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Abstract:   
In this report the potential effects of pulsed ocean alkalinity enhancement (OAE) on plankton 
growth dynamics, efficacy and carbon dioxide removal (CDR) are simulated at an oligotrophic 
site nearby the Canary Islands (Spain).  Parameterizations of how phytoplankton and bacterial 
growth respond to variations in carbonate chemistry are introduced and applied. The model 
resolves vertical profiles within a 420 km2 area of OAE, and within a 2.05×105 km2 surrounding 
region. Both areas are connected and lateral dispersion causes a horizontal exchange of 
chemical and biological tracers. The analysis comprises 32 pulsed OAE scenarios of varying 
intensities and frequencies of alkalinity addition. The intensities of OAE are derived as 
fractions of total CaO available for OAE in Europe, from 0.05 % (low), 0.1 % (moderate), 0.2 % 
(high) and 0.4 % (extreme). These four intensities are co-varied with four frequencies of OAE: 
monthly, seasonal, annual-winter, and annual-summer deployments. The study shows how 
much the frequency of the OAE influences the efficacies determined locally and remotely. The 
model results also provide some first insight of potential OAE effects on biological production.  
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CaO Calcium oxide (quicklime) 
CaCO3 Calcium carbonate 
CO2 Carbon dioxide    
𝐂𝐎𝟑𝟐# Carbonate  
CDR Carbon dioxide removal 
DCM  Deep chlorophyll-a maximum  
ESTOC European Station for Time-Series in the 

Ocean of the Canary Islands 
EEZ  Exclusive economic zone 
H+ Hydrogen (proton) 
𝐇𝐂𝐎𝟑# Bicarbonate 
MLD Mixed layer depth 
NBP Net bacterial production 
NETs Negative emission technologies 
NPP Net primary production  
Wa Aragonite saturation state 
OAE Ocean alkalinity enhancement 
oppla Optimality-based plankton ecosystem model 
PIC Particulate inorganic carbon 
PLOCAN Oceanic Platform of the Canary Islands 
SSP  Shared Socioeconomic Pathways (climate 

scenarios / future projections) 
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1. Introduction 

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 Centre 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.  

1.1 Purpose and scope of the deliverable  

The results of the model simulations presented here provide new insights into the quantitative 
relationships between the intensity and frequency of ocean alkalinity enhancement (OAE) within 
a small region and their effects on the widespread carbon dioxide (CO2) uptake in a larger spatial 
area around the site of alkalinity input. The major aim of this task is to provide and test 
parameterizations of phytoplankton and bacterial growth that are sensitive to changes in the 
carbonate chemistry, in particular to changes in pH (or hydrogen proton concentration). Optimal 
parameter estimates are provided and applied for assessing the potential impacts of OAE on the 
lower trophic plankton dynamics under typical ocean conditions, at a site where oligotrophic 
conditions prevail and the overall net primary production rates (NPP) remain low throughout the 
season. The selected region for modelling such impacts are the oligotrophic areas at and around 
the European Station for Time-Series in the Ocean of the Canary Islands (ESTOC), where changes 
of the oceanographic (hydrographic) as well as biogeochemical conditions are monitored. Of 
particular interest are the strength (magnitude) of change in plankton biomass in association with 
the different intensities and frequencies of OAE, as well as the characteristic time scales involved, 
e.g. of recovery in the presence of lateral dispersion and vertical turbulent mixing.     
 
In addition to the evaluation of short-term, pulsed disturbances of carbonate chemistry on primary 
production and bacterial growth, the following questions are also addressed: 
 

i) How does the frequency of yearly repeated OAE affect the annual CDR and efficacy 
locally and remotely?  

ii) At which year, for a given start and intensity of OAE, would the CDR be similar to the 
emissions of 50 000 people within the European Union (EU) (population of a medium-
sized city in Europe)? 

iii) How is CDR affected in case of secondary aragonite precipitation and sinking of 
particulate inorganic carbon (PIC)?    
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1.2 Relation to other deliverables 

This OceanNETs study represents a massive extension of the earlier model analyses described in 
D5.3. The renewed modeling approach closes more than before the gap between the large-scale 
model simulations considered in WP4 and the findings from experimental work on the growth 
dynamics of plankton, including bacteria. For the study presented here, information from the 
modeling approach described in D4.5 (Seifert et al., Alfred-Wegener-Institute, Bremerhaven) was 
taken into account. An extremely important and valuable dataset, developed and distributed as 
part of this OceanNETs consortium, informs about the potential quantity of quicklime (calcium 
oxide, CaO in Gt yr-1) available in the EU for OAE. These data were provided by Tommi Bergman 
and Antti-Ilari Partanen (Bergmann, et al. 2024) from the Finnish Meteorological Institute, Helsinki. 
Their cases specify the potential excess capacities in the lime and cement industry, projected for 
Europe (as well as for the United States and China) up to the year 2100, which form the basis for 
the different intensities of the OAE investigated in this modeling study. The reported preliminary 
outcomes from D5.6 provided valuable insights and helped refining the previous model setup of 
D5.3, in particular with respect to the necessity of resolving cases of potential solid carbonate 
precipitation of aragonite to form PIC in the model simulations (e.g. see Hartmann et al., 2022), 
above a critical aragonite saturation state (Wa), which may severely impairs the OAE and thus 
prevents further CDR.  
 
2. Model setup for pulsed OAE and parameterizations of responses in 

plankton dynamics and biogeochemistry to OAE 
2.1 Motivation and background information 

The special feature of this study is that a pulsed OAE is explicitly resolved here, which leads to 
strong changes in the carbonate chemistry within a short period of time and is thus also 
accompanied by a strong perturbation of the planktonic ecosystem. Assessing the extent of this 
short-term disturbance is an essential part of the study. This topic was already addressed in D5.3, 
but was only examined for a short period of a few years. Furthermore, the question arose as to the 
transferability of the previously obtained model results. At the last annual OceanNETs meeting (in 
Hamburg, September 2023), it was discussed to what extent the lateral dispersion of the pulsed 
OAE events could have on the interpretability of the results and whether my results could simply 
be scaled up. My own scepticism about upscaling has led me to fundamentally revise the approach. 
The idea that emerged from the discussion was to extend the model to differentiate between a local 
effect at the site of the OAE and the effects on a larger surrounding area.  In addition to these model 
changes, a pH sensitivity of bacterial growth was also introduced, which I had already put forward 
as an important consideration. Apart from the changes with regard to the spatial distinctions, the 
parameterizations of the possible growth changes in phytoplankton and bacteria were revised or 
newly implemented.  

First, the areas and their extent are described. Then the individual scenarios of the pulsed 
OAE are defined. The parameterizations that determine the sensitivities of the growth rates are 
then specified, including their parameter values. These parameterisations and their respective 
parameter values can be easily adopted for other modelling studies where pulsed OAE are subject 
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to investigations. Prior to the presentation of the simulation results of the OAE scenarios, relevant 
results of the two (baseline) reference solutions are shown, which are based on the climate 
scenarios (SSP126) and (SSP370), according to O'Neill et al. (2016),  
see also https://www.dkrz.de/en/communication/climate-simulations/cmip6-en/the-ssp-scenarios:    
 
a) SSP370: A newly introduced scenario, with an additional radiative forcing of 7 W m-2 by the 

year 2100, making it a scenario of the upper-middle part of the full range of scenarios. 
 

b) SSP126: In this scenario the additional radiative forcing reaches 2.6 W m-2 by the year 2100. It 
is a remake of the optimistic scenario RCP2.6 that is compatible with reaching the 2 °C target, 
while climate protection measures are assumed to be taken. 

