Responses to Reviewer#1 in Italic
First of all, the authors thank the reviewer very much for her/his thoughtful and constructive suggestions.

In this study, the authors used an Earth system model of intermediate complexity, UVic, to investigate the effect of direct
CO; injection on atmospheric CO,, temperature, and ocean acidification. Under the reference CO, emission scenario of
RCP4.5, CO, is injected directly in the form of dissolved inorganic carbon into deep sea sites around 3000m to limit global
warming below 1.5 K. Three injection strategies are designed and simulated: 1) once global mean warming exceeds 1.5K, all
further emission are injected into the deep ocean; 2) inject CO,; into the deep ocean in an amount to keep global mean warm-
ing below 1.5K; 3) inject CO; into the deep ocean in an amount such that atmospheric CO, follows the concentration path-
way of RCP 2.6. In all injection scenarios, substantial amount of CO, outgassing is found, indicating that a significant
amount of carbon leakage needs to be re-injected to achieve the mitigation goals. With respect to the biogeochemical effects,
it is found that CO, injection into the deep ocean mitigate surface acidification, but at the cost of more acidified water in the
deep ocean, in particular in the vicinity of the injection sites. This study is well-defined and the analysis is comprehensive
and in-depth. This study makes a useful contribution to the assessment of climate and environmental effect of direct CO, in-

jection. I have a few suggestions that the authors may want to take into consideration:

1) The mitigation scenario of RCP 4.5 is used as the reference scenario for all injection experiments. It would be illustrative
to demonstrate the effect of direct CO, injection under higher emission scenarios (i.e., RCP 8.5). To achieve the same mitiga-

tion goals, deep ocean would be much more acidified, and presumably, more CO, would be outgassed from the deep ocean.

Thank you for this very interesting point. We have also considered conducting a direct CO); injection (oceanic CCS) experi-
ment under the RCP 8.5 CO; emission scenario such as in the study of Reith et al. (2016) in order to compare the Earth sys-
tem response to the ones under the RCP 4.5 CO; emission scenario. However, we feel that such an oceanic CCS experiment
does not really fit into the framing of our study, i.e., meeting climate targets. Any future emission trajectory close to the RCP
8.5 CO;,emission scenario assumes that almost no climate policies are in place, implying that relatively costly oceanic CCS
would not be undertaken. Oceanic CCS with estimated cost units of about 100 USD/tCO, (IPCC, 2005) would only be con-
sidered as an option if other less costly emission mitigation options such as switching to renewable energies and increasing
insulation in houses have been fully utilized so that CO, emissions have been reduced to coincide with the RCP 4.5 or even
RCP 2.6 CO;emission scenario. Only CO, emission mitigation scenarios like the RCP 4.5 or in particular the RCP 2.6 CO,
emission scenario imply implicit carbon prices above 100 USD/tCO, (Clarke et al., 2014), making options like oceanic CCS
attractive to supplement conventional CO, emission control such as the National Determined Contributions of the Paris
Agreement. Accordingly, we would like to restrict our analysis to the implementation of oceanic CCS to climate policy rele-

vant scenarios.
2) In terms of deep ocean acidification, the authors may want to look at the evolution of aragonite (calcite) saturation horizon.

Thank you for this suggestion. We have looked at the evolution of the aragonite saturation horizon (ASH) in the RCP 4.5 con-
trol run and our A2 experiment. In comparison to the beginning of the RCP 4.5 control run (Fig. R1), the strongest shallow-
ing of the ASH in the RCP 4.5 control run by the year 2100 appears in some down- and upwelling regions (Fig. R2), which is

due to deeper penetration and higher concentrations of anthropogenic CO; (e.g., Orr et al., 2005).
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Figure R1: Depth of aragonite saturation horizon (ASH) at the beginning of the RCP 4.5 control run (year

2020).

R e ]
-3000 -2000 -1000 0 1000 2000 3000
Depth (m)

Figure R2: Relative changes in depth of aragonite saturation horizon (ASH) in the RCP 4.5 control run in
2100, i.e., year 2100 minus year 2020.

With respect to the A2 experiment, we find an accelerated shoaling of the ASH in the Atlantic and smaller changes in the Pa-
cific and Indian Ocean by the year 2100, when compared to the respective changes in the RCP 4.5 control run (Fig. R3). This
can be explained by the fact that injections in the Pacific and Indian Ocean were carried out in waters already beneath the
simulated ASH, which occurred at a depth of about 600 - 1200 m during the injection period (Fig. R1). This is in contrast to
the Atlantic injection sites where the simulated ASH was at a depth of about 3000 m at the beginning of the simulated injec-

tions (Fig. Rl), thus causing the simulated increase in the volume of undersaturated water. Consequently, the injections



could have, for example, additional implications for the distribution of aragonite forming deep-sea scleractinian corals
(Guinotte et al., 2006) in the Atlantic. Furthermore, it is likely that the accelerated shoaling of the saturation horizons for
aragonite (and calcite) in the Atlantic due to the injections would drive a change in habitat quality for a variety of deep-sea

calcifiers (Orr et al., 2005).
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Figure R3: Relative changes in depth of aragonite saturation horizon (ASH) between the A2 simulation (year

2100) and the RCP 4.5 control run (year 2020).

By the end of the simulations (vear 3020), we observe similar changes in the ASH in the RCP4.5 control run when compared
to the A2 experiment, although with a slightly higher shallowing of the ASH in the Pacific and Indian Ocean (Figs. R4-5).
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Figure R4: Relative changes in depth of aragonite saturation horizon (ASH) in the RCP 4.5 control run in
3020, i.e., year 3020 minus year 2020.
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Figure RS: Relative changes in depth of aragonite saturation horizon (ASH) between the A2 simulation (year

3020) and the RCP 4.5 control run (year 2020).

The authors feel that the biogeochemical part (section 3.3) in the submitted version of the manuscript is already very long

and complex. To address this issue, we suggest adding the following paragraph and Figures R1-5 to the Supplement.
The new supplemental text reads:

“With respect to the evolution of the aragonite saturation horizon (Qar=1, ASH) after the beginning of the RCP 4.5 control
run (Fig. S5), we observe that the ASH is mainly affected in down- and upwelling regions by the year 2100 (Fig. S6). This is
caused by the deeper penetration and higher concentrations of the respective CO; emissions (e.g., Orr et al., 2005). With
respect to the A2 experiment, we find an accelerated shoaling of the ASH in the Atlantic and smaller changes in the Pacific
and Indian Ocean by the year 2100, when compared to the respective changes in the RCP 4.5 control run (Fig. S7). This can
be explained by the fact that injections in the Pacific and Indian Ocean were carried out in waters already beneath the simu-
lated ASH, which occurred at a depth of about 600 - 1200 m during the injection period (Fig. S5). This is in contrast to the
Atlantic injection sites where the simulated ASH was at a depth of about 3000 m at the beginning of the simulated injections
(Fig. S5), thus causing the simulated increase in the volume of undersaturated water. Consequently, the injections could
have, for example, additional implications for the distribution of aragonite forming deep-sea scleractinian corals (Guinotte et
al., 2006) in the Atlantic. Furthermore, it is likely that the accelerated shoaling of the saturation horizons for aragonite (and
calcite) in the Atlantic due to the injections would drive a change in habitat quality for a variety of deep-sea calcifiers (Orr et
al., 2005). By the end of the simulations (vear 3020), we observe similar changes in the ASH in the RCP4.5 control run when
compared to the A2 experiment, although with a slightly higher shallowing of the ASH in the Pacific and Indian Ocean (Figs.
S8-9). We find nearly the same evolution pattern of the ASH in the A3 experiment (not shown).”

We have also added a sentence in the manuscript referring to this supplementary section and Figs. S5-9. The new text (lines

435:437) reads:

See Sect.1 and Figs. S5-9 in the Supplement about the evolution of the aragonite saturation horizon (QAR=1, ASH) in the
RCP 4.5 control run and the A2 and A3 experiments.



3) What is the role of land carbon cycle here? How much of the outgassed CO, can be attributed to (or compensated by) the

terrestrial CO, flux? Can the land carbon cycle feedback be quantified by turning on/off the UVic land carbon component?

Thank you for this interesting point. The response of the land carbon cycle due to an injection-related atmospheric carbon
reduction is mainly governed by the reduced CO; fertilization effect on net primary productivity and the temperature related
decrease in heterotrophic soil respiration, which is something that we investigated in Reith et al., 2016. However, feedbacks
from the terrestrial system to changes in atmospheric CO, are among the largest uncertainties (e.g., Schimel et al., 2015). In
order to attribute the terrestrial carbon cycle response to the outgassed amount of injected CO,, we would need to perform
partially coupled simulations, i.e., simulations with only the carbon cycle model components experiencing rising CO, (bioge-
ochemically (BGC) coupled) and only the radiation model components experiencing rising CO, (radiatively (RAD) coupled)
(e.g. Schwinger et al., 2014). Not having these idealized model experiments, it can be stated that the difference between ex-
periments Al an A2 (a net loss of carbon from land in the successful (climate target) A2 experiment of about 100 Gt C, Fig.

R6) is part of the additional carbon injected in experiment A2 compared to experiment Al.
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Figure R6: Cumulative land fluxes (Gt C) for the A1 simulation (black line) and the A2 simulation (red line).

