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Abstract:   Ocean Alkalinization deliberately modifies the chemistry of the surface ocean to enhance 
the uptake of atmospheric CO2. Here we quantify, using idealized Earth system model (ESM) 
simulations, changes in carbon cycle feedbacks and in the seasonal cycle of the surface ocean carbonate 
system due to ocean alkalinization. We find that both, carbon-concentration and carbon climate 
feedback, are enhanced due to the increased sensitivity of the carbonate system to changes in atmospheric 
CO2 and changes in temperature. While the temperature effect, which decreases ocean carbon uptake, 
remains small in our model, the carbon concentration feedback enhances the uptake of carbon due to 
alkalinization by more than 20%. The seasonal cycle of air-sea CO2 fluxes is strongly enhanced due to 
an increased buffer capacity in an alkalinized ocean. This is independent of the seasonal cycle of pCO2, 
which is only slightly enhanced. The most significant change in the seasonality of the surface ocean 
carbonate system is an increased seasonal cycle of the aragonite saturation state, which has the potential 
to adversely affect ecosystem health. 
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1. Introduction 
 

1.1 Context 

OceanNETs is a European Union project funded by the Commission’s Horizon 2020 
program under the topic of Negative emissions and land-use based mitigation assessment 
(LC-CLA-02-2019), coordinated by GEOMAR | Helmholtz Center for Ocean Research 
Kiel (GEOMAR), Germany.  
OceanNETs responds to the societal need to rapidly provide a scientifically rigorous and 
comprehensive assessment of negative emission technologies (NETs). The project focuses 
on analyzing and quantifying the environmental, social, and political feasibility and impacts 
of ocean-based NETs. OceanNETs will close fundamental knowledge gaps on specific 
ocean-based NETs and provide more in-depth investigations of NETs that have already 
been suggested to have a high CDR potential, levels of sustainability, or potential co-
benefits. It will identify to what extent, and how, ocean-based NETs can play a role in 
keeping climate change within the limits set by the Paris Agreement.  
 

1.2 Purpose and scope of the deliverable  

Work package 4 (Simulations) fills fundamental knowledge gaps in our understanding of 
how the Earth system responds to NETs and combines new knowledge on biogeochemical 
processes and potential deployment sites and scenarios, including the social, legal and 
governance constraints investigated in CT1, with state-of-the-art Earth system models, to 
investigate the potential of ocean NETs to contribute to climate neutrality in a sustainable 
way. This includes assessing the potential large-scale effectiveness and biogeochemical co-
benefits and risks of NETs (objectives 1 and 3 in the work package description). Task 4.2 
contributes to these objectives in two ways with the overall aim of filling a knowledge gap 
in our understanding of how the Earth system may respond to large-scale ocean 
alkalinization. First, it investigates the role that the chemical modification of the surface 
ocean plays in modifying carbon cycle feedbacks (i.e., modifying the ocean response to 
changing atmospheric CO2 concentrations and temperature). It thereby assesses how the 
efficiency of ocean alkalinization depends on the atmospheric CO2 and temperature 
pathway. Second, changes in the seasonality of the surface ocean chemical state are 
investigated, including ecosystem stressors like pH and the aragonite saturation state. This 
provides new knowledge about potential side-effects and co-benefits of ocean 
alkalinization beyond an assessment of the mean state. 
 

1.3 Relation to other deliverables 

Results from deliverable 4.2 will feed into tasks 4.6 and 4.7 by helping to understand carbon 
cycle interactions between land-based NETs and ocean alkalinization. Specifically, changes 
in ocean carbon cycle feedbacks will alter the efficiency of ocean alkalinization when land-
based or multiple NETs are applied at the same time, since under such scenarios the 
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atmospheric CO2 and temperature trajectories differ from a case where ocean alkalinization 
is applied in isolation.  
 
 
1.4 Limitations of this work 

The modelling work presented here is purposefully idealized and does not consider 
constraints derived in other work packages, e.g., socio-economic constraints. This is 
because this deliverable was scheduled early in the project, but also since its objective is to 
understand and better quantify fundamental biogeochemical processes, for which an 
idealized experimental set-up is well suited. Another limiting factor is that only a single 
Earth system model was employed for the model experiments presented here. However, 
since the ocean carbon chemistry is very well constrained, it can be assumed that the 
uncertainties of the results presented here are relatively small. 
 