2.2 Location and spatial distinctions and scaling of simulation areas   

Similar to the location chosen for the simulations described in D5.3, the basic site of OAE is 
assumed to be off-shore of the Canary Islands, but still within the exclusive economic zone (EEZ) 
of Spain. This chosen, hypothetical, site for OAE corresponds to the European Station for Time-
Series in the Ocean of the Canary Islands (ESTOC), at 29.04°N, 15.50°W. Although an actual 
implementation of OAE can be ruled out at this particular site, the oceanic conditions there are 
representative of the oligotrophic conditions that extend far into the international waters beyond 
the Canary Islands.  As previously argued in D5.3, the advantage here is that measurement data 
are available and scientific studies on the biogeochemistry and plankton at ESTOC had been 
conducted there, including modelling analyses (e.g. Neuer et al, 2007; González-Dávila, et al. 2010; 
Yumruktepea et al., 2020).  These studies helped constraining the model results and their outcomes 
are used to assess the representativeness of the reference solutions used in this study.    

With the extended model version, two areas (A1 and A2) are considered, with A1 representing 
the area of OAE and A2 being a much larger surrounding region. Both areas are connected and 
lateral dispersion of water masses (lateral diffusion) causes the chemical tracers and biological 
variables to be exchanged horizontally. For the turbulent vertical mixing, it is assumed that there 
is no difference between the areas and differences are only associated with the two climate 
scenarios, SSP126 and SSP370 respectively. For a meaningful upscaling, which is the primary 
objective of distinguishing between a local and a surrounding area, the relative proportions of the 
extents of A1 and A2 are relevant, as shown in Figure (1): 
 

• A1: This area is subject to OAE. It covers an area of 420 km2, based on the following 
considerations. If a ship is considered with an average speed of 18.5 km h-1 (» 10 knots), 
then it would travel a distance of 444 km per day, which could be split up into 20 parallel 
transects that are 1 km apart. If each individual transect has a distance of 21 km, then a 20 
km x 21 km (420 km2) area can be covered during 24 hours. In this case the parallel transects 
are 1 km apart. If these parallel transects are slightly offset and repeated, it would take a 
three days period for OAE, with tracks being no more than 333 m (1/3 km) apart, which 
would provide almost homogeneous coverage of alkalinity addition. Thus, an area of such 
size is realistic in terms of OAE to be well achieved within a three days period. Accordingly, 
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each OAE event resolved in the model, no matter which frequency of OAE is considered, 
has a duration of three days.  
 

• A2:  The outer region A2 is larger than A1 by a factor of » 489, which allows for some 
reasonable upscaling. A2 covers a region of 2.05 × 105 km2, and the scaling factor A1:A2 is 
2× 10-3 accordingly. In other words, A1 accounts for only 0.2 % of the total area of A2. It is 
emphasized that the simulated area of A2 does not actually include (incorporate) the area 
A1 for reasons of mass and volume conservation, which is guaranteed in this model setup.  
 

 
Figure 1: Area map of OAE at ESTOC site (29.04°N, 15.50°). The area A1 covers a 420 km2 region that is here assumed to be 
subject to OAE. The outer region A2 extends to 2.05 × 105 km2. The shown outer limits of A2 only exemplify the proportions 
of this domain in relation to A1, but with the relative proportions A1:A2 = 2× 10-3 (scaling factor of 0.2 %) being correctly 
depicted here.   

2.3 Physical conditions, vertical and lateral mixing of tracer concentrations    
 
In general, the concentration of either a chemical or biological tracer (S) and its rate of change 
(dS/dt) is determined for A1 and A2 being coupled (connected), similar to that of a three-
dimensional coupled circulation model, although an explicit representation of advection is 
neglected. The vertical mixing varies with time and depth, using the vertical diffusion coefficient 
derived from the results of the three-dimensional simulations with the FOCI (Flexible Ocean and 
Climate Infrastructure) model, operated at GEOMAR. Additional results from these FOCI 
simulations are used as physical environmental boundary conditions, including wind speed, 
temperature, salinity, surface irradiance, and atmospheric carbon dioxide (CO2), which were 
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kindly made available by Tronje Kemena (personal communication). It is noted that these physical 
boundary conditions differ for the two climate scenarios SSP126 and SSP370. For this reason, two 
separate reference solutions of the biogeochemical tracers are considered when it comes to the 
analyses of the different OAE scenarios presented herein. It is assumed that the horizontal mixing 
between A1 and A2 is time-invariant, while imposing a lateral diffusion coefficient of Kh = 2.5 × 103 
m2 s-1, which is typical for this particular region (Zhurbas, et al., 2014):  
 

(1)  !"
!#
= sms+ 𝐾$ ⋅ 	

%!"
%&!

+	 %
%'
	&𝐾((𝑧)

%"
%'
* 

 
with sms representing the source minus sink terms of the state variable S, as introduced by the 
biogeochemical and plankton ecosystem dynamics. Figure (2) shows the most relevant differences 
between the two climate scenarios at the region of interest. The progressive and gradual shallowing 
of the mixed layer depth (MLD) in the SSP370 scenario reflects one major important difference, if 
compared with the SSP126 scenario. This temporal development is associated with the, also 
important, trend seen in atmospheric CO2. From previous comparisons (see D5.3), the MLDs 
derived from FOCI simulations are regarded as being representative for the ESTOC site, with a 
good agreement with the observations of hindcast model results. The simulated winter MLDs 
mostly range between 100 and 200 m, hardly exceeding 200 m in some years. The shallowest mixing 
depth resolved by the model is MLD = 13 m, which is typically reached in the summer months.   
  

 
Figure 2: Climate scenarios (SSP126 and SSP370). A) Atmospheric CO2 concentrations for the two climate scenarios, SSP126 
(blue line) and SSP370 (red line) respectively. The gray vertical line indicates the time when OAE is assumed to start in the 
simulations. B) Mixed layer depth (MLD) that varies on seasonal scale, but also shows substantial interannual variability. The 
SSP370 (red line) scenario exhibits a gradual decrease of MLD with time, if compared with SSP126 (blue line). The minimum 
MLD is approximately 13 m, whereas the maxima hardly exceed depths of 200 m.    
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2.4 Specification of the ocean alkalinity enhancement (OAE) scenarios     

A total of 32 different OAE scenarios are examined, which differ in their intensity and frequency 
as well as in their physical environmental conditions due to the two climate scenarios SSP126 and 
SSP370. In accordance with the climate scenarios, two additional model runs serve as reference 
simulations without any OAE. The calculations of alkalinity enrichment and CDR are set in relation 
to these respective reference results of SSP126 and SSP370, as well as the relative changes in the 
biological state variables.  