No, the land carbon cycle feedbacks cannot easily be quantified by turning on/off the land component of the UVic model. This
is in particular due to the fact that the applied RCP 4.5 CO; emission scenario includes historical land-use carbon emissions
(line 114), which would lead to a different climate response if it was used when the land component was switched off. Fur-
ther, in a coupled system like the UVic model turning off a single component will affect the remaining system. Thus, deter-
mining the terrestrial role by such additional experiments would require a noLand model spinup and modification of the RCP
4.5 emission scenario so that it reproduces a climate response consistent with the response to the full RCP 4.5 emissions in
the fully coupled model. Thereafter, one could repeat the model runs with this noLand version. Then, to disentangle and
quantify the terrestrial processes involved, we would further need to separately perform additional partially coupled runs
(only biogeochemically coupled and only radiatively coupled simulations). As the terrestrial biosphere has little influence on
the cumulative CO;injections (Reith et al., 2016), we are convinced that we would not gain any important insights from such

time-consuming experiments.



We added a new subsection (3.1.2 Land response) to the manuscript in order to better address this issue.

The new text (lines 285:297) reads:

“Biological processes primarily control the exchange of atmospheric CO; with the land, where the majority of the carbon is
stored in soils and permafrost. CO, is removed from the atmosphere by plant photosynthesis and primarily returned to the
atmosphere by respiration and other processes such as fire (Cias et al., 2013). As long as primary production (GPP; i.e.
gross photosynthetic carbon fixation) is greater than carbon losses due to respiration and processes such as fire, the land
will be a carbon sink (Le Quere et al., 2016). If this balance changes then the land can become a source of CO, to the atmos-
phere. In our simulations as emissions increase and decrease (with oceanic CCS), eventually reaching net negative- and/or
zero- emission, the terrestrial carbon cycle is perturbed and can switch from a sink to a source. The magnitude of the land
carbon cycle response due to an injection-related atmospheric carbon reduction, and eventual increase as in the Al experi-
ment, (see Section 3.1) is mainly governed by the reduced CO, fertilization effect on net primary productivity and the temper-
ature related change in heterotrophic soil respiration, responses that have been investigated in Reith et al., 2016. In all simu-
lations the land changes from a carbon sink to source, eventually reaching almost a balance (almost zero net flux) in the A2
and A3 simulations. In the Al simulation, the increase in atmospheric CO; after a period of decline (Fig. I c) is not able to

overcome the temperature effect that elevates respiration rates and the land continues to perennially lose carbon.”
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Responses to Reviewer#2 in Italic
First of all, the authors thank the reviewer very much for his thoughtful and constructive comments.

CO, emissions are increasing at an unprecedented rate into the earth’s atmosphere. By and large, global political leadership
have recognized the consequences of such emissions for human kind and ecosystems. As a result, the 2015 Paris Agreement
has set the target of limiting global warming to below 2 _C. To achieve such a target, academicians have been discussing
some unconventional methods — known as geoengineering. To the same effect, in this study, Reith and co-workers have pre-
sented this excellent and very thorough analysis of consequences of injecting atmospheric CO, into the deep oceans. Their
analysis looks robust (I am not a modeller though!). I have just a couple of comments that might be discussed in the revised

version of the manuscript:

1. T am not sure if the trade-off between the amount of CO, released back to the atmosphere in collecting CO, from the at-
mosphere and injecting it into the deep CO, has been considered. By which way(s) the atmospheric CO, can be collected
from the atmosphere and put into the deep ocean, and how much CO, will be emitted back (through the instruments used for
such huge task) to achieve both the actions. I know this might not be feasible to incorporate in the model but it needs to be

discussed/ mentioned.

Thank you for this important aspect. As mentioned in the introduction (lines 80:81), we consider direct CO; injections as
oceanic CCS, deposing CO; from point sources such as fossil fuel or biomass-based power plants or direct air capture
plants. The direct CO; injections are based on the OCMIP carbon sequestration protocols (see Orr et al., 2001; 2004) and
carried out in an idealized manner by adding CO,directly to the dissolved inorganic carbon (DIC) pool (lines 121:122). Be-
forehand the captured CO,would have to be transported to the seven injection sites via pipeline or ship and then injected into
the deep ocean, which would also apply to recaptured CO; that has outgassed in order to maintain the desired climate target.
However, the technological feasibility and development of CO, removal methods is to date in their infancy und hence uncer-
tain regarding their effectiveness, costs, side effects and carbon cycle implications (e.g., Field and Mach, 2017). Neverthe-
less, required infrastructural processes for deploying oceanic CCS in reality would very likely imply additional costs in terms
of CO;, emissions that would need to be accounted for in order to maintain a desired climate target. Accordingly, we should
have made clearer that we do not account for the trade-off between the amount of CO; released back to the atmosphere in
collecting CO; from the atmosphere and injecting it into the deep ocean. We have rephrased a sentence in the introduction to

clarify this. The new text (lines 89:93) reads:

“Note that we neglect the effects of non-CO; forcing agents as well as any additional costs and trade-off in terms of CO,
emissions caused by the carbon capture and injections (e.g., through implementation of required infrastructure for deploying
oceanic CCS). Consequently, our results provide a lower limit estimate, i.e. the cumulative CO, amount that would need to be

at least injected into the deep ocean in order to comply with the desired target”.

2. Can (gas chromatographically) CO, alone be collected from the atmosphere on such a large scale? Or will CO, be part of
the mixture of all the atmospheric gases and particles (aerosols)? Was the model tuned for injecting of natural air rather than

only CO, into the deep ocean? How sensitive mixture would become for ocean chemistry?

Thank you for this interesting point. Yes, it is possible to extract only CO; out of the atmosphere by means of Carbon Dioxide
Removal methods such as bioenergy with carbon capture and storage and direct air capture with carbon storage (National
Research Council, 2015; Sanz-Pérez et al., 2016, Wilcox et al., 2017). However, if it would be feasible to remove CO; alone

on such a large scale required to achieve a specific climate target is to date uncertain (e.g., Field and Mach, 2017).



As mentioned above the simulated CO; injections are based on the OCMIP carbon sequestration protocols (see Orr et al.,
2001; Orr, 2004) and carried out in an idealized manner by adding CO, directly to the dissolved inorganic carbon (DIC)
pool, thus neglecting any gravitational effects and assuming that the injected CO; instantaneously dissolves into seawater
and is transported quickly away from the injection point and distributed homogenously over the entire model grid box with
lateral dimensions of a few hundred kilometers and many tens of meters in the vertical direction (Reith et al., 2016). Conse-
quently, the formation of CO, plumes or lakes as well as the potential risk of fast rising CO, bubbles are neglected (IPCC,
2005, Bigalke et al., 2008) (lines 122:127).

References:

Bigalke, N. K., Rehder, G. and Gust, G.: Experimental investigation of the rising behavior of CO, droplets in seawater under
hydrate-forming conditions, Environ. Sci. Technol., 42(14), 5241-5246, doi:10.1021/es800228j, 2008.

Field, C. B. and Mach, K. J.: Rightsizing carbon dioxide removal, Science (New York, N.Y.), 356, 706-707,
doi:10.1126/science.aam9726, 2017.

IPCC: IPCC Special Report on Carbon Dioxide Capture and Storage, Prepared by Working Group Il of the Intergovernmental
Panel on Climate Change, edited by: Metz, B., Davidson, O., de Coninck, H. C., Loos, M., and Meyer, L. A., Cambridge Uni-
versity Press, Cambridge, United Kingdom and New York, NY, USA, 442 pp., 2005.

National Research Council: Climate Intervention: Carbon Dioxide Removal and Reliable Sequestration, National Academies
Press, 2015

Orr, J. C., Aumont, O., Yool, A., Plattner, K., Joos, F., Maier-Reimer, E., Weirig, M. -F., Schlitzer, R., Caldeira, K., Wicket, M.,
and Matear, R.: Ocean CO; Sequestration Efficiency from 3-D Ocean Model Comparison, in Greenhouse Gas Control Tech-
nologies), edited by Williams, D., Durie, B., McMullan, P., Paulson, C., and Smith, A., CSIRO, Colligwood, Australia, pp.
469-474, 2001.

Orr, J. C.: Modelling of ocean storage of CO, - The GOSAC study, Report PH4/37, IEA Greenhouse gas R&D Programme,
96pp., 2004.

Reith, F., Keller, D. P., and Oschlies, A.: Revisiting ocean carbon sequestration by direct injection: A global carbon budget
perspective, Earth Syst. Dyn., 7(4), 797—-812, doi:10.5194/esd-7-797-2016, 2016.

Sanz-Peérez, E. S., Murdock, C. R., Didas, S. A. and Jones, C. W.: Direct Capture of CO,from Ambient Air, Chem. Rev., 116(19),
11840-11876, doi:10.1021/acs.chemrev.6b00173, 2016.

Wilcox, J., Psarras, P. C. and Liguori, S.: Assessment of reasonable opportunities for direct air capture, Environ. Res. Lett.,

12(6), 065001, doi:10.1088/1748-9326/aa6de5, 2017.



