), (f), as well as of surface phosphate inventory (d)
from experiments with globally applied artificial upwelling (AU) and ocean iron fertilization (OIF) experiments (see legend)
carried out under a moderate CO2 emission pathway. Changes are quantified from year 2025–2100 and expressed in comparison
to the respective reference simulation without CDR. Carbon stocks,∆DIC (a),∆DICremin (b) and∆DICpre (c) are in Pg C.
∆PO4 (d) inventory in the upper 130 m is in Tmol P. Cumulative changes in net primary production (∆NPP) (e) and export
production (∆EP) (f) are in Pg C. Color code: Fe_Mask_AU+ OIF (red), Fe_Mask_OIF-only (blue), Fe_Mask_AU-only (green)
and Fe_Dyn_AU-only (black). Green and black line are partly overlapping.

from the landmodel component into the atmosphere,
as a response to reduced atmospheric CO2 concentra-
tions (e.g. Keller et al 2014, 2018). For experiments
involving AU, we expect an additional carbon-climate
feedback, which would overall increase land carbon
uptake as a response to reduced surface air temper-
atures due to the upwelling of cold water to the sur-
face ocean and subsequent cooling of the atmosphere
(Oschlies et al 2010a, Keller et al 2014).

The combination of globally applied AU + OIF
yields a greater mCDR potential than solely anticip-
ated via the individual ocean carbon uptake contri-
butions detected in globally simulated AU-only and
OIF-only experiments. The additional ocean carbon
uptake in the AU + OIF and the OIF-only exper-
iments is driven by an increase in DICremin (up to
+122 Pg C), i.e. the ocean carbon inventory attrib-
utable to the BCP, which is to a minor extent com-
pensated by a decrease in DICpre (up to −27 Pg

C). Note that DICremin and DICpre do not entirely
add up to the total ocean DIC inventory, since both
idealized tracers intentionally do not capture interior
oceanDIC changes attributable to theCaCO3 counter
pump. Since we apply a fixed carbon-to-nutrient stoi-
chiometry, any increase in DICremin is a consequence
of the utilization of preformed nutrients (Duteil et al
2012) by primary producers (Jürchott et al 2023).
Furthermore, we detect a decrease in the global ocean
phosphate inventory in the photic zone in AU+ OIF
and OIF-only experiments and respective phosphate
accumulation in AU-only experiments (figure 1(d)).
This accumulation suggests that upwelled phosphate
via AU-only cannot be fully utilized by primary pro-
ducers due to ecosystem limitation via other nutrients
(see discussion below).

Our regional experiments reveal that the OIF-
only simulation poleward of 45˚ North and South res-
ults in additional ocean carbon uptake of +87 Pg C,
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which can explain the bulk effect of the additional
ocean carbon uptake detected in the globally simu-
lated OIF-only experiment (table 1). In contrast, AU-
only experiments poleward of 45◦ North and South
decrease the ocean carbon inventory by up to −20
Pg C in Fe_Dyn driven by a reduction in DICpre

(−17 Pg C), i.e. changes in the solubility pump.
Our mCDR-experiments poleward of 45◦ North and
South cover HNLC regions, in which primary pro-
ducers are limited by iron (Morel and Price 2003).
OIF in such regions does result in the utilization of
preformed nutrients and can increase DICremin inde-
pendent of a fixed carbon-to-nutrient stoichiometry
in the model ecosystem. AU-only experiments equat-
orward between 45◦ North and South yield no sig-
nificant potential for mCDR and the combination
of AU + OIF results in greater ocean carbon uptake
(+22 Pg C) compared to OIF-only (+16 Pg C). We
conclude that OIF is in our experiments the main
driver for the increase in the oceans carbon inventory
and AU-only experiments do not significantly change
or even negatively impact ocean carbon uptake, espe-
cially if simulated poleward of 45◦ North and South.