The intensities of OAE are assumed to be proportional to the quantity of quicklime (calcium 
oxide, CaO in Gt yr-1) available in the EU for OAE, as provided and distributed within WP4 by 
Tommi Bergman and Antti-Ilari Partanen (Bergmann, et al. 2024) from the Finnish Meteorological 
Institute, Helsinki. They indicate the potential overcapacities in the lime and cement industry that 
are projected up to the year 2100 for the European Union. These data are separated by the assumed 
starting year of OAE, and are distinguished according to a low and high potential of excess 
quicklime availability. For the purposes of the study presented here, the year 2030 is considered to 
be the start of the OAE, and the lower case of excess availability of quicklime was used as the basis 
for the derivation of the intensities of OAE. The area of OAE at the oligotrophic site of ESTOC (A1 
= 420 km2) is approximately 0.1 ‰ of the total deployment region assumed for all excess quicklime 
available (» 4.426 × 106 km2). Therefore, an appropriate intensity of OAE for A1 should be in the 
order of 1 ‰ in relation to the total excess availability of quicklime.  

 

 
Figure 3: Scenarios of ocean alkalinity enhancement (OAE) at ESTOC site within an area of 420 km2. A) Intensities of OAE, 
with respective yearly surface alkalinity fluxes in units [mol m-2 a-1] and the corresponding mass of CaO in Mega-tons. First 
year of OAE is 2030. B) Frequencies of OAE, with the yearly alkalinity addition events being differently distributed throughout 
the year: monthly, every three months (seasonal), once per year (annual) in winter and in summer. 
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Four different intensities are assumed for alkalinity addition at the ocean surface, derived as per 
mille (‰) fractions of the in Europe available quicklime, converted from annual Gt of CaO to a 
yearly alkalinity flux in units of mol m-2 a-1 (Figure 3A), with i) low = 0.5 ‰, ii) moderate = 1.0 ‰, 
iii) high= 2.0 ‰, and iv) extreme = 4.0 ‰ of total available CaO.    

Another distinction is to distribute the annually available amount of TA over certain 
periods during the year. Thus, different frequencies of OAE are considered. If the same amount of 
alkalinity addition is restricted to happen once in a year, then the associated perturbation of the 
carbonate system and thus of the biological condition will be more intense than for a rather gradual 
and smooth addition, like for an alkalinity addition every month. Four frequencies of OAE are 
considered here: i) monthly, ii) seasonal, and once per year deployments, distinguished between 
iii) annual winter and iv) annual summer additions, see example for OAE of moderate intensity in 
Figure (3B). A separation of the annual OAE is meaningful, because vertical mixing conditions are 
very different in winter than in summer. As already explained in section 2.2, each OAE event, 
regardless of its frequency, extends over a period of three days.  

Overall, we have four frequencies assigned to four different intensities (16 simulations) for 
every of the two climate scenarios (SSP126 and SSP370), which makes a total of 32 simulation runs. 
In addition, a reference solution is required for every climate scenario. In the end, results of 34 
simulations enter this OceanNETs model analysis.          

2.5 Parameterizations of phytoplankton and bacteria growth responses to changes in 
carbonate chemistry 

Similar to the applications in D5.3, the basic plankton ecosystem model is the OPPLA (OPtimality-
based PLAnkton) ecosystem model, which has been developed and constantly refined by Markus 
Pahlow at GEOMAR (e.g. Pahlow et al., 2013; Grossowicz and Pahlow, 2024). In OPPLA, first-order 
principles are applied, such as optimal resource allocation, which allow meaningful responses of 
plankton growth to variations in environmental conditions. OPPLA resolves details of variations 
in intracellular ratios of carbon-to-nitrogen, nitrogen-to-phosphorus and chlorophyll-to-carbon, 
which are not considered by most Earth system models.  

Two functional responses have been introduced to OPPLA for this study. These functions 
are normalized and are thus dimensionless and they modulate the apparent growth rates of the 
phytoplankton and of the bacteria under varying conditions of the carbonate system. First, some 
brief background information about the response functions of the CO2 effects on the phytoplankton 
is provided. Then, the response function used in this study is described, together with the 
corresponding parameter estimates. Then, a response function for the assimilation of carbon and 
of nitrogen is specified for bacterial growth. 
In D4.5 a response function of the CO2 effect on algal growth is described that has been applied in 
Seifert et al. (2022) and that builds on the parameterization proposed by Bach et al. (2015):   
 
 

(2)   𝑓rel =
)
)∗
=	 *	⋅	[HCO#

$]
/	0	[HCO#

$]
− exp-−𝑐 ⋅ /CO1(*3)01 − 𝑑 ⋅ 105pH 
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which considers the bicarbonate concentration [HCO$#] and seawater carbon dioxide concentration 
)CO%('()* explicitly, together with changes in pH. The four parameters (a, b, c, d) were estimated in 
the study of Seifert et al. (2022) for calcifying coccolithophores, silicifying diatoms, as well as for 
small phytoplankton.  After consultation, my plan was to adapt this function for my OAE scenarios 
as well, not least for reasons of comparability. I derived parameter estimates for Equation (2) that 
represent the mean of the responses obtained for the diatoms and the small plankton (not shown 
here). I note that the mean response is not simply determined by averaging the individual 
parameter values of the diatoms and small phytoplankton.  

Using this equation, it was by no means possible to achieve a complete series of model runs 
for all 32 OAE scenarios.  Given the short-term, potentially intense, perturbations of the carbonate 
system due to the alkalinity additions, this function can occasionally become negative. This in turn 
can cause instabilities and may end up with model simulations to crash or fail. In retrospect and 
based on the experience gained here, this additive formulation of Equation (2) can lead to 
undesirable problems under conditions in which the carbonate system becomes severely 
perturbed, as is the case in the simulations applied here. For this reason, I returned to the somewhat 
newer parameterization proposed by Paul and Bach (2020), where similar problems had not 
occurred. However, to achieve comparability, this time I used the averaged response (of the 
diatoms and the small phytoplankton) to again obtain optimal parameter estimates, but for the 
relationship of Paul and Bach (2020): 

 

(3)   𝑓 = 	 )
)∗
= 51	 −	 6H

%7

6H%7
∗	6

8
⋅ 6H%7

6H%7	0	9M	:;	5	
&H%'

&H%'
∗<
(		 

  
The parameterization of Paul and Bach (2020) builds entirely on the proton hydrogen concentration 
[H+]. Figures (4) and (5) show the individual responses in the normalised growth rates ( *