10

15

20
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Abstract. We investigate the climate mitigation potential and collateral effects of direct injections of captured CO, into the
deep ocean as a possible means to close the gap between an intermediate CO, emissions scenario and a specific temperature
target, such as the 1.5°C target aimed for by the Paris Agreement. For that purpose, a suite of approaches for controlling the
amount of direct CO, injections at 3000m water depth are implemented in an Earth System Model of intermediate complexi-
ty.

Following the representative concentration pathway RCP4.5, which is a medium mitigation CO, emissions scenario, cumula-
tive CO, injections required to meet the 1.5°C climate goal are found to be 390 Gt C by the year 2100 and 1562 Gt C at the
end of simulations, by the year 3020. The latter includes a cumulative leakage of 602 Gt C that needs to be re-injected in or-
der to sustain the targeted global mean temperature.

CaCO; sediment and weathering feedbacks reduce the required CO, injections that comply with the 1.5°C target by about 13
% in 2100 and by about 11 % at the end of the simulation.

With respect to the injection-related impacts we find that average pH values in the surface ocean are increased by about 0.13
to 0.18 units, when compared to the control run. In the model, this results in significant increases in potential coral reef habi-
tats, i.e., the volume of the global upper ocean (0 to 130m depth) with omega aragonite > 3.4 and ocean temperatures be-
tween 21°C and 28°C, compared to the control run. The potential benefits in the upper ocean come at the expense of strongly
acidified water masses at depth, with maximum pH reductions of about -2.37 units, relative to preindustrial, in the vicinity of
the injection sites. Overall, this study demonstrates that massive amounts of CO, would need to be injected into the deep
ocean in order to reach and maintain the 1.5°C climate target in a medium mitigation scenario on a millennium timescale, and
that there is a trade-off between injection-related reductions in atmospheric CO, levels accompanied by reduced upper-ocean

acidification and adverse effects on deep ocean chemistry, particularly near the injection sites.
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Introduction

The Paris Agreement of December 2015 has set the political target of limiting global warming to well below 2°C, if not
1.5°C, above preindustrial levels (UNFCCC, 2015). Staying within the Paris target range is perceived as a safe limit that
avoids dangerous anthropogenic climate change and ensures sustainable food production and economic development (Rock-
strom et al., 2009; Knutti et al., 2015; Rogelj et al., 2016). As a first step towards meeting the Paris climate goals, countries
have outlined national post-2020 climate action plans by submitting their Nationally Determined Contributions (NDCs) to
climate mitigation in order to meet the <2°C climate target (e.g., Clémencon, 2016). However, even if these NDCs are fully
realized, it is estimated that a median warming of 2.6 to 3.1°C will occur by the year 2100 (Rogelj et al., 2016). Consequent-
ly, it is questionable whether conventional measures currently considered by individual states will be sufficient to reach and
maintain the <2°C climate target (e.g., Horton et al., 2016).

The scientific rationale of such claims is based on observational records and results of climate models of varying complexity
that have found a tight correlation between cumulative CO, emissions and global mean temperature (Allen et al., 2009; Mat-
thews et al., 2009; MacDougall, 2016). From this transient climate response to cumulative carbon emissions (TCRE) it can be
estimated that the total quota of CO, emissions from all sources (fossil fuel combustion, industrial processes and land-use
change) that is compatible with a 1.5°C target will be used up in a few years at current emission rates (Knopf et al., 2017;
Mengis et al., 2018), and for a 2°C target it is likely to be reached in the next 2 to 3 decades (Friedlingstein et al., 2014).
Thus, the window of opportunity for deep and rapid decarbonization that would allow for such a climate target through emis-
sions reduction alone is closing soon (Sanderson et al., 2016).

Given the very challenging and urgent nature of the task of reaching the agreed-upon Paris climate goals, unconven-
tional methods are being discussed. Under specific consideration are negative emission technologies, i.e., measures that de-
liberately remove CO, from the atmosphere (e.g., Gasser et al., 2015) and store it somewhere else, e.g., in geological reser-
voirs or the deep ocean (e.g., IPCC, 2005). Negative emissions are already included in all realistic scenarios from integrated
assessment models (IAMs) that limit global warming to <2°C or less above preindustrial levels (Collins et al., 2013; Rock-
strom et al., 2016; Rogelj et al., 2016). However, none of the currently debated negative emissions technologies, such as bio-
energy with carbon capture and storage (BECCS), direct air capture with carbon storage (DACCS) and enhanced weathering
(EW), appears to have, regardless of the scenario, the potential to meet the <2°C target without significant impacts on land,
energy, water or nutrient resources (Fuss et al., 2014; Smith et al., 2016; Williamson, 2016; Boysen et al., 2017).

One other option that has been considered is ocean carbon sequestration by direct injection of CO, into the deep
ocean (e.g., Marchetti, 1977; Hoffert et al., 1979; Orr et al, 2001; Orr, 2004; IPCC, 2005; Reith et al., 2016). The CO, could

be derived from point sources such as power plants or direct air capture facilities, and thereby contribute to the carbon se-
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questration part of CCS, DACCS or BECCS. Direct injection of CO, into the deep ocean can also be thought of as the delib-
erate acceleration of the oceanic uptake of atmospheric CO,, which happens naturally via invasion and dissolution of CO,
into the surface waters, albeit at a relatively slow rate limited by the sluggish ocean overturning circulation. On millennial
timescales, about 65-80% of anthropogenic CO, is thought to be taken up by the ocean via gas exchange at the ocean surface
and by entrainment of surface waters into the deep ocean. This portion rises to 73-93% on timescales of tens to hundreds of
millennia via neutralization of carbonic acid with sedimentary calcium carbonate (CaCO;) (e.g., Archer et al., 2005; Zeebe,
2012). Directly injecting CO, into the deep ocean could speed up this natural process by directly accessing deep waters, some
of which remain isolated from the atmosphere for hundreds or thousands of years (DeVries and Primeau, 2011; their Figure
12), and by bringing the anthropogenic CO, in closer contact with the sediment where carbonate compensation reactions oc-
cur. This would prevent anthropogenic CO, from having an effect on the climate in the near future, and accelerate eventual
and nearly permanent removal via reaction with CaCOj; sediments.

Despite the well-known potential of the ocean to take up and store carbon (e.g., Sarmiento and Toggweiler, 1984,
Volk and Hoffert, 1985; Sabine et al., 2004;), direct CO, injection into the deep ocean is currently not allowed by the London
Protocol and the Convention for the Protection of the Marine Environment of the North East Atlantic (OSPAR Convention)
(Leung et al., 2014). A main concern that led to the current ban is that direct CO, injection will harm marine ecosystems in
the deep sea, e.g., cold-water corals and sponge communities, at least close to the injection site (e.g., [IPCC, 2005; Schubert et
al., 2006; Gehlen et al., 2014). As emphasized by Keeling (2009) and Ridgwell et al. (2011) there are, however, trade-offs
between injection-related damages in the deep ocean and benefits at the ocean surface via a reduction in atmospheric pCO,
and a decrease in upper ocean acidification. These should be discussed in relation to other mitigation options, that probably
all imply offsetting some local harm against global benefits. Our current study aims to inform such a debate by providing
quantitative information about impacts on ocean carbonate chemistry caused by direct injection of CO, into the deep ocean as
a potential measure to reach and maintain a specific temperature target as given by the Paris climate targets.

For this purpose, we consider direct injection of CO, into the deep ocean as ‘oceanic CCS’, deposing CO, from
point sources such as fossil fuel or biomass-based power plants or direct air capture plants. We assume that aggressive emis-
sions reduction has led from a business-as-usual CO, emission scenario to a world with intermediate CO, emissions such as
the one represented by the Representative Concentration Pathway (RCP) 4.5. Model-predicted global mean surface air tem-
peratures for the RCP 4.5 CO, emission scenario range between 1.7°C and 3.2°C in the year 2100 (Clarke et al., 2014), which
is approximately in agreement with the warming after full achievement of current NDCs. Consequently, the 1.5°C climate
target would not be reached under the RCP 4.5 scenario and is likely to be exceeded after the year 2050 (IPCC, 2014). We

here explore the potential as well as collateral oceanic effects of ‘oceanic CCS’ as a means to fill the gap between emissions
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and climate impacts of the RCP 4.5 and the 1.5°C target of the Paris agreement. Note that we neglect the effects of non-CO,
forcing agents as well as any additional costs and trade-off in terms of CO, emissions caused by the carbon capture and injec-
tions (e.g., through implementation of required infrastructure for deploying oceanic CCS). Consequently, our results provide
a lower limit estimate, i.e. the cumulative CO, amount that would need to be at least injected into the deep ocean in order to
comply with the desired target. The paper is organized as follows: In section 2 we address the methodological framework by
describing the UVic model and the experimental setup of our experiments. In section 3 the results and the discussion of our

model simulations are presented. Section 4 outlines the conclusions.