Under all simulatedmCDR approaches, cumulat-
ive net primary production and export production
increase (figures 1(e) and (f); table 1).However, in the
globally applied OIF-only simulation cumulative net
primary production increase saturates after year 2060
due to the missing re-supply of interior oceanmacro-
nutrients to the surface as provided via AU. This plat-
eau, however, does not limit continuous cumulative
export production increase, which is in the OIF-only
simulation even higher (+231 Pg C) compared to
AU-only simulations (up to+81 Pg C), despite lower
cumulative net primary production. We find no con-
sistent relationship between cumulative export pro-
duction to DICremin, which could be comprehensively
applied to all simulated mCDR experiments and is
consistent over time (figures 3(a), S6). Export pro-
duction and organic matter respiration in the ocean
interior, are key processes of ocean carbon uptake
via the BCP (Frenger et al 2024). While AU-only
experiments stimulate export production, they fail
to increase DICremin. The globally applied OIF-only
simulation enhances cumulative export production
and DICremin in a ratio of 2.1–1 until the end of the
century. In combination with AU, we find a dispro-
portionate additional increase in cumulative export
production compared to only a minor increase in
DICremin (2.8–1). Furthermore, our regional experi-
ments reveal for AU+OIF andOIF-only experiments
poleward of 45◦ North and South a cumulative export
production to DICremin ratio again of about 2.1–1
until the end of the century, while the same ratio shifts
to 5–1 for AU + OIF and to 2.4 to 1 for OIF only
experiments equatorward between 45◦ North and
South. We conclude that a change in export produc-
tion remains under all simulatedmCDR-experiments

overall a poor indicator for changes in the ocean car-
bon inventory attributable to the BCP (Frenger et al
2024). This is so despite the fact that our experimental
design does not consider potential effects of AU, like
changes in particle composition and sinking beha-
vior, which has been observed in experimental work
(Baumann et al 2021, 2023) and may add to the com-
plexity of carbon export to storage ratio.

3.2. Iron-limitation under AU-only
As stated in the previous section, additional ocean
carbon uptake driven via the BCP requires in our
model the utilization of preformed nutrients due to
the assumption of a fixed carbon-to-nutrient stoi-
chiometry in the model ecosystem. This means for
the AU-only experiment performed with the Fe_Dyn
UVic configuration, that the amount of phosphate,
nitrate and iron prevalent at the surface ocean in addi-
tion to the upwelled nutrients via AU must exceed
the amount of nutrients required to re-uptake the
amount of upwelled DICremin via primary producers
in order to to cause a net increase in DICremin. A
change in the carbon-to-nutrient stoichiometry of
organic matter due to AU could further impact addi-
tional ocean carbon uptake via the BCP and change
the amount of required nutrients to cause a net
increase in DICremin. While an increase in the C:N
ratio as suggested by mesocosm experiments might
improve the efficiency of the BCP to increaseDICremin

(Baumann et al 2021, 2023, Goldenberg et al 2022),
a reduction in the C:N ratio as observed in nat-
ural upwelling systems could have the opposite effect
(Moreno and Martiny 2018). We find an increase in
the global mean surface phosphate and nitrate con-
centrations and a decrease in the dissolved surface
iron concentration in the Fe_Dyn AU-only experi-
ment (figures 2(a), (d), (g)). The lack of dissolved
iron at the surface ocean, as also observed in nat-
ural HNLC-regions, prevents primary producers to
fully utilize the upwelled phosphate and nitrate. As
a consequence, the dissolved surface iron concentra-
tion limits additional ocean carbon uptake via the
BCP. High spatial variation in the change of nutrient
concentrations at the surface ocean (figures 2(b), (e),
(h)) occurs due to differences in sourcewater nutrient
composition (see next paragraph) and the regional
response of the ecosystem (figure S7(d)).

To investigate the reason behind the lack of dis-
solved iron at the surface ocean, we convert all three
nutrients at the pipes source depth via their indi-
vidual carbon-to-nutrient stoichiometry into their
DIC-equivalent concentration and divide byDICremin

from the same depth (figures 2(c), (f), (i). A ratio
above one indicates an excess of the nutrient in
relation to DICremin and would theoretically pro-
mote additional ocean carbon uptake at the surface
ocean via the BCP. As shown in figure 2(i), wide
regions around the equator and North Pacific are
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Figure 2. Average nutrient concentration changes due to globally simulated artificial upwelling (AU) in the UVic 2.9 Fe_Dyn
model (Fe_Dyn_AU-only). Changes are expressed in comparison to the respective reference simulation without CDR. Left
column: change in global average nutrient concentration over depth for∆PO4 (a),∆NO3 (d) and∆dFe (g) for year 2030
(orange) and 2100 (black). Middle column: change in spatially resolved average surface nutrient concentration for upper
130 meter of water column for∆PO4 (b),∆NO3 (e) and∆dFe (h) for year 2100. Right column: ratio between DICnutrient to
DICremin at 500 m depth and year 2100 for the AU experiment. Nutrient concentration is converted into its DIC-equivalent via
fixed C-nutrient stoichiometry in mol m−3 and divided by DICremin in mol m−3 for PO4 (c), NO3 (f) and dFe (i). Ratio above
(below) one indicates excess (lack) of nutrient in relation to DICremin.