*∗
  ) to 

variations of the major components of the carbonate system, of the relationship used in Seifert et 
al. (2022), the mean response of their results and the corresponding fit obtained for Equation (3). 
The parameter estimates obtained and applied here are given in Table (1).     
  The potential maximum bacterial growth rate is assumed to depend on the enzymatic 
activity, which is not only sensitive to the ambient temperature but also to pH. For any given 
temperature, the maximum enzymatic activity has an optimum at some specific pH value 
(Bisswanger 2014). There are hardly any measurements of enzyme activities for oceanic conditions, 
and if there are, it is not clear how sensitive they are to changes in pH. The study of Piontek et al. 
(2015) documents a nearly linear dependency between hydrolytic extracellular enzyme activities 
and the production of a natural bacteria population, and it provides experimental evidence of the 
response of enzymatic activities to variations in seawater pH. In their (on board) experiments the 
activities of two hydrolytic enzymes were analyzed, leucine-aminopeptidase (for nitrogen-
enriched amino acids) and beta-glucosidase (for carbohydrates) respectively. Although their 
experiment was primarily aimed at the changes due to reduced pH values (ocean acidification), 
their measurements also include the case of increased pH values, as they can occur under 
conditions of pulsed OAE. Their measurements show a reduction in enzyme activities if pH 
exceeds the natural values. They revealed pH optima around 6.7 for leucine-aminopeptidase and 
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below pH of 6.0 for beta-glucosidase. For the purpose of transferability to the model study, their 
measured values were normalized, i.e. the measured rates (𝑉C,N) were divided by the rates found 
under the in-situ pH conditions (𝑉C,N∗ ).  These normalised data were then used to fit a bell-shaped 
functional response function that is assumed to be similar for the utilisation of the carbohydrates 
(C) and the amino acids (N) by the bacteria, but with different parameter values respectively. A 
root mean square error minimisation was conducted to derive optimal parameter estimates for the 
following functional response:   
     

(4)   𝑓9,>
(bac) =	 ?C,N

?C,N
∗ = 𝐴C,N

(max) ⋅ exp 5−	@pH5AC,NB
!

C! 6 

 
 

with 𝐴C,N
(max) being the amplification factor for C and for N respectively. The corresponding 

parameters 𝑜C,N are the pH optima (for C and for N). The parameter 𝑤  represents the width of the 
response function, which is assumed to be identical for C and for N. Figure (6) shows the respective 
response functions as well as the normalized data.   
      
 
 

 
Figure 4: Sensitivities of phytoplankton growth rates to pH. A) Responses of phytoplankton growth rates to variations in 
proton (hydrogen) concentration, for diatoms and for small phytoplankton, as derived in Seifert et al., (2022) (dashed lines), 
the associated mean response (blue line) and the corresponding fitted response, based on the parameterization of Paul and Bach 
(2020). B) the same relationships as in A) but shown as a function of the pH value. 
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Figure 5: Sensitivities of phytoplankton growth rates to variations of the components of the carbonate system. Responses of 
phytoplankton growth rates to variations in A) bicarbonate concentration, to B) seawater carbon dioxide, and to C) carbonate 
ion concentration. Dashed lines represent fits for diatoms and for small phytoplankton derived in Seifert et al., (2022). The 
solid blue line represents the mean response of the diatoms and small phytoplankton. The red line depicts the response fitted to 
the mean (blue line), but using the parameterization of Paul and Bach (2020) instead.   

 

 
Figure 6: Sensitivities of bacterial enzymatic activities to variations in pH. A) Normalized rates of leucine-aminopeptidase 
activity for varying seawater pH conditions. The red line depicts the root mean square fit of Equation (4) to the normalized 
data of Piontek et al. (2015). B) Normalized rates of beta-glucosidase activity and the corresponding fit (blue line). The data 
and the fitted response function resolve a clear reduction of the enzymatic activities when pH levels are above those measured 
in-situ. The vertical dashed line (magenta) indicates the typical pH values found at the ESTOC site. 
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Table 1: Optimal parameter estimates for functional responses of growth to variations in pH. The response function for 
phytoplankton growth (Equation 3) is based on the relationship proposed by Paul and Bach (2020) and the corresponding 
parameter estimates represent the fit against the mean response function of Seifert et al. (2022). The pH-response function of 
bacterial growth (Equation 4) was fitted against normalized data of Piontek et al. (2015).       
 

 
Response function (Equation 3) 

for phytoplankton growth 
 

 
Response function (Equation 4) 

for bacterial growth 

Name Value Unit Name Value        
[H2] 3.184 ⋅ 10#3  mol kg-1 𝐴C

(pot) 5.739 

𝑪M 3.535 ⋅ 10#5  mol kg-1 𝐴N
(pot) 1.609 

𝒏 0.0478 - 𝑜C 5.318 
𝒎 13.61 - 𝑜N 6.982 

   𝑤 2.053 

 
 
2.6 Model implementation of particulate inorganic carbon (PIC) precipitation  

The potential of secondary precipitation during the OAE was highlighted by Hartmann et al. 
(2022), based on side experiments and it was also observed in a rare case during the post-phase of 
the OceanNETs Canary Islands mesocosm experiment. According to their findings, it was 
emphasized that the model simulations should consider such a possibility of precipitation of 
aragonite, which may not only prevent the effectiveness of OAE, but may also cause the alkalinity 
to drop below the level that was already reached before precipitation, also referred to as runaway 
precipitation (Moras et al., 2022). It was pointed out that there is a risk of particulate inorganic 
carbon (PIC) formation in OAE without an accompanied CO2 addition, i.e. OAE with CO2-
equilibrated seawater. These concerns were taken seriously in this simulation study and an explicit, 
although simplified, representation of PIC precipitation has been included in the model. It is 
regarded as simple, because the precipitation of PIC is treated as an exponential growth process, 
with a constant rate of 0.1 d-1, starting at some prescribed critical value of the aragonite saturation 
state ( Wa ). However, the PIC formed is subject to vertical sinking and may therefore export 
alkalinity to great depths, which may potentially lead to the situation of runaway precipitation.  In 
Schulz et al. (2023),  Guide to Best Practices in Ocean Alkalinity Enhancement Research (Oschlies, 
et al. 2023) and in Moras et al. (2022),  different types of PIC precipitation are distinguished, i.e. i) 
heterogeneous (in the presence of nucleation surfaces such as solid minerals), ii) homogeneous (in 
the absence of nucleation surfaces), and iii) pseudo-homogeneous (with nucleation surfaces like 
colloids and organic particles). For the ESTOC site, conditions are assumed that are associated with 
the presence of solid (e.g. when calcifying algae are abundant) and of organic substances that can 
both act as nucleation surfaces. This means that the scenario reproduced here can be interpreted as 
a partially heterogeneous and pseudo-homogeneous precipitation. For the simulations a constant 
but tiny background of nucleation surfaces is assured via a surface in- and throughflux that 
maintains a PIC concentration of approximately 0.1 mmol m-3 (1.2 µg/L). Once the critical value of 
Wa is reached, the precipitation is initiated, which causes PIC concentrations to increase. All PIC is 
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subject to sinking and is thus exported to depth. The level of background PIC concentration sets 
the initial condition for the exponential process of PIC formation. Moras et al. (2022) reported that 
for Wa remaining below 5, it is very unlikely that PIC precipitation occurs. The found PIC 
precipitation to occur at Wa = 7, although this has been attributed to the situation of heterogeneous 
precipitation. For a critical and rather conservative evaluation of our simulations, a value of 7 is 
defined as critical Wa.         
 