2. Methods

2.1 Model description

The model used is version 2.9 of the University of Victoria Earth System Climate Model (UVic ESCM). It consists
of three dynamically coupled main components: a three-dimensional general circulation ocean model based on the Modular
Ocean Model MOM2 (Pacanowski, 1996) including a marine biogeochemical model (Keller et al., 2012), a dynamic-
thermodynamic sea-ice model (Bitz and Lipscomb, 1999) and a CaCOj3-sediment model (Archer, 1996). The UVic ESCM
further includes a terrestrial vegetation and carbon-cycle model (Meissner et al., 2003) based on the Hadley Center model
TRIFFID (Top-down Representation of Interactive Foliage and Flora Including Dynamics) and the hydrological land compo-
nent MOSES (Met Office Surface Exchange Scheme), and a one-layer atmospheric energy-moisture balance model (based on
Fanning and Weaver, 1996). All components have a common horizontal resolution of 3.6° longitude x 1.8° latitude. The oce-
anic component has 19 vertical levels with thicknesses ranging from 50 m near the surface to 500 m in the deep ocean. For-
mulations of the air-sea gas exchange and seawater carbonate chemistry are based on the OCMIP abiotic protocol (Orr et al.,
1999). Marine sediment processes of CaCQOj; burial and dissolution are simulated using a model of deep ocean sediment respi-

ration (Archer, 1996).

2.2 Experimental design

For our default control run and injection experiments, the model has been spun up for 10,000 years under preindus-
trial atmospheric and astronomic boundary conditions and run from 1765 to 2005 using historical fossil-fuel and land-use
carbon emissions (Keller et al., 2014). From the year 2006 onwards simulations are forced with CO, emissions according to
the RCP 4.5 and the Extended Concentration Pathway (ECP) 4.5, which runs until the year 2500 (Meinshausen et al., 2011).
This forcing includes CO,-emissions from fossil fuel burning as well as land-use carbon emissions, e.g. from deforestation.

After the year 2500, CO, emissions are assumed to decrease linearly until they cease at the end of the simulations in year
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3020. In the default control run and injection experiments we do not apply greenhouse gas emissions other than CO,, nor do
we simulate the effect of sulfate aerosols or non-CO, effects of land use change. Further, prescribed monthly varying winds
from the National Center for Environmental Prediction (NCEP) reanalysis are used together with a dynamical feedback from
a first-order approximation of geostrophic wind anomalies associated with changing winds in a changing climate (Weaver et
al., 2001).

Simulated CO, injections are based on the OCMIP carbon sequestration protocols (see Orr et al., 2001; Orr, 2004)
and carried out in an idealized manner by adding CO, directly to the dissolved inorganic carbon (DIC) pool, thus neglecting
any gravitational effects and assuming that the injected CO, instantaneously dissolves into seawater and is transported quick-
ly away from the injection point and distributed homogenously over the entire model grid box with lateral dimensions of a
few hundred kilometers and many tens of meters in the vertical direction (Reith et al., 2016). Consequently, the formation of
CO; plumes or lakes as well as the potential risk of fast rising CO, bubbles are neglected (IPCC, 2005; Bigalke et al., 2008).

The physical transport of the injected CO; and its transport pathways from the individual injection sites towards the
surface of the ocean are tracked by means of inert ‘dye’ tracers (one per injection site). At the injections sites, these tracers
are loaded at rates proportional to the amount of CO, injected. At the sea surface the tracers are subject to a loss to the atmos-
phere, which is computed in proportionality to the total CO, gas exchange and fractional contribution to total DIC of the re-
spective tracer at the ocean surface. The sum of tracer loss to the atmosphere from the individual ‘dye’ tracers provides an
estimate of the loss of injected carbon to the atmosphere.

Following Orr et al. (2001), Orr (2004) and Reith et al. (2016) CO, is injected at seven separate injection sites,
which are defined as individual grid boxes near the Bay of Biscay (42.3°N, 16.2°W), New York (36.9°N, 66.6°W), Rio de
Janeiro (27.9°S, 37.8°W), San Francisco (31.5°N, 131.4°W), Tokyo (33.3°N, 142.2°E), Jakarta (11.7°S, 102.6°E) and Mum-
bai (13.5°N, 63°E) (Reith et al., 2016; their Figure 1). Injected CO, is distributed equally among the seven injection sites.
Direct CO, injections are carried out in the vertical grid box ranging from 2580 to 2990 m water depth (hereafter referred to
as injection at 3000 m). Compared to shallower injection, this reduces leakage and increases retention time (e.g., Orr et al.,
2001; Orr, 2004; Jain and Cao, 2005; Ridgwell et al., 2011; Reith et al., 2016). At this depth, liquid CO, is denser than sea-
water, which has the additional advantage that any undissolved droplets would sink to the bottom rather than rise to the sur-

face.

2.3 Model experiments

Three conceptually different approaches for applying oceanic CCS are simulated using the UVic model: The first

approach (417) assumes that all anthropogenic CO, emissions are injected after a warming of 1.5°C is realized for the first
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time, the second approach (42) injects, in every year, an amount of CO, that ensures that temperatures do not rise beyond the
1.5°C target, and the third approach (43) injects an amount of CO, to ensure that atmospheric CO, concentrations follow the
RCP/ECP 2.6 scenario as closely as possible. All idealized approaches are designed to counter the excessive emissions of the
RCP 4.5 scenario by direct CO, injections into the deep ocean to reach and maintain a specific temperature target as given by
the 1.5°C target until the end of this century and for another millennium. Injections in A2 (A3) are interrupted when the simu-
lated annual mean surface air temperature (atmospheric pCO,) falls below the respective climate target. We further study how
the simulation of CaCO; sediment feedbacks and associated continental weathering modifies required CO,-injections and its
impacts on ocean biogeochemistry. Table 1 provides an overview of all conducted simulations and their set-up from the year
2006 onwards.

In the first approach (417), all further CO, emissions of the RCP 4.5 scenario are completely re-directed to the injection sites
after the global-mean surface air temperature has for the first time exceeded the 1.5°C target. Some committed warming (e.g.,
Matthews and Caldeira, 2008; Gillet et al., 2011) occurs in these simulations due to past emissions and climate cycle feed-
backs. This committed warming is at some point overlaid by leakage of injected CO, out of the ocean (e.g., Orr, 2004; Reith
et al., 2016), as well as by oceanic and terrestrial carbon cycle feedbacks that lead to a CO, increase in the atmosphere and
respective additional warming (see section 3.1). To diagnose the contribution from leakage, we design a leakage-free sensi-
tivity simulation (4/ _ Comitw), in which CO, emissions are set to zero once the 1.5°C target is reached, and no CO; is inject-
ed into the deep ocean.

In contrast to the first approach, the second one (42) keeps the global mean temperature at the defined threshold of
1.5°C, relative to preindustrial, by injecting as much CO, into the deep ocean as is necessary to maintain an annual mean
temperature that is only 1.5°C above preindustrial levels. We diagnose this amount of CO, using the transient response to
emissions (TCRE, Allen et al., 2009; Matthews et al., 2009; MacDougall, 2016) of our model and the difference of the mod-
eled annual mean atmospheric temperature and the target temperature. CO, is only injected if the modeled temperature is
above the target temperature. In order to avoid interference with seasonal and longer periodic fluctuations of atmospheric
temperature (sensitivity experiments, not shown) we apply a running-mean averaging time scale of 1000 days. CO, injection
rates required to reach the respective target are updated every 5 days, which is when the atmospheric and oceanic model
components are coupled. The rate of CO, injection taken out of the atmosphere can be larger than the actual CO,-emissions
(RCP/ECP 4.5), i.e. constitute net negative CO, emissions.

In the third approach (43), we inject the amount of CO, that is needed to follow the atmospheric CO, concentrations
of the extended Representative Concentration Pathway RCP 2.6 and Extended Concentration Pathway ECP 2.6, which is a

reference scenario that has been suggested to reach the <2°C climate target with a >66% probability (IPCC, 2014). From year
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2500 onwards, the targeted atmospheric CO, concentration is held constant until the end of the simulations. Therefore, the
model computes at every atmospheric time step the difference between its current simulated atmospheric CO, concentration,
given the RCP 4.5 CO,-emissions, and the targeted atmospheric CO, concentration from the RCP 2.6 pathway. This differ-
ence is used to diagnose the CO,-injection needed to keep the model’s atmospheric CO, concentrations as close as possible to
the RCP 2.6 concentration pathway. A respective amount of CO, is injected and subtracted from the prescribed CO, emis-
sions to the atmosphere, which eventually results in net negative emissions. We apply temporal averaging and update the
required CO,-injection every 5 days.

In sensitivity experiments (Table 1) we further investigate the effect of CaCOj; sediment feedbacks and continental
weathering on the cumulative CO; injections and on seawater carbonate chemistry for the different approaches. The effect of
CaCO; sediment dissolution is thought to be relevant as CO, injected at depth may react relatively directly with sedimentary
CaCO; and increase CaCOj; dissolution near or downstream of the injection sites, resulting in an accelerated neutralization of
this anthropogenic CO, compared to a situation where CO, slowly invades the ocean via air-sea gas exchange (Archer et al.,
1998; TPCC, 2005). Therefore, we investigate the effect of CaCO; sediment feedbacks in our simulations by running the
model with and without a sediment sub-model. The global average percent of CaCOj; in sediments in our “sed” simulations
(section 3.2) is about 31 % in the year 2020 and compares well to about 34.5 % derived from observations as reported in Eby
et al. (2009). To ensure that, in steady state (i.e., during the model spin-up), DIC and alkalinity are conserved, the UVic mod-
el with sediment module also has a simple representation of continental weathering to compensate the burial-related loss of
DIC and alkalinity. From the model spin-up we diagnose the global terrestrial weathering flux of DIC as 0.12 Gt C yr’', and
an alkalinity flux of 0.02 Pmol yr'. During the transient runs with sediment module, this weathering flux is held constant,
whereas sedimentary CaCO; accumulation or dissolution is allowed to evolve freely. Consequently, ocean alkalinity and DIC
adjust in response to interactions between seawater, injected CO,, and sediments. Simulations with the sediment/weathering
sub-model are based on a separate set of spin-up experiments (50 000 years), drift runs and historical simulation that all em-
ploy the sediment/weathering sub-model. Hereafter, simulations performed with the sediment/weathering model are referred
to by the subscript “sed” (Table 1).