iron-depleted at 500 m depth in relation to DICremin,
which can explain the average lack of dissolved iron at
the surface ocean. Since this pattern is specific to the
ratio derived from iron and DICremin (see figures 2(c)
and (f) aswell), we argue that it is a consequence of the
iron-specific process iron-scavenging (Tagliabue et al
2017), which exports iron via sticking itself to the sur-
face of other sinking particles to greater depth com-
pared to DIC, phosphate and nitrate. Overall con-
tributing factors to the pattern at depth shown in
figure 2(i) are (i) regional differences in the initial
iron input to the surface ocean via the atmosphere
and from the seafloor via hydrothermal sources and
(ii) the regional activity of the BCP and in exten-
sion the regional potential for iron scavenging. In
contrast to the previously described pattern, in the
Fe_Dyn AU-only experiment poleward of 45◦ North
and South, we find a global inventory decrease in
DICremin (−2.7 Pg C; table 1), despite the upwelling
of sufficient dissolved iron in relation to DICremin

around the Southern Ocean. This decrease around
the Southern Ocean (see figure S8 as well) cannot
be explained by the lack of iron in the upwelled
waters, but is probably a consequence of the complex
regional circulation patterns around the Southern
Ocean (Marinov et al 2006), which complicates the

regional relationship between upwelled nutrients,
export production and DICremin under AU-only even
further.

The increase in the globalmean surface phosphate
concentration in the AU-only experiment performed
with the Fe_Dyn UVic configuration is only pos-
sible due to an equal concentration decrease around
the pipes source depth, i.e. a redistribution effect
(figure 2(a)). As for dissolved iron, we find, except
directly at the ocean surface, an increase in the dis-
solved iron concentration through the entire water
column (figure 2(g)). Since atmospheric and hydro-
thermal iron sources are exactly the same between
the reference and the AU-only experiments per-
formed in Fe_Dyn, we argue that the continu-
ous increase in cumulative net primary production,
which can be thought of as a living short-term reser-
voir for iron, and the upwelling activity itself of
AU extends the residence time for dissolved iron
in the water column, despite enhanced export pro-
duction and consequently enhanced iron-scavenging.
The decrease in the global average nitrate concen-
tration at the pipes’ source depth, however, is much
greater compared to its increase at the ocean sur-
face (figure 2(d)), which will be discussed in the next
section.
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Figure 3. Global changes in variables associated with the biological carbon pump and their impact on the nitrogen cycle. Changes
are expressed in comparison to the respective reference simulation without CDR. Relationship between changes in (a) cumulative
export production (∆EP) to∆DICremin in Pg C for three timesteps and (b) cumulative changes in global∆N2-fixation
(continuous lines) and∆denitrification (dashed lines) in Pmol N. The same color code applies as in figure 1. Spatially resolved
and vertically integrated changes for the Fe_Dyn global artificial upwelling (Fe_Dyn _AU-only) experiment for (c)∆O2 in
mol m−2 and (d)∆denitrification in mol N m−2 yr−1 for year 2100.

3.3. Out-of-balance nitrogen cycle
We find in all experiments with globally simulated
mCDR a decrease in the global ocean nitrate invent-
ory of up to −567 Tmol N until year 2100 for
the AU + OIF experiment. In both UVic calibra-
tions ocean nitrate concentrations can increase via
N2-fixation and decrease via denitrification in the
absence of oxygen (Keller et al 2012). In our ref-
erence simulations, both processes are in balance
and keep the ocean nitrate inventory stable (figure
S3), despite that the global ocean oxygen inventory
slowly declines as a response to increased stratifica-
tion and an overall weakened overturning circulation
(Helm et al 2011). We detect in all globally simulated
mCDR experiments a disproportionately stronger
increase in denitrification compared to N2-fixation
(figure 3(b)), which leads to an overall decline in
the ocean nitrate inventory (table 1). The increase in
denitrification happens in our model simulations via
the expansion of naturally existing oxygen minimum
zones off the Peruvian and Indian coastlines, which
are included in our global and equatorward mCDR