 
 
 
 
 
 
 
 

2.7 Model reference solutions 

To determine the changes caused by the OAE, it is important to simulate the typical alkalinity (total 
alkalinity, TA) and dissolved in organic carbon (DIC) concentrations and pH on site. The reference 
solutions therefore describe all those changes over time that are not caused by OAE. For 
comparison with observational data, a time period of 10 years prior to the start of OAE is 
documented here. The chlorophyll-a concentration, net primary production (NPP) and net 
bacterial production (NBP) are also shown for the entire 81-year period (from 2020 to 2099).      
In Figure (7) the data of TA, DIC, pH, as well as sea surface temperature are depicted, as observed 
during the period between 1995 and 2020, all projected into a single year. These data were kindly 
made available by Melchor González Dávila (Oceanic Platform of the Canary Islands, PLOCAN) 
and Magdalena Santana Casiano (personal communication). Model counterparts to the 
observations, from the years 2020 through 2029, are projected likewise. The variability in the 
observed TA exceeds the variations in the model simulations (Figure 7A), but the simulated mean 
TA (2473 mmol m-3) does not reveal any noticeable bias. Some bias, albeit small, can be seen when 
DIC concentrations are compared, with slightly higher DIC concentrations in the simulation results 
(Figure 7B). This is due to the fact that the temporal development of the DIC has progressed further 
in the period after 2020 (ocean acidification) and therefore the concentrations are higher than those 
from the 25 years period before. Unfortunately, no hindcast model simulations were considered 
here, and the first five years of model integration (2015 – 2019) are treated as spin-up years. Given 
the good TA but slightly higher DIC concentrations in the model results, the simulated pH values 
tend to be slightly lower than in the data (Figure 7C). The range of simulated sea surface 
temperature (SST), used here as physical condition derived from the FOCI projections, compares 
generally well, but the seasonal patterns do not fully coincide with the observations (Figure 7D). 
The SST in the model results appears to be 1° to 2° Celsius lower during October and November. 
However, comparisons of the mixed layer depths, with data from Yumruktepe et al. (2020), the 
physical model results do show good general agreement with the observations (not shown here, 
see also results presented in D5.3).  
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Figure 7: Data-model comparison of carbonate chemistry at ESTOC site. A) Total alkalinity (TA), B) Dissolved inorganic 
carbon (DIC), C) pH, and D) sea surface temperature (SST). Observational data were kindly provided by Melchor González 
Dávila (Oceanic Platform of the Canary Islands, PLOCAN) and Magdalena Santana Casiano (personal communication).    

 
 
The reference solution of the chlorophyll-a concentration presented in D5.3 exhibits short-term 
maxima that exceed 1.4 mg m-3. This has been corrected and now the simulated maxima in 
chlorophyll-a concentration remain mostly below 1.0 mg m-3 (Figure 8). The long term projection 
shows substantial interannual variability, but the depth of the deep chlorophyll-a maximum 
(DCM) remains fairly stable, typically varying between approximately 80 m and 120 m. For a better 
comparison with data published by Neuer et al. (2007), the color code has been adjusted in Figure 
8B so that it is similar to the published Figure (8C). Simulated and observed DCM agree well, while 
the simulated chlorophyll-a concentration now tends to be lower than observed, rather than too 
high as it was the case in D5.3.       
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Figure 8: Simulated chlorophyll-a concentrations of the upper 200 m. A) long term projection of the chlorophyll-a 
concentration, with deep chlorophyll-a maxima (DCM) typically at depths between 90 m and 120 m. B) chlorophyll-a 
concentration resolved for a ten years period prior to the start of OAE (2020 through 2029), with the color scale refined to 
match with color scale of C) the figure published in Neuer et al. (2007). 
 
Depth integrated net primary production (NPP) and net bacterial production of the reference 
solutions are depicted in Figure (9). Typical integrated rates of NNP at the ESTOC site range 
between 10 and 70 (mmol C) m-2 d-1 (e.g. Yumruktepe, et al. 2020). In the reference solution, the 
integrated NPP fall within the same range. In some years the maxima in NPP are above 200 (mmol 
C) m-2 d-1 for short period of time. The differences between the scenarios SSP126 and SSP370 do not 
show a systematic offset or trend up to the year 2090. Clearly, from 2090 on the integrated NPP of 
the SSP126 scenario are high then in the SSP370, most likely because of the gradual stratification 
(ocean warming) of the SSP370 climate scenario.  While NPP feature a clear seasonal signal along 
with interannual variability, the seasonal variations of NBP are less pronounced and are actually 
less expressed than the interannual variability. The latter is substantial. During some periods the 
integrated NBP can be as high as the NPP or even higher, while most of the time the NBP is about 
10 to 40 % of the NPP.  Figure (10) shows the NPP and NBP (averages of the two climate scenarios 
SSP126 and SSP370) resolved over depth. The NPP follows a clear seasonal cycle, with considerable 
NPP reaching down to 150 m. In contrast to the chlorophyll-a, the NPP does not show a maximum 
at the depth of the DCM. This is due to the fact of the photoacclimation effect resolved by the 
model, with the chlorophyll-a-to-carbon ratio being higher at the DCM than nearby the surface. 
The NBP maxima typically occur just below the DCM, below 130 m. As seen before, the interannual 
variations in NBP are strong.  

0.0

0.2

0.4

0.6

0.8

1.0

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030
200

175

150

125

100

75

50

25

0

m
g 

m
−3

Years

D
ep

th
  /

 m

C) Neuer et al. (2007, Progress in Oceanography)B) Simulations of Chl-a (10 years period before OAE) 

A) Simulations (reference solution of full period, at ESTOC site)  

Year Year

Year   



D E L I V E R A B L E  D 5 . 8  

 
 

O C E A N  N E T s  / /  OCEAN - B A S E D  NE G A T I V E  EM I S S I O N  TE C H N O L O G I Es   19 

 
Figure 9: Long-term projections of depth integrated (upper 530 m) net primary production (NPP, mmol C m-2 d-1) of SSP126 
(lighblue) and SSP370 (blue) and of net bacterial production (NBP) of SSP126 (red) and SSP370 (darkred). 