 

2. Modifications of ocean carbon cycle feedbacks and the seasonal 
cycle of the carbonate system under ocean alkalinization 

 
2.1 Background 

The aqueous partial pressure of CO2 in sea water (pCO2) depends on sea water temperature, 
salinity, the concentration of dissolved inorganic carbon (DIC), and total alkalinity (e.g., 
Zeebe and Wolf-Gladrow, 2001). Changes in any of these quantities will change the pCO2 
of seawater, and consequently lead to an air-sea flux of CO2 that eventually re-establishes 
an equilibrium with the overlying atmosphere. In the case of alkalinity, this mechanism 
provides the basis for the idea to enhance surface ocean alkalinity in order to achieve a 
sequestration of atmospheric CO2. As shown in Fig. 1, the addition of alkalinity requires a 
roughly equal amount of DIC (which will flux into the ocean as CO2 coming from the 
atmosphere) to compensate the resulting disequilibrium between atmosphere and ocean 
surface. 

The CO2-system is non-linear and hence the sensitivity of pCO2 to perturbations changes 
with environmental conditions (Fig. 1). For example, the amount of DIC required to 
compensate for a given increase in atmospheric CO2 strongly decreases with higher DIC 
concentrations (purple lines in Fig. 1). This is the well-known decrease in the buffering 
capacity of sea water with increasing DIC (e.g., Egleston et al. 2010) leading to a flattening 
of air-sea carbon fluxes in high emission scenarios. 

Figure 1 demonstrates that alkalinity enhancement (AE) of the surface ocean will change 
the sensitivities of the CO2-system considerably (compare panels a and b). The sensitivity 
to temperature changes increases over a large range of DIC concentrations up to 
approximately 2500 µmol/l (i.e., it gets more negative, more DIC is lost for a given increase 
of sea surface temperature). For larger DIC values the sensitivity to temperature is smaller 
in an alkalinized ocean. Note that the exact value of the DIC concentration that divides 
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larger and smaller sensitivities depends on the concentration of total alkalinity assumed for 
the alkalinized ocean (2600 µmol/l in our example). Also, the amount of DIC needed to 
compensate for variations in atmospheric CO2 (the buffering capacity) is much larger at 
high total alkalinity values. Such changes in the sensitivity of the CO2-system impact air-
sea CO2-fluxes on all timescales, from diurnal to seasonal cycles to multidecadal and 
centennial responses to changing atmospheric CO2 and temperature.  

On long time scales that are dominated by rising and eventually declining atmospheric 
CO2 concentrations, the increase in buffer capacity in an alkalinized ocean will lead to 
larger CO2 fluxes into or out of the surface ocean whenever a partial pressure difference 
between the atmosphere and the surface ocean occurs. Such changes in CO2-fluxes are not 
a direct consequence of the alkalinity addition (which will sequester a certain amount of 
CO2) but depend on the trajectory of partial pressure difference between the atmosphere 
and the ocean (i.e., the CO2 emission pathway). Note that also a flux out of the ocean 
would be increased should the partial pressure difference become negative (larger partial 
pressure in the ocean than in the atmosphere) under large scale CO2 removal. 

 

 
On the seasonal time scale, summer warming (winter cooling) increases (decreases) the 
aqueous pCO2 while the seasonal cycles of primary production and mixing of DIC-rich 
deeper waters have a compensating effect (e.g., Fassbender et al. 2018). Since the sensitivity 
of pCO2 to temperature and DIC variations will be altered under deliberate alkalinity 
enhancement, it can be expected that the seasonal cycle of pCO2 will be modified. 
However, even if the seasonal cycles of all drivers of pCO2 remain unchanged, an increase 

Figure 1: Changes in surface DIC concentration required to compensate changes in aqueous pCO2 due 
to an increase in SST of 0.5°C (red lines), due to an increase in salinity of 0.5 psu (blue lines), due to an 
alkalinity addition of 2 µmol l-1 (yellow lines), and due to an increase in atmospheric pCO2 by 1 ppm, 
calculated for different background DIC surface concentrations ranging from 1800 to 2800 µmol l-1. 
Sensitivities are shown for a surface alkalinity value of 2300 µmol l-1 (a), approximately corresponding to 
the global mean surface alkalinity of the present-day ocean, and 2600 µmol l-1 (b) representing a value 
that might be reached under deliberate ocean alkalinity enhancement. To account for different 
environmental conditions, the sensitivities are calculated at two different temperatures (5°C: dashed lines; 
20°C: solid lines). 
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in the buffer capacity will change the seasonality of air-sea CO2-fluxes and the carbonate 
system of the surface ocean due to changes in the buffer factor. 