application areas (figures 3(c) and (d)). In our model
simulations we neither simulate the production of the
potent greenhouse gas N2O, nor its impact on atmo-
spheric temperatures. However, enhanced denitrific-
ation as detected in our mCDR experiments could
cause the production of additional N2O and, espe-
cially if upwelled via AU directly in contact with the
atmosphere, might offset some of the atmospheric
carbon reduction effect on atmospheric temperatures
(Jin and Gruber 2003, Dutreuil et al 2009). We con-
clude that AU, OIF and the combination of both dis-
rupt the balance between N2-fixation and denitrific-
ation towards a reduced global ocean nitrate invent-
ory via the expansion of oxygen minimum zones and
thus, potentially promote conditions for enhanced
N2O production.

4. Conclusions

Ourmodel experiments performed under themoder-
ate RCP 4.5 emission pathway suggest that the com-
bination of globally applied AU + OIF yields the
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greatest potential for additional ocean carbon uptake
driven via the BCP, while AU-only experiments do
not significantly increase the ocean carbon invent-
ory. Further we show that the combination of glob-
ally applied AU+ OIF yields a greater mCDR poten-
tial than solely anticipated via the individual ocean
carbon uptake contributions detected in globally sim-
ulated AU-only and OIF-only experiments. For AU-
only experiments, we identified iron as the limiting
nutrient at the surface ocean, which limits the util-
ization of upwelled preformed phosphate and nitrate
via primary producers and prevents additional ocean
carbon uptake via the BCP. For OIF-only experi-
ments, the additional ocean carbon uptake is driven
via the BCP poleward of 45◦ North and South cover-
ing HNLC-regions.

Net primary production increases under AU and
OIF individually and in combination, which has
the potential to increase fish-stocks and promote
food production (Kirke 2003). The increase in net
primary production translates into an increase in
export production, but we find no consistent rela-
tionship between cumulative export production to
DICremin, which could be comprehensively applied to
all simulated mCDR approaches and ocean regions.
Thus, a change in export production remains in
our model experiments overall a poor indicator for
changes in DICremin, which is a preferred metric for
the contribution of biology to the marine carbon
sink (Frenger et al 2024). However, experimentally
simulated changes in mesocosm studies due to AU
in the C:N stoichiometry in phytoplankton, as well
as the consideration of other nutrients such as silic-
ate and the representation of diatoms and cocco-
lithophores and related possible changes in organic
particle sinking speed, carbonate production and
ballasting, enhance the complexity of the potential
BCP response to AU (Baumann et al 2021, 2023,
Goldenberg et al 2022, 2024, Ortiz et al 2022). We
emphasize that these specific processes are currently
not represented in such great detail in our model
experiments, but could further impact and shape the
response of the BCP to AU.

In our model experiments we detect an out-of-
balance nitrogen cycle as a consequence of a dis-
proportionately stronger increase in denitrification
compared to N2-fixation, which leads to an overall
decline in the ocean nitrate inventory. A decline in
the global ocean nitrate inventory may have negative
long-term consequences for the ecosystem (Oschlies
et al 2019, Wu et al 2023), which could regionally be
offset by enhanced nitrate river discharge (Bouwman
et al 2005, Tivig et al 2021). The increase in denitrific-
ation is a consequence of expanded oxygenminimum
zones particularly in front of the Peruvian and Indian
coastlines. Although we do not explicitly simulate
N2O in ourmodel experiments, enhanced denitrifica-
tionmay lead to an increased production of N2O and,

especially if upwelled via AU directly in contact with
the atmosphere, might offset any atmospheric carbon
reduction effect on atmospheric temperatures (Jin
and Gruber 2003, Dutreuil et al 2009). We acknow-
ledge limitations of our study related to key model
assumptions such as the fixed C:N ratio and propose
an AU-MIP with a variety of Earth System models,
which e.g. have different vertical resolutions, as a pos-
sible way forward to address and reduce uncertainties
associated with the mCDR potential of AU.
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