Relevant carbonate system parameters that are not computed at model run-time are derived offline for all simulations by
means of the Matlab-version of CO2SYS (Lewis and Wallace, 1998; van Heuven et al., 2009; Koeve and Oschlies, 2012; cur-
rently available from http://cdiac.ess-dive.lbl.gov/ftp/co2sys), using carbonic acid dissociation constants of Mehrbach et al.

(1973), as refitted by Dickson and Millero (1987), and other related thermodynamic constants (Millero, 1995).
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3. Results and Discussion

3.1 Oceanic CCS and the 1.5°C climate target

Here, we present the cumulative mass of CO, injected in the default runs (without CaCOj; sediments) of the different ap-
proaches and show how effective these are in reaching and maintaining the 1.5°C climate target.

In the default simulation of the first approach (47) oceanic CCS starts in the year 2045 after the 1.5°C climate target
has been exceeded for the first time at a corresponding atmospheric CO, concentration of about 466 ppmv (Figs. 1 a, b, ¢).
Between years 2020 and 2045, about 278 Gt C have been emitted in form of CO, to the atmosphere, i.e. a small fraction of
the 1242 Gt C of total emissions corresponding the extended RCP 4.5 scenario between years 2020 and 3020. From 2045
until year 3020, all CO, emissions (964 Gt C in total) are directly injected into the deep ocean (Fig. 1 a), resulting in zero
anthropogenic CO, emissions into the atmosphere for the remaining simulation. After injection starts in year 2045, the at-
mospheric CO, concentration decreases, but only until the year 2341, when a minimum of about 409 ppmv is reached (Fig. 1
¢). The increase of atmospheric CO, from year 2342 onwards is a result of leakage of CO, injected into the deep ocean earli-
er. By the end of the simulation, a total amount of 437 Gt C has leaked back into the atmosphere (Fig. 1 d). Thus, only about
55 % of the total mass injected (964 Gt C) remains in the ocean until year 3020. From 2078 onwards, the land perennially
turns into a carbon source with a total carbon loss of about 21 Gt C to the atmosphere.

Global mean temperature, relative to preindustrial, oscillates around the 1.5°C climate target within + 0.02°C after
injections started until the year 2200. Until then, this approach (47) is thus nearly successful in reaching and maintaining the
1.5°C climate target. Subsequently, however, global mean surface air temperature shows a slow increase of up to 0.02°C until
2341 although atmospheric CO, still decreases. This warming signal is owed to the lagged response of the deep ocean to pre-
viously increasing atmospheric CO,, i.e. committed warming, resulting in a decline of the ocean heat uptake from the atmos-
phere and thus in an increase in the global mean temperature (Zickfeldt and Herrington, 2015; Zickfeldt et al., 2016). In this
simulation (417), this feedback mechanism (see also Fig. S1) is overlaid by increasing leakage of injected CO, back into the
atmosphere, which becomes the dominating process for atmospheric warming as obvious from the atmospheric CO, increase
after year 2342 (Figs. 1 c, d). Hence, the global mean air temperature shows a steeper increase until it reaches a maximum of
about +2.2°C above preindustrial level at the end of the simulation (Fig. 1 b). Thus, on a millennial time scale, the 4/ simula-
tion overshoots the 1.5°C climate target by about 0.7°C. By subtracting this diagnosed leakage of 437 Gt C from the cumula-
tive CO, injections (964 Gt C), we determine the required CO, emission reduction (527 Gt C) (Fig. 1 e) relative to the
RCP/ECP 4.5 scenario to comply with a global mean temperature of about +2.2°C, relative to preindustrial, on a thousand-

year timescale.
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Oceanic CCS in the second approach (42) starts as well in 2045 (Figs. 1 a, ¢). Global mean temperature oscillates
around the 1.5°C climate target until year 2300 (Fig. 1 b). These oscillations get smaller over time until global mean tempera-
ture essentially stays at 1.5°C until the end of the simulation. We find that the oscillations arise in the applied model from
climate-sea-ice feedbacks under the near-term 1.5°C conditions (see Fig. S2). The terrestrial biosphere turns into a carbon
source in 2061 and land-atmosphere carbon fluxes oscillate around zero until the end of the simulation. The total carbon loss
from land to the atmosphere is about 75 Gt C. Atmospheric CO, concentrations show a continuous decline when global mean
temperature is held at the aspired climate target (Figs. 1 b, ¢). This is caused by a decline in ocean heat uptake as mentioned
above and consistent to an additional accumulation of heat in the atmosphere at constant atmospheric CO, concentrations
(e.g., Zickfeldt and Herrington, 2015; Zickfeldt et al., 2016), and which, in our second approach, needs to be counteracted by
further CO, injections into the deep ocean.

By the end of the 42 run, cumulative CO, injections amount to about 1562 Gt C, which is about 600 Gt C (62 %)
higher than in the 4/ simulation. This amount of additional CO,-injections is needed in order to reduce global mean warming
at the end of the thousand-year simulation from 2.2°C in run 4/ to 1.5°C in run 42. In the A2 run, the diagnosed mass of in-
jected CO, that has leaked into the atmosphere and has been reinjected into the deep ocean during the entire simulation adds
up to about 607 Gt C until year 3020 (Fig. 1 d). Hence, about 61 % of the total mass injected (1562 Gt C) stays in the ocean.
This results in a required CO, emission reduction of about 955 Gt C (Fig. 1 e), i.e., the amount of emission reduction neces-
sary to comply with the 1.5°C climate target on a 1000-year timescale.

In the third approach, 43, oceanic CCS starts in year 2031 (Fig. 1 a) as the atmospheric CO, concentration caused by
the RCP 4.5 CO, emission scenario starts to exceed the targeted RCP 2.6 atmospheric CO, concentration. Relative to prein-
dustrial, global mean temperature continues to increase to a maximum of approximately +1.5°C in the year 2078 at a corre-
sponding atmospheric CO, concentration of 433 ppmv (Figs. 1 b, ¢). Subsequently, temperature decreases until it reaches
about +0.9 °C relative to preindustrial temperature, while the atmospheric CO, concentration reaches 327 ppmv at the end of
the simulation (Figs. 1 b, ¢). Up to that point in time, cumulative CO, injections in the 43 simulation amount to about 2200
Gt C (Fig. 1 a). In response to negative emissions the land turns into an atmospheric carbon source (Keller et al., 2018) be-
tween year 2076 and 2600 with a total loss of about 144 Gt C to the atmosphere. From year 2600 onwards, the carbon flux
between the atmosphere and land is nearly zero (below 0.03 Gt C/yr"). By the end of the simulation, the diagnosed leakage of
injected carbon adds up to about 900 Gt C (Fig. 1 d), which means that about 59 % of the injected CO, that remains in the
ocean until year 3020. The required emission reduction to move from an RCP4.5 pathway to RCP 2.6 in the 43 run is about

1300 Gt C (Fig. 1 ).
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By the end of the 43 simulation, cumulative CO, injections are about 636 Gt C (29 %) higher than in the 42 simula-
tion. This is also reflected in the higher diagnosed leakage by about 293 Gt C in total, when compared to the 42 simulation.
In the attempt to follow the atmospheric CO, concentration of the RCP2.6 (section 2.3), cumulative CO, injections are almost
twice the amount of the cumulative CO, emissions difference between the RCP4.5 scenario and the RCP2.6 scenario applied
here. This can be explained by the fact that deep oceanic CCS steepens the surface to deep DIC-gradient (Fig. S3 a) fostering
a back transport to the surface ocean. Most of this enhanced deep water DIC is transported with the meridional overturning
circulation to the Southern Ocean (south of 40°S), where the largest fraction of the total leakage occurs in our injection exper-
iments (Fig. S3 b). By the end of the A/ simulation, we find that about 60 % of the diagnosed leakage has outgassed in the
Southern Ocean compared to about 77 % in 42 run and about 80 % in the 43 simulation. Overall, we find that, the higher the
direct CO, injections into the deep ocean are, the higher the leakage (Figs. 1 a, d) and the higher the relative portion out-
gassed in the Southern Ocean.

What this means in terms of the effectiveness of oceanic CCS is further highlighted by the comparison of the re-
quired cumulative CO, injections of the three different approaches (41, A2, and A3) and the respective required emission re-
ductions needed to reach the run’s specific climate target under a RCP/ECP 4.5 CO, emission scenario. As illustrated in Figs.
2 a, b, c, the approaches 41, A2 and 43 represent increasingly stringent climate targets as evident from decreasing atmospher-
ic warming relative to preindustrial conditions. Cumulative CO; injections by the year 2100 are largely equivalent to the re-
quired emission reduction, because only a tiny fraction of injected CO, has outgassed until that point in time (Figs. 1 d, 2 a).
However, by the end of the millennial injection experiments, cumulative CO; injections are much larger than the required
emission reductions in year 3020 as indicated by the slopes of the eye-fitted lines in Figs. 2 b, c. This is due to the fact that
the leakage in the injection experiments (Fig. 1 d) requires a larger CO, removal effort, i.e., CO, that leaks out has to be
reinjected. If there were no leakage of injected carbon, i.e., perfect storage, then the cumulative CO, injections would equal

the required emission reductions.