In this study, we focus on the seasonal and centennial timescales and investigate changes 
in carbon cycle feedbacks and in the seasonal cycle that will emerge due to changes in the 
buffering capacity and in the sensitivity to temperature and DIC under deliberate alkalinity 
addition. 

 

2.2 Methods 

2.2.1 Model simulations 

Carbon cycle feedbacks can be quantified using Earth system models (ESMs) and three 
specialized simulations (e.g., Jones et al. 2016, Schwinger et al. 2014, Arora et al. 2020). 
The base simulation has a prescribed atmospheric CO2 concentration that rises 
continuously at a rate of 1% per year until quadrupling after 140 simulated years. The 
standard configuration of ESMs is used and no other forcing than atmospheric CO2 
concentration is varied. In addition to this fully coupled simulation (COU), ESMs are run 
in biogeochemically coupled configuration (BGC), which is identical to the fully coupled 
configuration, except that the radiation code of the model “sees” constant pre-industrial 
CO2 concentration. Consequently, this simulation reveals how the carbon cycle reacts to 
rising CO2 in isolation without confounding effects of climate change.  The feedback seen 
in the BGC simulation is termed carbon-concentration feedback. The effect of climate 
change on carbon uptake, the carbon-climate feedback, is quantified by taking the 
difference between the fully and biogeochemically coupled simulations (COU-BGC). A 
third simulation, the radiatively coupled simulation (RAD), provides an alternative 
quantification of the carbon-climate feedback. In this simulation, the land and ocean 
biosphere “see” constant pre-industrial CO2 concentration (while the radiation code “sees” 
rising CO2), such that this simulation shows the isolated impact of warming, but at constant 
levels of CO2, which is in general different from the feedback under warming and rising 
CO2 (Schwinger et al. 2014). This set of simulations (1% CO2 COU, BGC, and RAD) has 
become a standard exercise for comparing carbon cycle feedbacks across Earth system 
models, organized through the Coupled Climate–Carbon Cycle Model Intercomparison 
Project (C4MIP, Jones et al. 2016).  

We have complemented NorESM2-LM (Seland et al. 2020, Tjiputra et al. 2020) 
simulations for CMIP6-C4MIP by two sets of simulations that include ocean alkalinization 
with two different rates of alkalinity addition. Ocean alkalinization in these simulations is 
idealized and follows the protocol of the Carbon Dioxide Removal Model Intercomparison 
project (CDRMIP, Keller et al. 2016), that is, alkalinity is added homogeneously to the 
surface ocean between 70°N and 60°S. The rates of alkalinity addition are 0.14 Pmol yr-1 
(as in the CDRMIP protocol) and 0.56 Pmol yr-1(i.e., four times the rate used in CDRMIP). 
We note that these rates are not based on considerations of technical or socio-economic 
feasibility, but rather roughly cover a range that has been used in the literature so far. Our 
simulations include a 1%-CO2 simulation in standard fully coupled configuration, as well 
as the biogeochemically coupled and radiatively coupled simulations with both rates of 
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alkalinity addition. We also completed pre-industrial control simulations with both rates 
of alkalinity addition to be able to remove the direct carbon uptake related to the alkalinity 
addition from the calculation of feedbacks. 

 

2.2.2 Decomposition of thermal and non-thermal pCO2 components 

To distinguish changes in the seasonal cycle of pCO2 that are driven by temperature and 
changes driven by all other drivers of pCO2, we decompose the seasonal cycle of pCO2 

using a stand-alone implementation of the NorESM2-LM carbon chemistry (Schwinger et 
al. 2016), neglecting all contributions of nutrients to total alkalinity (the latter being 
justified by the fact that we are only interested in sensitivities). We calculate the average 
seasonal cycle of sea surface temperature (SST) at each grid point over a period of 20 years 
(years 121 to 140 at the end of our simulations) and calculate 

 

d𝑝CO!,SST(𝑖) = 𝑓(SST+dSST# ,SSS,DIC,TA) − 𝑓(SST,SSS,DIC,TA), 

 

where SST, SSS, DIC, and TA are the mean values of SST, sea surface salinity (SSS), DIC, 
and total alkalinity (TA) over the averaging period. dSSTi is the average monthly deviation 
in SST for month i from the 20-year average. The non-thermal component of the seasonal 
pCO2 cycle is then calculated as a residual  

 

d𝑝CO!,nth(𝑖) = d𝑝CO! − d𝑝CO!,SST(𝑖). 