 

 
Figure 10: Long-term projections of NPP and NBP. A) net primary production (NPP) in (mmol C) m-3 d-1 and B) net 
bacterial production (NBP) in (mmol C) m-3 d-1.  Subplots A) and B) show the averages of the climate scenarios SSP126 and 
SSP370. 
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3. Potential effects of pulsed OAE on biogeochemistry and plankton 
dynamics under oligotrophic conditions 

3.1 Efficacies, pH and CDR of pulsed OAE of different intensities and frequencies 
 
The efficacy, or effectiveness, is a measure of how much CDR is achieved for a given amount of 
OAE. This can be assessed on an annual basis, where the total additional uptake of CO2 and the 
corresponding increase in DIC concentration of a specific year is related to the total amount of 
alkalinity added in that year. Here, the efficacy is evaluated on a daily basis ( 𝐸∗(𝑡) ), mainly for 
resolving temporal variations of the different types of pulsed, short-term OAE. This informs about 
the different time scales involved with regard to the lateral dispersion (exchange between A1 and 
A2) and the air-sea flux of CO2.  For the analyses, the differences to the reference solutions (absence 
of OAE) in DIC and total alkalinity (TA) are evaluated as follows:  
 

 

(5)   𝑬∗(𝒕) = 	 ∫
@DIC(𝒕,𝒛)5DICref(𝒕,𝒛)B	d𝒛

𝒛*𝟐𝟔𝟎𝟎m
𝒛*𝟎m

∫ @TA(𝒕,𝒛)5TAref(𝒕,𝒛)B  d𝒛𝒛*𝟐𝟔𝟎𝟎m
𝒛*𝟎m

  (· 100 %) 

 
 
In Figure (11) the different efficacies are shown for the scenarios with moderate OAE intensities 
only, since the variations are similar between the different OAE intensities. The only exception is  
the extreme OAE, where the efficacy becomes zero in case of PIC precipitation and the subsequent 
export of PIC, which is documented hereafter separately. The main points that can be recognized 
from Figure (11) are as follows: 
 

• The maxima in efficacy achieved differ between the two climate scenarios, 69.3 % in 
SSP126 and 80.5 % in SSP370 respectively. The maximum is approached earlier in the 
SSP126 climate scenario than in SSP370. The maxima are always reached within A2 (area 
of no alkalinity deployment, black lines), but also within A1 in case of annual OAE 
(magenta lines). This clarifies that the lowest frequency (annual OAE) provides sufficient 
time for CO2 to enter the ocean to reach equilibrated conditions before the next OAE event 
occurs.    
   

• The largest fluctuations in efficacy are associated with the annual deployment scenarios, 
between less than 1 % at times of alkalinity addition and closely approaching the 
maximum efficacy about 6 – 8 months later. The lowest fluctuations happen if alkalinity 
is added monthly (red lines). The monthly addition also shows the lowest overall efficacy 
within the deployment area (around 20 %). This demonstrates that the CO2 influx within 
A1 never leads to equilibrated conditions between the deployment events and most CO2 
is actually taken up outside of A1.  Also, no fully equilibrated conditions are reached in 
case of the seasonal additions (blue lines). The variational range in efficacy of the seasonal 
OAE is somewhat between the signals of the monthly and annual OAE. 
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Figure 11: Efficacies of the different frequencies of OAE. A) Temporally resolved variations in efficacy for the climate scenario 
SSP126, for the area of alkalinity addition (A1), for monthly (red), seasonal (blue), and annual-winter deployments (magenta). 
The back line represents the efficacy of the area A2 that is not subject to alkalinity deployment, but receives alkalinity from A1 
through lateral dispersion (mixing). B) Same as in A) but for the climate scenario SSP370. 

 
 
Figure (12) shows the temporal fluctuations of pH within the upper 32 m for the high intensity 
OAE scenario (0.2 % of total CaO available for OAE in Europe) as well as the extreme OAE 
scenarios (0.4 % CaO available for OAE); the latter being distinguished between deployments in 
winter and summer.  The key messages that can be inferred from the subplots of Figure (13) are: 
 

• The intensity of OAE determines the magnitude of the short-term pH increase, as 
expected. Accordingly, the monthly alkalinity additions induce the lowest perturbation 
in pH, not exceeding pH of 8.4 in all cases. 

 
• Highest values, pH beyond 9, are reached after 2084 in the extreme scenario of annual-

summer OAE (magenta lines). These pH values are also approached in the extreme, 
annual-winter deployment scenario, but more than ten years later, after 2096.        
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Figure 12: Temporal variations in pH (of SSP370), in response to different OAE scenarios (upper 32 m). A) Fluctuations in 
pH within area of alkalinty addition (A1), in cases of OAE of high intensity, for monthly (red), seasonal (blue), and annual-
winter (magenta) deployments, as well as pH changes within the area A2 (black line). B) Same as in A), but for conditions of 
extreme intensity. C) As in B), but with annual-summer OAE in contrast to the annual-winter deployment scenarios. 
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• The fluctuations in pH outside of the deployment area A1 are modest and largely 
resemble the typical seasonal variations (black lines). In the case of extreme annual-
summer OAE, the pH is gradually reduced to levels lower than today’s values (pH 
variations around 8.08) even in the A2 area, which is a continuation of the ocean 
acidification process of the SSP370 climate scenario. This is due the ineffective OAE 
because of precipitation and export of PIC, starting in the 2080’s (50 years after OAE has 
been initiated).      

 
After having looked at changes in efficacy and pH with high temporal resolution, we may now 
address the actual CDR achieved for the individual years, given the exponential increase in the 
availability of quicklime for OAE within Europe and the corresponding changes in alkalinity. The 
results of the following analysis are related to CO2 emission per-capita in the EU, which has been 
approximated to be 6.25 tons CO2 per in the year 2021 (Crippa et al., 2022). Note that these estimates 
do vary, depending on the underlying assumptions. The exact value may not be critical here. It is 
simply used as a reference baseline of total CO2 emissions of a medium-sized city with a population 
of 50 000 people. This way the years are determined at which the level of CDR becomes as high as 
0.3125 (Mtons CO2) yr-1, which are given in Table (2).   

Figure (13) depicts the CDR of the individual years for the four different intensities of OAE 
as well as for the different frequencies of OAE. In this analysis the CDR of both regions, A1 and A2 
together, are accounted for, while considering the respective dimensions of the two areas. The 
general exponential increase in CDR largely reflects the exponential total increase in CaO available 
for OAE, with the differences in intensity depending on the actual fraction of CaO used for the 
ESTOC site, from 0.05 % (low) up to 0.4 % (extreme) of the total CaO available for OAE in Europe. 
The year-to-year fluctuations can be attributed to the interannual variability in the ocean 
conditions, e.g. in vertical mixing.  The most important features of this analysis are summarized 
below:      
 

• On annual scale, and by looking at the combined CDR of A1 together with A2, the 
frequency of OAE does not matter. Regardless of the frequency, the level of CDR depends 
mainly on the intensity of OAE. However, the actual CDR achieved for the OAE 
prescribed, vary between the climate scenarios, with CDR in the SSP370 being more 
effective than in the SSP126. This could already be inferred from the differences found in 
the maxima of the efficacies shown before.     
 

• A CDR that is equivalent to the reference line, of 0.3125 (Mtons CO2) yr-1, is not 
approached for the low intensity scenario within the years before 2100, which indicates 
that such low OAE may not be particularly effective.    

 
• By the year 2100, the extreme OAE scenarios approach levels at which between 1.5 and 

slightly more than 2 Mtons CO2 yr-1 could be removed from the atmosphere. The years 
where CDR exceeds 0.3125 (Mtons CO2) yr-1 are 2059 in SSP370, and three years later in 
SSP126, 29 and 32 years after the initiation of the OAE.             
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• For the moderate intensity, which is ¼ of the extreme intensity, the year of CDR 
compensating the CO2 emission of a city with 50 000 inhabitants in the EU, is reached by 
2088, which is almost 30 years later than in the extreme case 

 
• There is one particular exception where the annual CDR values fall sharply, see dashed 

blue line that include the annual-summer deployments of extreme intensities. This drop 
occurs in both climate scenarios SSP126 and SS370. This strikingly different result can be 
attributed to the occurrence of precipitation, with severe consequences for the CDR, with 
a reduced air-sea flux of CO2. The fact that the CDR effect does not go down to zero may 
also come as a surprise, but this is due to the fact that alkalinity is now imported from 
the sides of A2 into A1; a reverse lateral transport of alkalinity so to speak.       