3.1.2 Land response

Biological processes primarily control the exchange of atmospheric CO, with the land, where the majority of the carbon is
stored in soils and permafrost. CO, is removed from the atmosphere by plant photosynthesis and primarily returned to the
atmosphere by respiration and other processes such as fire (Cias et al., 2013). As long as primary production (GPP; i.e. gross
photosynthetic carbon fixation) is greater than carbon losses due to respiration and processes such as fire, the land will be a
carbon sink (Le Quere et al., 2016). If this balance changes then the land can become a source of CO, to the atmosphere. In

our simulations as emissions increase and decrease (with oceanic CCS), eventually reaching net negative- and/or zero- emis-
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sion, the terrestrial carbon cycle is perturbed and can switch from a sink to a source. The magnitude of the land carbon cycle
response due to an injection-related atmospheric carbon reduction, and eventual increase as in the A7 experiment, (see Sec-
tion 3.1) is mainly governed by the reduced CO, fertilization effect on net primary productivity and the temperature related
change in heterotrophic soil respiration, responses that have been investigated in Reith et al., 2016. In all simulations the land
changes from a carbon sink to source, eventually reaching almost a balance (almost zero net flux) in the 42 and 43 simula-
tions. In the 47 simulation, the increase in atmospheric CO, after a period of decline (Fig. 1 ¢) is not able to overcome the

temperature effect that elevates respiration rates and the land continues to perennially lose carbon.

3.2 Sensitivities to CaCOj; sediment feedbacks and weathering fluxes

As illustrated in Fig. 2 b, cumulative CO, injections in the 42, simulation are about 165 Gt C (11 %) smaller until
the year 3020 when compared to the A2 run (1562 Gt C). This smaller CO, injection is a result of two processes (CaCO; sed-
iment dissolution and constant terrestrial weathering), which both have the net effect of adding alkalinity to the model ocean,
when compared to the standard experiments without sediment feedbacks and continuous weathering fluxes. By the end of the
simulation, average ocean alkalinity has increased by 32 mmol/m’ in the A2, run compared to an average value of 2422
mmol/m’ in the 42 run. About 84 % of this increase in global mean alkalinity can be attributed to ocean CCS and resulting
sediment dissolution at depth, the rest is from ocean acidification-induced CaCOj; dissolution according to the RCP 4.5 CO,-
emission scenario, as evident from the control run with sediment and weathering feedback. An increase in ocean alkalinity
may enhance the oceanic uptake of atmospheric CO,, however, only if waters with increased alkalinity arrive at the surface
waters and lower surface-ocean pCO,. This, in turn, reduces the required CO, injections to reach and maintain the 1.5°C cli-
mate target. Dissolution of CaCO; deep-sea sediments caused by the injection of CO,into the deep ocean at 3000m causes
the dissolution of 11.8 Pmol CaCOj in the 42, simulation by year 3020 releasing 11.8 Pmol DIC and 23.6 Pmol alkalinity to
the deep ocean. Highest CaCOj; dissolution rates occur in the vicinity of the seven injection sites (Figs. S4 a, b). Hence, ocean
acidification reaching the deep ocean and ocean CCS convert sediments from a CaCOj; sink (116 Gt CaCO;-C at the end of
the respective spin-up run) to a source of its dissolution products. A second process that contributes to the increase in ocean
alkalinity is the terrestrial CaCO; weathering flux which arrives in the surface ocean via river discharge, and amounts to
about 19.3 Pmol alkalinity and 9.7 Pmol C (116 Gt C) by the end of the 42,.; simulation.

Disentangling the relative role of the two processes (turning CaCOj; burial into CaCOj3 dissolution; continuous flux
of alkalinity from terrestrial weathering) with respect to stabilizing oceanic CO, uptake and thereby affecting the required
CO; injections is not trivial. Waters affected by CaCOj; sediment dissolution in the deep ocean need to return to the ocean

surface before having an effect on surface ocean pCO, and oceanic CO, uptake (Cao et al., 2009). The fluxes from terrestrial
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weathering, however, are in our simulation, continuous and constant with time (no sensitivity of weathering to changes in
atmospheric pCO,, surface air temperature, precipitation, or terrestrial production), and directly arrive in the surface ocean
via river inflow. It is thus likely that, in comparison to the standard experiments without terrestrial weathering, the latter af-
fects the atmosphere-ocean CO,-flux well before the alkalinity input related to CaCOj; dissolution. Quantifying the effect of
each process to reduce the required CO, injection individually, however, would require additional simulations, e.g. experi-
ments with CaCO; dissolution turned on but terrestrial weathering turned off. This is beyond the scope of this study. In con-
sequence, of the two processes mentioned above, the required emission reduction amounts to about 846 Gt C, i.e. ~ 109 Gt C
(11 %) less when compared to the A2 run (Fig. 2 b).

The net effects of sediment/weathering feedbacks on the required CO, injections in simulations of the second ap-
proach described above are as well represented in the injection experiments of the first and third approach, but are of smaller

magnitude, i.e., 5 % less (Fig. 2 a, b, ¢).

3.3 Biogeochemical impacts

Here, we present injection related biogeochemical impacts with respect to changes in pH and the saturation state of
aragonite in the default simulations of the second (42) and third approach (43) and of the respective RCP 4.5 control run.
Simulations of the first approach are neglected here, because this one cannot reach and maintain the 1.5°C climate target.

At the beginning of our default simulations (year 2020), the uptake of anthropogenic CO, has lowered average pH at
the ocean surface by about 0.12 units, relative to its preindustrial value of about 8.16 (Fig. 3 a). This trend continues in the
control simulation until its maximum reduction of about -0.25 units in the year 2762, which stays nearly constant until the
end of the simulation (Fig. 3 a).

As direct CO, injections lead to a decline in the atmospheric CO, concentration (Fig. 1 ¢) and, in consequence, to a
lower upper-ocean carbon uptake via air-sea gas exchange, we find smaller reductions in average ocean surface pH, i.e. re-
duced upper ocean acidification, after year 2045 in the 42 simulation and after year 2031 in the 43 run (Fig. 3 a), i.e., shortly
after their respective starting points of oceanic CCS (Fig. 1 a). In year 3020 the average ocean surface pH in the 42 simula-
tion is about +0.13 units higher, when compared to the control run (Fig. 3 a). Using global mean surface ocean pH as a met-
ric, surface ocean acidification in year 3020 compared to year 2020 is slightly more intense in the 42 simulation, but even
more reduced in the A3 run. In both cases this is a direct effect of a lower atmospheric pCO, (Fig. 1 ¢) compared to year
2020. Amelioration of surface ocean pH shows regional variability (Fig. 3 b), with local maxima of the pH difference be-

tween the 42 simulation and the control run in the year 3020 up to +0.23 units, in particular in northern latitudes (Fig. 3 b).
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However, surface ocean acidification is less reduced in the Southern Ocean and even slightly higher in parts of the Weddell
Sea, where most of the injected CO,; leaks back into the atmosphere (Fig. 3 b).

The simulated ameliorations in the surface ocean pH come at the expense of strongly acidified water masses in the
vicinity of the seven injection sites at 3000m depth, when compared to the RCP 4.5 control run. In order to assess how much
of the global ocean volume (~ 1.6 x 10° km®) shifts to biotically critical pH values in our simulations, we define two pH cate-
gories. The first category is defined as 7.4 < pH < 7.8 (solid lines in Fig. 3 ¢) and is chosen because studies have shown that
all calcifiers such as coralline algae and foraminaferans are strongly reduced or are absent from acidified areas (pH < 7.8) and
the overall biomass of the benthic community is about 30 % less compared to normal conditions (e.g., IPCC, 2011; Fabricius
et al., 2015). The second category includes pH values that are lower than 7.4 (dashed lines in Fig. 3 c). Such low pH values
are for instance found in the vicinity of volcanic CO, vents and cause a massive drop in biodiversity (e.g., Ogden, 2013).

In our control simulation, we find a steady increase in the ocean volume characterized by 7.4 < pH < 7.8, from about
11 % of total ocean volume in year 2020 to about 63 % in year 3020 (Fig. 3 c¢). Oceanic CCS in the 42 and A3 simulation
leads to a much steeper increase of ‘moderately’ acidified waters (7.4 < pH < 7.8) with maximum values of 76 % and 71 %,
respectively, in year 2551 (Fig. 3 c), but decreasing to 72 % and 64 % in year 3020. Considering our chosen category (7.4 <
pH < 7.8) ocean CCS mainly speeds up interior-ocean acidification but does not increase the acidified volume at the end of
the simulation very much. At the end of the simulation the 43 simulation and the A2 run show an increase of affected interi-
or-ocean water by 1 and 13 %, respectively, compared to the control run.