 

 

2.3. Results and discussion 

Global average results from the fully coupled, biogeochemically coupled, and radiatively 
coupled simulations are shown in Fig. 2. The global mean surface temperature in the COU 
and RAD simulations increases by about 3.5 degrees towards the end of the simulations, 
while surface temperature stays constant in the BGC simulation. The strength of the 
Atlantic Meridional Overturning Circulation (AMOC) in the simulations that have climate 
change enabled (COU, RAD) declines strongly by more than 50%. The global ocean 
carbon uptake (Fig. 2d) scales well with the rate of alkalinity addition: In the control 
simulation with alkalinity enhancement, the additional carbon uptake during the last 20 
years of the simulation is 1.22, and 4.82 Pg C yr-1, respectively, that is, the simulation with 
the four-fold addition rate results in close to four-fold carbon uptake rate (the difference 
between an exact four-fold and actual C-uptake being 0.07 Pg C yr-1). 

Also spatially, the two rates of alkalinity addition (0.14 and 0.56 Pmol TA yr-1) lead to a 
consistent pattern of surface alkalinity enhancement in NorESM2-LM, where the 4 times 
larger rate of alkalinity addition leads to roughly 4 times larger surface TA concentrations 
(Fig 3b and c; note the scale in panel c is 4 times larger than in panel b). The alkalinity 
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enhancement is largest in the subtropical gyres, where vertical mixing is low. In the 
Southern Ocean, surface alkalinity increases least, because the upwelled circumpolar deep 
waters have been unaffected by AE during the 140-year time scale of the simulation, and 
also because alkalinity is only added down to 60°S in the experiments presented here. The 
pattern of additionally sequestered carbon scales approximately with the rate of alkalinity 
addition (Fig. 3e and f). The largest amount of carbon per surface area is sequestered in the 
North Atlantic due to the Atlantic overturning circulation, both in the simulation with and 
without alkalinity enhancement. 

 

 

 

 

 

The most notable difference in ocean carbon storage between the simulations without and 
with alkalinity enhancement is in the Southern Ocean, where almost no additional carbon 
is sequestered south of 60°S due to the lack of alkalinity addition in this region. As expected, 
the addition of alkalinity counteracts to some degree the changes in saturation state with 
respect to the calcium carbonate mineral aragonite (Ωa). There seems to be a slight non-

Figure 2: Atmospheric CO2 concentration (a), global mean surface temperature (b), strength of the 
Atlantic Meridional Overturning Circulation (c), and air-sea CO2-fluxes (d) in the fully coupled (COU, 
blue lines), biogeochemically coupled (BGC, red lines), and radiatively coupled (RAD, yellow lines) 1%-
CO2 simulations. CO2-fluxes in panel d are shown for the simulations with no (thin solid lines), 0.14 
Pmol yr-1 (thick solid lines), and 0.56 (dashed lines) Pmol yr-1 addition of alkalinity. 
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linearity with respect to the addition rate, particularly in the Atlantic and Pacific Oceans 
(compare Fig. 3 panels h and i). 

 

 

 

2.3.1 Carbon cycle feedbacks 

The carbon-concentration feedback, calculated as the difference in ocean carbon uptake 
between the biogeochemically coupled and the pre-industrial control simulation (BGC-
CTR) is shown in Fig. 4a. Note that the direct effect of alkalinity addition on carbon uptake 
has been removed by using a control simulation with a corresponding rate of alkalinity 
addition. The carbon-concentration feedback is enhanced under ocean alkalinization, that 
is, the amount of carbon taken up for a given increase in atmospheric CO2 is larger when 
ocean alkalinization is applied, consistent with the larger buffering capacity at high 
alkalinity values (Fig. 1).  