 
The special case of precipitation, which ultimately prevents local OAE to become effective, will be 
described hereafter. 
 
 
 
 
 
 
 
 

 
Figure 13: Carbon dioxide removal (CDR) for the different OAE scenarios. A) CDR simulation results of the SSP126 climate 
scenario for different OAE scenarios, for areas A1 and A2 combined: all frequencies of OAΕ of extreme (blue lines), high 
(magenta), moderate (red), and low (lightblue) intensities. B) Same as A0, but for the SSP370 climate scenario. The gray line 
represents the level of CO2 emissions of a medium-sized city with a population of 50 000 people in the EU (0.3125 (Mtons 
CO2) yr-1.       
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Table 2: Compensation years by climate and alkalinity addition scenarios 

Projection 
     intensity   

Frequency 

monthly seasonal annual: summer annual: winter 

SSP126   
 

   

low (n.a. = not achieved) n. a. n. a. n. a. 

moderate 2094 2089 2088 2088 

high 2078 2078 2077 2078 

extreme 2062 2062 2062 2063 

SSP370   
  

low n. a. n. a. n. a. n. a. 

moderate 2088 2088 2088 2088 

high 2075 2075 2073 2075 

extreme 2059 2059 2059 2059 

 
 
 
 
 
 

3.2 Potential effects of precipitation (abiotic formation and export of PIC)   

As explained above, the simulations of extreme intensity OAE, with an annual deployment in 
summer (annual-summer), exhibit solutions where precipitation occurs because the prescribed 
critical threshold of Wa = 7 is exceeded.  In fact, this happens not only in the case of annual summer 
deployment under extreme conditions but also when the intensity of OAE is high (Figure 14).  
 
Figure (14) documents the raise in PIC concentration in response to the onset of precipitation. Some 
first rapid increase in PIC concentration is found in the high intensity simulation in 2091, without 
severe consequences with respect to OAE and thus CDR. The raise in PIC concentration remains 
low during the summer OAE events. These events are of short duration and are accompanied by a 
compensatory horizontal influx of alkalinity, which is responsible for precipation to stop, and PIC 
concentrations are not higher than 15 mmol m-3 (Figure 14A). Under conditions of an extreme OAE, 
the of saturation state �a not only exceeds a value of 7 but raises up to values greater than 10, even 
reaching levels above 12. In such situation, the possible compensatory effect due to a lateral influx 
is insufficient and PIC formation continues, leading to PIC concentrations that are greater than 500 
mmol m-3 (approximately 33 times higher than under the high OAE scenario). First events of PIC 
precipitation occur already in the year 2072 in the SSP126 climate scenario, which is earlier than in 
the SSP370, where 2074 is found to be the first year of significant precipitation (Figure 15). Whether 
this temporal difference can be related to differences in physical boundary conditions has to be still 
investigated. Figure (15A) highlights the impact on the DIC taken up, dropping to zero within the 
site of deployment. Some decrease in overall CO2 uptake, albeit small, is then also simulated for 
the area A2, outside the area of alkalinity addition. Figures (15B and C) illustrate the sinking of PIC 
to depth, transporting the added alkalinity from the surface to much greater depths and thus 
eliminating CDR.  It appears as if this process is more pronounced in the SSP126 climate scenario, 
possibly because of the lower gradient of CO2 between the atmosphere and the surface ocean layer.  
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Figure 14: Concentration of PIC within the upper ocean layers in case of precipation. A) Raise in particulate inorganic carbon 
(PIC) concentration within the upper 32 m as obtained in the simulation of annual-summer OAE with high intensity. B) Same 
as in A) but showing the results of the OAE scenario with extreme intensity.  
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Figure 15: Changes in CO2 uptake in association with precipitation of PIC. A) Temporal changes in integrated dissolved 
inorganic carbon (DIC), representing the uptake of CO2 in the area A1 of alkalinity deployment (for SSP126, lightblue; 
SSP370, magenta). The changes within A2 (away from deployment site) are marked as thicker lines (SSP126 in blue, and 
SSP370 in red). B) and C) document the vertical export of PIC in A1 for the respective climate scenarios SSP126 and SSP370. 
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3.3  Potential effects of pulsed OAE on growth of phyto- and bacterioplankton 

Under oligotrophic conditions the overall primary production rates are low, and much of the 
productivity happens at depths below 50 m where irradience is low but nutrients are mixed in 
from below. Due to the generally low amounts of biomass within the upper water column, the light 
can reach great depths and thus ensure significant primary production rates even at depths of 120 
m.  Generally, a large part of the production takes place at depths where the influence of a 
disturbance, such as that due to OAE, should only be weakly pronounced. This interpretation is 
further substantiated by the model results, provided that the most important potential responses 
can actually be represented by the model. In general, the effect of OAE on the productivity of 
phytoplankton, bacteria and zooplankton in the larger area A2 is marginal. Effects are hardly 
conceivable within A2. Therefore, results only within A1 and only for the upper perturbed layers 
are shown in Figures (16) and (17) that resolve the relative changes in carbon biomass of the 
phytoplankton, bacteria, and the zooplankton, for OAE with high and extreme intensities. 
 

 
Figure 16: Changes of plankton biomass in response to annual OAE with high intensity . A) Relative changes in phytoplankton 
carbon biomass, averaged for the two climate scenarios SSP126 and SSP370, distinguished by annual-winter (blue line) and 
annual-summer (red line) OAE. B) Similar relative changes as in A), but of the bacterioplankton, with adjusted scale. C) 
Similar relative changes as in A) and B), but of the zooplankton, with a further reduced scale on the y-axis. 
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Figure 17: Changes of plankton biomass in response to annual OAE with extreme intensity. A) Relative changes in 
phytoplankton carbon biomass, averaged for the two climate scenarios SSP126 and SSP370, distinguished by annual-winter 
(blue line) and annual-summer (red line) OAE. B) Similar relative changes as in A), but of the bacterioplankton C) Similar 
relative changes as in A) and B), but of the zooplankton. The scales of the y-axes (% change) are identical with those depicted 
in Figure (16).  

 
The key findings from the analysis of the relative changes in carbon biomass are: 
 

• As expected, the relative changes are higher under the OAE conditions with increased 
intensity. The responses in phytoplankton biomass are more pronounced than in the 
bacterioplankton and zooplankton, showing an increase as the intensity in OAE raises 
with time. This general behaviour is also expressed in the relative changes of the 
zooplankton biomass.  In contrast, the largest impact on bacteria is found for the years 
2084 and 2085, which is associated with maxima that occur already in the reference 
solution, which can be seen in Figure (10B).  
 