Respective volumes of the second category (pH < 7.4) start to appear around the year 2400 in the control simulation and then
slowly increase to about 2 % until the end of the simulation (Fig. 3 €). In contrast, oceanic CCS directly results in the imme-
diate appearance of waters with pH < 7.4, with a volume steadily increasing until the year 3020 where it reaches 9 % of total
ocean volume in the 42 simulation and 15 % in the A3 run (Fig 3 c). The differences in both pH categories between the injec-
tion experiments are due to the higher cumulative mass of injected CO, in the 43 run, leading to a smaller volume in the first
category and to a bigger volume in the second one (Figs. 1 a, 2 b).

In order to further identify extreme pH related to the injections, we look at minimum pH values. These are found at 3000m
depth, i.e., the depth at which oceanic CCS is carried out. Relative to preindustrial conditions, the highest reductions in pH
minima are found in the 42 simulation with about -2.37 units in year 2062, however with large regional variability (Fig. 3 d,
e). Subsequently, the pH minima in the 42 simulation show strong oscillations until about the year 2400, which are caused by
the different annual CO, injection rates. By the end of the A2 simulation, minimum pH values at 3000m depth are up to 1 unit
lower than in the control run (Fig. 3 d). We find a similar pattern in the A3 simulation, although the pH reductions show only

slight oscillations, resulting in a more constant pH reduction than in the 42 simulation (Fig. 3 d). In comparison to the injec-
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tion experiments, minimum pH values in the control run start to appear from the year 2300 onwards, leading to a reduction by
about -0.17 units in the year 3020 (Fig. 3 d), i.e. the deep ocean feels ocean acidification very slowly.

To summarize we observe an increasing benefit in reduced acidification at the ocean surface with higher cumulative

CO, injections, which comes at the expense of increasing acidified water masses in the intermediate and deep ocean with
strongest pH reductions in the vicinity of the injection sites (Fig. 3 e). Figure 4 a, b illustrates this trade-off for the injection
experiments of the 42 and A3 simulations as well as for the respective control runs in year 3020. By comparing the different
simulations with each other, we find that continental weathering and CaCOj; sediment feedbacks lead to a slightly higher in-
crease in average pH at the ocean surface as well as smaller minimum pH values at 3000m depth, when compared to prein-
dustrial. This is caused by the dissolution of CaCO; sediments and the terrestrial weathering flux, which both have the net
effect of adding alkalinity to the ocean and thereby increasing the buffer capacity of seawater.
The reported reductions in global average surface pH in our control simulation caused by the partial oceanic uptake of the
RCP 4.5 CO, emissions correspond to an increase in hydrogen ions (H"), which partly react with carbonate ions (CO5?) to
form bicarbonate ions (HCO5). This leads in consequence to a reduction in the surface saturation state (Q) with respect to the
CaCO; minerals aragonite and calcite. This is of importance to marine calcifiers, because the formation of shells and skele-
tons generally occurs where Q >1 and dissolution occurs where QO < 1 (unless the shells or skeletons are protected, for in-
stance, by organic coatings) (Doney et al., 2009; Guinotte and Fabry, 2008). Since aragonite is about 1.5 times more soluble
than calcite (Mucci, 1983) and since aragonite is the mineral form of coral reefs, which are of large socio-economic value, we
only report here on simulated changes in the saturation state of aragonite.

To investigate how tropical coral reef habitats might be impacted in our simulations, we here define the potential
coral reef habitat as the volume of the global upper ocean (0:130 m, the two topmost model grid cells), which is characterized
by Qar > 3.4 and ocean temperatures between 21°C and 28°C, where most coral reefs exist (Kleypas et al., 1999). We pre-
sent this volume as the percent fraction of the total upper ocean volume (4.637 x 107 km?) in our model.

For preindustrial conditions (year 1765), we find that about 37 % of the upper ocean volume is within our defined
thresholds (green star in Figs. 5 a, b). At the beginning of our simulations (year 2020), this coral reef habitat volume has al-
ready declined to about 13 %, consistent with the current observation that many coral reefs are already under severe stress
(e.g., Pandolfi et al., 2011; Ricke et al., 2013). In the RCP 4.5 control run, we observe that the potential tropical coral reef
habitat volume reaches 0 % in the year 2056 and remains so thereafter (Fig. 5 a) with a decrease in aragonite oversaturation
levels being the main driver.

In our injection experiments, we find an increase in the potential tropical coral reef habitat volume right after the

start of oceanic CCS (Fig. 5 a). Despite this, in the 42 simulation the respective volume still approaches zero (0.2 %) in the
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year 2044, although it does then steadily increase again until it reaches 21 % at the end of the simulation, i.e. still 16 % less
than its preindustrial state, but also 8% more compared to the current situation (Figs. 5 a, b). The respective habitat volume in
the 43 simulation shows an earlier and stronger increase, resulting in a habitat volume of about 34 %, i.e. 3 % less than pre-
industrial, at the end of the model experiment (Fig. 5 a).

In preindustrial times, water masses in the upper ocean (0 - 130 m) that were undersaturated with respect to arago-
nite (Qar < 1) were negligible (0.2 %; Fig. 5 c, green star). This undersaturated volume has increased to about 1 % at the be-
ginning of our simulations. Over the course of the control run, we observe an increase with a maximum of about 9 % in the
year 2212. Subsequently, the respective undersaturated volume slightly decreases until it reaches a minimum of about 7 % at
the end of the simulation. Undersaturated surface waters are located in higher latitudes (Fig. 5 d), which is for instance con-
sidered a threat to pteropods like Limacina helicina (e.g., Lischka et al., 2011). In the A2 and A3 simulations, the respective
undersaturated volumes are significantly smaller and never exceed 2 % of the surface ocean volume (Fig 5 ¢, d). Undersatu-
rated surface-water volumes in the 42 run are slightly higher than those in the 43 simulation.

Further, we assess the volume that is undersaturated with respect to aragonite in the intermediate and deep ocean
(130 - 6080 m) and present it as a %-fraction of the entire interior ocean volume (1.311x 10° km?®). This is of interest since
changes in interior-ocean Qar may affect the growth conditions of cold-water corals (e.g., Guinotte et al., 2008; Flogel et al.,
2014; Roberts and Cairns, 2014) and the dissolution depth of sinking aragonite particles.

At the beginning of the simulations, 69 % of the interior oceans are undersaturated with respect to aragonite, which
is about 3 % more than preindustrial (Fig. 5 e). Subsequently, the increase in undersaturated water volume is similar among
all simulations until about the year 2122, when the undersaturated volume in the control simulation continues to increase until
its maximum of about 91 % in the year 2713. The undersaturated volumes in the injection experiments show only a very
small increase after year 2122, leading until year 3020 to values of about 86 % in both injection simulations (Fig. 5 e). The
bigger volume in the control run is likely caused by acidified waters at the ocean surface that ventilate intermediate and mode
waters (Resplandy et al., 2013).

Figs. 6 a, b shows a similar trade-off in the injection experiments of the second and third approach in year 3020 as
for pH (Figs. 4 a, b), i.e. an increase of the aragonite saturation states in the upper ocean and an increase of undersaturated
conditions in the intermediate and deep ocean. Further, the effects of CaCOj; sediment dissolution and continental weathering
lead to the highest benefit in the upper ocean and the lowest harm in the intermediate and deep ocean (Figs. 6 a, b). See Sect.1
and Figs. S5-9 in the Supplement about the different evolution of the aragonite saturation horizon (QAR=1, ASH) in the RCP
4.5 control run and the A2 and A3 experiments.

As mentioned in the introduction, the neglect of non-CO, greenhouse gases in our injection experiments underesti-
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mates the required cumulative CO, injections and associated trade-offs in each approach. This is due to the fact that non-CO,
greenhouse gases directly affect the Earth’s energy balance, resulting in either warming or cooling of the atmosphere. Gases
like methane and nitrous oxide warm the Earth, while aerosols such as sulfate cool it (e.g., Myhre et al., 2013). The current
net effect is a small positive radiative forcing, which, although controversially debated, is expected to increase as the cooling
effect of sulfate aerosols is predicted to decline over the next half of this century (Moss et al., 2010; Hansen et al., 2017; Rao

etal., 2017).

4. Conclusion

This modeling study explores the potential and biogeochemical impacts of three different approaches to control the
amount of oceanic CCS as a means to fill the gap between the CO, emissions and climate impacts of the RCP 4.5 scenario
and a specific temperature target such as the 1.5°C climate target. We do so from the perspective of using only ocean CCS for
this purpose.

The analysis of the A7 simulation (first approach) reveals that because of committed warming and eventually out-
gassing of some of the injected CO,, it would not be sufficient to inject the residual of the RCP 4.5 CO, emissions (964 Gt C
in total) until the year 3020 once a global mean temperature of 1.5°C is exceeded for the first time (year 2045). In order to
overcome the observed overshoot of +0.7°C by year 3020 in the first approach, we find that about 600 Gt C (62 %) more
need to be injected, as indicated by the default simulation of the second approach, i.e., A2 run (Figs. 1 a, b, 2 b).

To follow the atmospheric CO, concentration of the RCP/ECP 2.6 as closely as possible by applying oceanic CCS
would require cumulative CO, injections of about 2200 Gt C until the year 3020. However, global mean temperature reaches
+0.9°C by the end of the 43 simulation and thus undershoots the respective climate target.