The carbon-climate feedback is also larger for an alkalinized ocean (Fig. 4b), but only for 
the large rate of alkalinity addition. This is consistent with the temperature sensitivity of 
the CO2-system, which will be significantly higher only at very high alkalinity values. For 
the lower addition rate, there is barely a change in the carbon-climate feedback. 
Interestingly, there is no large difference in the change of the carbon-climate feedback due 
to AE between the two methods to estimate the feedback (COU-BGC and RAD-CTR), 

Figure 3: Surface alkalinity (a-c), vertically integrated DIC concentration (d-f), and carbonate ion 
saturation with respect to aragonite (g-i) in fully coupled NorESM2-LM 1%-CO2 simulations. The left 
column of panels shows the base state (or changes relative to the pre-industrial control simulation for DIC 
and Ωa), the middle column shows changes in the simulation with addition of 0.14 Pmol TA yr-1 relative 
to the simulation without alkalinity enhancement, and the right column of panels shows the same but for 
the simulations with addition of 0.56 Pmol TA yr-1. 
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even though the estimate of the feedback itself is very different (Fig. 4b, yellow and green 
lines). This is due to the fact that the reduction in ocean circulation (most importantly 
AMOC strength) has a similar effect on the carbon that is sequestered by alkalinity addition, 
whereas this effect is very different for carbon uptake from the atmosphere (the carbon 
draw-down from the atmosphere to the deep ocean is suppressed by climate change, but 
this suppression is absent in the RAD simulation where no significant carbon gradient 
between the atmosphere and the ocean exists; see Schwinger et al. 2014 for details). 

 

 

 

The carbon-concentration feedback is larger by 35.4 (+5.3%) and 148 (+22%) Pg C at the 
end of the AE simulations with 0.14 and 0.56 Pmol yr-1 addition of alkalinity, respectively, 
compared to the carbon-concentration feedback in the standard simulation (Fig. 4c). This 
increase in feedback expressed as a fraction carbon sequestration due to AE (derived from 
the corresponding control simulation) increases steadily (Fig. 4d) and amounts to 20.7% 
and 22.0% at the end of the simulations. This indicates that AE has been about 20% more 

Figure 4: Change of carbon cycle feedbacks under ocean alkalinization: Carbon-concentration 
feedback (a), and carbon-climate feedbacks (b), without (thin solid lines) and with (thick solid and dashed 
lines) application of ocean alkalinization. Panel c shows the change in the carbon-concentration feedback 
for the two rates of alkalinity addition, and panel d shows the same change expressed as percentage of 
carbon sequestration due to AE in the corresponding control simulation. The abbreviations in panel b 
(COU=fully coupled, BGC=biogeochemically coupled, RAD=radiatively coupled, CTR=pre-industrial 
control) indicate how the carbon climate feedback is calculated for the warming only effect (RAD-CTR, 
yellow lines) and the warming under rising CO2 (COU-BGC, green lines). 
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efficient under the 1%-CO2 trajectory of atmospheric carbon concentration than under 
pre-industrial conditions with constant CO2 concentration. 

2.3.2 Changes in seasonality 

The seasonal cycle of air-sea CO2-fluxes is enhanced when atmospheric CO2 rises (e.g., 
Landschützer et al. 2018, Fassbender et al. 2018). Fig. 5a (and supplementary Figures S1-
S3) demonstrates that the application of alkalinization does not mitigate this increase in the 
seasonality of the CO2-system, but instead acts to increase the seasonal cycle of CO2-fluxes 
further. Even if the seasonal cycle of pCO2 would remain unchanged (see below for a 
discussion of pCO2), such an increase would be observed as a consequence of the larger 
buffer capacity in an alkalinized ocean. Figure 1 indicates that for a given disequilibrium 
between atmosphere and ocean, a larger amount of DIC (in the form of a CO2 flux into or 
out of the ocean) is required to re-establish equilibrium if surface alkalinity is enhanced. 

 

 
For pH, the amplitude of the seasonal cycle decreases as atmospheric CO2 rises, while 
alkalinization tends to counteract this decrease slightly (except south of 40°S where the 
seasonality of pH is increased but not changed significantly by AE). The seasonal cycle of 
Ωa decreases with progressing ocean acidification (Fig. 5c). Alkalinization counteracts this 
decrease, and in the simulations with AE, the seasonal cycle of Ωa is generally larger than 
in the pre-industrial state (again except for the region south of 40°S, see Fig. S3). 