• The ranges of the responses to OAE differ between the plankton types. Relative changes 
up to -15 % are possible for the phytoplankton, whereas bacteria and zooplanton responses 
are around -6 and -1.6 % respectively. The ranges seen in the responses are sensitive to the 
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time of the annual alkalinity addition, with winter deployments being less harmful than 
the summer deployments, which corresponds to the variations seen in pH (see Figure 12) 
 

• The negative anomalies (reductions of biomass) shortly after the OAE events are followed 
by some positive anomalies (higher biomass than in the reference solutions). In all cases 
such positive anomalies exist, but they overall impact appears to be asymmetric, e.g. with 
negative anomalies close to -15 % in the phytoplankton followed by a positive anomaly of 
only 5 %. The response patterns, and thus asymmetries seen, become less systematic in the 
bacteriaplankton and zooplankton, if compared with the phytoplankton responses. The 
anomalies in zooplankton are the least systematic and they vary over periods of years 
rather than on a seasonal scale.  This may result from complex grazing and growth 
interdependencies that need to be analysed in more detail.  

 
Figure (18) provides some insight to the typical time scales involved during and after the OAE 
events. To exemplify the different response behaviours in time of the plankton, anomalies are 
illustrated for one selected year (2089). Two responses, annual OAE in winter and in summer 
respectively, are looked at. Clearly, the summer responses are stronger than in winter. The negative 
anomalies in phytoplankton biomass induced by OAE have a duration between 1 to 2 weeks, which 
corresponds to the characteristic time scale of phytoplankton growth. Interestingly, the subsequent 
positive anomaly is less strong but stretches over a time period of about 4 weeks. Ultimately, the 
disturbance in phytoplankton growth only extends over a period between 1 and 2 months. The 
anomaly pattern becomes stretched over a period of 4 to 5 months when looking at the bacteria. 
The picture becomes even more complex for the anomalies seen in the zooplankton biomass. At 
first sight, the negative anomaly follows naturally the negative anomaly of the phytoplankton. 
However, the duration of the subsequent positive anomaly is prolonged to such an extent that it is 
still present at the time of the next OAE event. These shifts and asymmetries in the response 
patterns deserve closer examination, even if their magnitudes are only small. Within the scope of 
this deliverable, it was no longer possible to achieve this in time.   
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Figure 18: Time scales of the response patterns in association with annual OAE scenarios. A) Anomalies, relative changes in 
phytoplankton biomass in %, induced by annual winter (blue lines) and summer (red lines) OAE with extreme intensity for 
SSP126 and SSP370. B) Same as in A) but for the bacteria, with a refined scale of the y-axis. C) Same as in A) and B) but for 
the zooplankton biomass, with a further refined scale of the y-axis.  

 
4. Conclusion  
 
The model simulations analysed in this study offer new insights into the quantitative connections 
between the intensity and frequency of OAE in an oligotrophic region and their impacts on the 
induced broader CDR in a larger area surrounding the site of alkalinity addition. On local scale, 
where OAE takes place, short-term perturbations of the carbonate system can be strong, with local 
raise in pH that can exceed values of 9. Despite these considerable local, short-term increase in pH, 
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bacteria and zooplankton are generally low, based on the growth response parameterizations 
introdued to the model. The most important conclusions that can be drawn from this study are:  
 

• Parameterization of the growth response of phyto- and bacterioplankton to variations of 
the carbonate system: Amongst the two response functions under consideration, based on 
either Bach et al. (2015) or on Paul and Bach (2020), the relationship of Bach et al. (2015) 
caused instabilities in simulated growth rates of the phytoplankton, and not all OAE 
scenario could be evaluated in the end. The relationship proposed by Paul and Bach (2020) 
turned out to be a more robust response function and appears to be better applicable for 
similar simulations of pulsed OAE in large-scale or global ocean biogeochemical models. 
The newly introduced parameterization of the bacterial growth response to variations in 
pH is effective and stable, and may even be used for simulations of ocean acidification 
effects.      
 

• Different intensities of OAE: The four different intensities considered for this analysis 
were derived from the total potential amount of quicklime (CaO) available for OAE in 
Europe upt to the year 2100, starting with OAE in 2030. The low intensity scenarios (0.05 
% of available CaO) were too low to approach some CDR until 2100 that is as high as the 
annual emission of a city with 50 000 inhabitants (0.3125 (Mtons CO2) yr-1) within the EU. 
With an intensity of 0.4 % of available CaO for local OAE, a considerable portion of CDR 
can be achieved; an intensity with which the 0.3125 (Mtons CO2) yr-1 are approach in the 
years 2059 (SSP370) and 2062 (SSP126), 29 and 32 years after the initiation of the local OAE.   
 

• Different frequencies of OAE: The four different frequencies of OAE did not affect the 
efficacy and thus CDR within the larger area (A2). The main temporal effects of the various 
frequencies are expressed in the area in which the OAEs are actually realized. If OAE 
happens on a monthly basis, the maxima in efficacy evaluated locally are around 20 %. This 
means that most of the additional CO2 uptake actually occurs outside of the area of OAE. 
In cases of seasonal OAE the local efficacy remains below approximately 60%. In contrast, 
the annual OAE introduces efficacies close to zero at times of alklainity addition, but then 
reach the maximum before the next OAE event. Thus, annual OAE would facilitate local 
monitoring of the effectiveness of OAE, while the effectiveness of monthly and seasonal 
OAE is unlikely to be correctly determined at the local site of OAE. However, as shown 
here, annual OAE can be associated with the risk of reaching high pH values and high 
levels of the aragonite saturation state and the risk of precipitation (formation and export 
of PIC).   
 

• PIC precipitation: Only in the extreme OAE scenario with annual alkalinity addition 
during the summer periods, the imposed critical aragonite saturation state of  Wa = 7 
initiated precipitation that causes CDR to stop locally. In these simulations, even values 
greater than Wa = 12 are obtained. However, the simulations with extreme OAE intensities 
but with annual alkalinity additions during the winter period, when vertical mixing 
reaches greater depths, do not induce significant precipitation in the model solutions. 
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Apart from a too large amount of alkalinity addition, prior knowledge about the mixing 
depth at times of OAE is critical if precipitation is to be avoided.   
 

• Responses in the plankton: The responses in plankton growth and distribution of biomass 
are only expressed at (or nearby) the site of OAE. Within the larger surrounding area 
resolved by the model, the effects are harldy noticeable, because of the lateral dispersion. 
The major perturbations are restricted to the upper water column. The model results of the 
high and extreme annual-winter OAE scenarios reveal relative reduction in carbon biomass 
to be less than 15 % in the phytoplankton, no more than 5% in the bacteria, and less than 
1.5 % in zooplankton biomass. These periods of reduced growth and thus decreased 
biomass concentrations are followed by prolonged periods of growth where the biomass 
increases again. According to the model results, the time scales of recovery of the 
phytoplankton are one to two weeks. Interestingly, although not fully analysed and 
understood, the time scales of recovery seen in the bacteria and zooplankton are much 
longer, rather months than weeks. This indicates that even short-term perturbations, as e.g. 
induced by the annual OAE, may cause, albeit very small, effects on the development of 
the bacteria and zooplankton over some prolonged period.  
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