The seasonal cycle of pCO2 is generally enhanced by a few ppm in simulations with AE 
(Fig. 6). This enhancement is due to a reduction of the seasonal amplitude in both the 
thermal and non-thermal component of pCO2. Since the thermal component dominates 
the seasonal cycle in all regions in our model (Fig. 6a-d), a weaker reduction of thermal 
seasonality compared to the non-thermal component leads to an overall increase in the 
amplitude of pCO2. Note that the dominance of the thermal pCO2 component in high 

Figure 5: Seasonal cycle of air-sea CO2-flux (a), surface pH (b), and carbonate ion saturation state with 
respect to aragonite (Ωa, panel c) for the latitude range 40°N-65°N. Blue lines are the pre-industrial 
seasonal cycle, red solid lines are the seasonal cycle towards the end of the 1%-CO2 simulation (average 
over the years 121-140), and red dashed lines indicate the seasonal cycle at the end of the 1%-CO2 
simulation with additional application of ocean alkalinization at a rate of 0.56 Pmol yr-1. 
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latitudes (40°N-65°N and 40°S-65°S) in our model is contrary to present day observation-
based estimates (Landschützer et al. 2018), which indicate a dominance of the non-thermal 
component. 
 

 
While the reduction of the seasonal cycle of the thermal pCO2 component is consistent 
with the reduced sensitivity of pCO2 to temperature variations under high alkalinity/high 
DIC conditions (Fig. 1), the reduced seasonality of the non-thermal component might 
seem counter intuitive. The non-thermal component is dominated by DIC changes due to 
biological carbon uptake and mixing of DIC-rich waters from below. These processes are 
not affected by AE, but for a given change in surface DIC the change in pCO2 is smaller in 
an alkalinized ocean as can be deduced from Fig1 (purple lines). We note that for the lower 
rate of alkalinity addition (0.14 Pmol yr-1) changes in the seasonal cycle of pCO2 are small 
(Fig. S4). 
 

3. Conclusion 
 

Deliberate ocean alkalinity enhancement will change the carbon chemistry of the surface 
ocean and consequently the sensitivity of pCO2 and carbon fluxes to changes in their 
drivers. This alters ocean carbon cycle feedbacks and the seasonality of the carbonate 
system. The most significant consequence is an increase in the carbon-concentration 
feedback, the magnitude of which might be relevant when considering the efficiency of 
AE. However, it is important to note that this increase in the carbon-concentration 
feedback depends on the pCO2 air-sea disequilibrium and as such on the emission pathway. 

Figure 6: Seasonal cycle of pCO2 (blue lines) and its decomposition into thermal (red lines) and non-
thermal (yellow lines) components in different regions as indicated in the panel title (a-d). Dashed lines 
in panels a-d show results for the simulation with AE (0.56 Tmol yr-1), and panels e-h show the difference 
between simulations with and without AE. 
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For strong mitigation pathways, which will quickly reduce the pCO2 air-sea 
disequilibrium, changes in the carbon-concentration feedback will have a smaller 
magnitude than in the idealized simulations presented here. Changes in the carbon-climate 
feedback remain small, since the sensitivity of the carbonate system to temperature 
variations is smaller globally. 

The seasonal cycle of air-sea CO2-fluxes is strongly enhanced under application of AE. 
This enhancement is due to the increased buffer capacity in an alkalinized ocean. As a 
consequence, the seasonal cycle of the carbonate ion saturation state with respect to 
aragonite will increase relative to the case with no AE but also relative to the pre-industrial 
ocean. In combination with the strongly lowered saturation threshold due to human 
emissions, AE might amplify seasonal undersaturation, particularly in regions where the 
saturation threshold is already low.  
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Supplementary figures: 
 
 

Figure S1: As Fig. 5 but for the latitude range 10°N to 40°N 

 
Figure S2: As Fig. 5 but for the latitude range 10°S to 40°S 

Figure S3: As Fig. 5 but for the latitude range 40°S to 65°S 
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Figure S4: As Fig. 6 but for the lower rate of alkalinity addition (0.14 Pmol yr-1) 

 