The cumulative CO, injections in the second and third approach and the respective required emission reductions
questions the suitability of oceanic CCS for the aspired target on such a timescale, because the outgassed CO, amounts, which
are 607 and 900 Gt C by year 3020, respectively (Figs. 1 d, 2 b, ¢), would need to be re-captured by additional technologies
such as Direct Air Capture and subsequently re-injected into the deep ocean. The required emission reductions of about 955
Gt C in the second and about 1300 Gt C in the third approach, point to the massive CO, amounts that would need to get re-
moved from the atmosphere under the RCP/ECP 4.5 CO, emission scenario in order to be compatible with the 1.5°C or lower
climate target on a millennium timescale.

From the integrated analysis of the model runs from all three approaches (i.e. eye-fitted lines in Figs. 2 b, ¢), we
quantify the amount of emission reduction and oceanic CCS, respectively, required to lower the model-predicted global mean

temperature by 1°C. In the near-term (2100) this measure is 446 Gt C / 1°C for both oceanic CCS and the required emission
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reductions as only a tiny fraction has outgassed until that point in time (see section 3.1). On a millennial timescale this meas-
ure is about 951 Gt C / 1°C for oceanic CCS and about 595 Gt C / 1°C (37 % less) for the required emission reductions, re-
spectively, highlighting that a large fraction of injected CO, has outgassed.

Inclusion of CaCOj; sediment and weathering feedbacks reduces the required cumulative CO, injections and required
emission reductions by about 6 % in the first and third approach and by about 11 % in the second approach, respectively (Fig.
2 b, ¢). The neglect of non-CO, greenhouse gases in the applied forcing of the injection experiments underestimates the cu-
mulative CO; injections that would be required. In general, it is estimated that non-CO, climate agents contribute between 10-
30 % of the total forcing (Friedlingstein et al., 2014) until the year 2100 and for business-as-usual simulations. Extrapolating
the current contribution of greenhouse gases other than CO, qualitatively into the future we expect that CO,-injections of the
magnitude of the 43 simulation may be required to stay safely below +1.5°C on a millennium timescale. We propose, that our
generalized estimates of emission reduction and oceanic CCS per 1°C cooling, respectively, may be used in the future to
quantify additional efforts in order to compensate for non-CO, greenhouse gases induced warming.

With respect to the biogeochemical impacts in the injection simulations of the second and third approach, we ob-
serve an increase of average pH and aragonite saturation states in the surface ocean (0 - 130 m) after the start of oceanic CCS,
when compared to the RCP 4.5 control run. These are due to the direct effect of a lower atmospheric pCO, in the injection
experiments, i.e., reduced upper ocean acidification (section 3.3).

Potential tropical coral reef habitats in the upper ocean volume, which are here defined as Qar > 3.4 and ocean tem-
peratures between 21°C and 28°C, are observed to steadily increase after the start of oceanic CCS in the A2 run and the 43
simulation (Fig. 5 a), almost reaching preindustrial levels in the 43 simulation. However, the potential coral reef habitats in
the respective injection experiments are close to zero for several decades (Fig. 5 a), raising the question if coral reefs would
be able to recover from globally inhabitable conditions after this period of time. Local application of ocean alkalinization
(Feng et al., 2016) may be a technical solution to protect coral reefs during this time period, in particular in regions where
coral reefs are essential for shoreline protections.

The observed reduction of ocean acidification in the surface ocean comes at the expense of more strongly acidified
water masses in the intermediate and deep ocean, with strongest reductions in pH in the vicinity of the seven injections sites
(Figs. 3 d, e). Although it is difficult to predict how this would impact marine ecosystems, it is very likely that such condi-
tions would put them under severe stress.

Overall, the trade-off between injection-related damages in the deep ocean and benefits in the upper ocean illustrate
the challenge of evaluating the offset of local harm against global benefit, which is very likely the subject of any deliberate

CO; removal method (e.g., Smith et al., 2016; Boysen et al., 2017; Fuss et al., 2018). Leaving aside the massive economic
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495 effort associated with ocean CCS of the size needed to reach the 1.5°C climate target (even when starting from a currently
optimistic RCP 4.5 mitigation scenario), humanity will have to decide whether severe stress and potential loss of deep-sea

ecosystems is acceptable when paid off by conserving or restoring surface ocean ecosystems to a large extent.
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Table 1: Overview of all conducted simulations and their set-up. The “X” denotes that the respective feature is applied. Note

755 that the applied CO, forcing follows the RCP 4.5 CO, emission scenario from 2006-2100 and the Extended RCP 4.5 CO,

emissions scenario from 2100-2500. From 2500 onwards CO, emissions linearly decline until zero Gt C yr'' in year 3020.

Set-up
CO; emis- CaCOs; sediment and  Direct CO,
sions forc-  weathering feedbacks injectiod$@t
Simulation ing 3000 m
depth
2006-3020 2006-3020 2020-3020
RCP 4.5 control run
Al X
Al Comitw X
765
A2 X
A3 X
RCP 4.5 controlgg run X
Al X X X
Al _Comitwgeg X X
Aoy X X 770
Adgeq X
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surface air temperature, relative to preindustrial, (c) atmospheric CO2 concentration, (d) cumulative leak-

age of injected CO2, and (e) required emission reduction.

775



2800. 4 (a) . l l l l l yelor 21001
2400. -
2000. -
1600. a
1200. H -
800. -

400. - * 4 .

Cum. CO,—injections (GtC)

. I , L . 1 .
2800. (b) year 3020

2400.
2000.
1600.

L1111
T T

1
X4
1

1200. - Tt~ -
800. - [
400. - -

Cum. CO,—injections (GtC)

2800. (c) . I . l . I ye'or 30201
2400.

2000.
1600.
1200.
800.
400.

0. . . . , . , .
0.50 1.00 1.50 2.00 2.50
A Global mean air temperature (°C)

| N T N N N N |
T

Required emission reduc.(GtC)

Figure 2: Comparison between simulations of the first approach (A1, black symbols), simulations
of the second approach (A2, red symbols) and simulations of the third approach (A3, blue sym-
bols). The cross symbols refer to the default simulations and the X symbols denote simulations
with CaCO3 sediment and weathering feedbacks. These symbols represent for (a) cumulative CO2
injections and corresponding global mean temperature, relative to preindustrial, in year 2100 (b)
cumulative COz injections and corresponding global mean temperature, relative to preindustrial,
at the end of the simulation (yr 3020), and (c) required emission reduction and corresponding
global mean temperature, relative to preindustrial, at the end of the simulations. Note that the

dashed black lines are eye-fitted to the results of the standard runs.
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These symbols represent for (a) omega aragonite > 3.4 in the upper ocean (0 to 130m depth),
relative to preindustrial, and (b) changes in minimum pH values at 3000 m depth, relative to pre-

industrial.
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Figure S1: Global mean surface air temperature, relative to preindustrial, of the A1_Comitw
simulation (solid) and the A1_Comitw_sed run (dashed). The horizontal dashed black line deno-

tes the 1.5°C climate target.
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Figure S2: Time-series of the default A2 simulation for (a) global mean surface air temperature,

relative to preindustrial, and (b) northern hemisphere (NH) sea ice area.
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Figure S3: Comparison between the different default injection experiments, i.e., Al simulati-
on (black lines), A2 simulation (red lines) and the A3 simulation (blue lines) for (a) global
mean profile of DIC in year 2020 (dashed black line) and global mean profiles in year 3020

(solid lines), and (b) cumulative atmosphere-to-ocean carbon flux in year 3020.
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Figure S4: (a) Time-series of change in CaCO3 mass for the RCP 4.5 control_sed simulation (purple
line) and the A2 sed run, relative to the year 2020, and (b) global distribution of change in CaCOs
mass (Kg C/m®) in the 1.5°C target sed run (year 3020 minus year 2020).
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1. Evolution of aragonite saturation horizon

With respect to the evolution of the aragonite saturation horizon (Qxr=1, ASH) after the beginning of the RCP 4.5 control
run (Fig. S5), we observe that the ASH is mainly affected in down- and upwelling regions by the year 2100 (Fig. S6). This is
caused by the deeper penetration and higher concentrations of the respective CO, emissions (e.g., Orr et al., 2005). With re-
spect to the A2 experiment, we find an accelerated shoaling of the ASH in the Atlantic and smaller changes in the Pacific and
Indian Ocean by the year 2100, when compared to the respective changes in the RCP 4.5 control run (Fig. S7). This can be
explained by the fact that injections in the Pacific and Indian Ocean were carried out in waters already beneath the simulated
ASH, which occurred at a depth of about 600 - 1200 m during the injection period (Fig. S5). This is in contrast to the Atlantic
injection sites where the simulated ASH was at a depth of about 3000 m at the beginning of the simulated injections (Fig.
S5), thus causing the simulated increase in the volume of undersaturated water. Consequently, the injections could have, for
example, additional implications for the distribution of aragonite forming deep-sea scleractinian corals (Guinotte et al., 2006)
in the Atlantic. Furthermore, it is likely that the accelerated shoaling of the saturation horizons for aragonite (and calcite) in
the Atlantic due to the injections would drive a change in habitat quality for a variety of deep-sea calcifiers (Orr et al., 2005).
By the end of the simulations (year 3020), we observe similar changes in the ASH in the RCP4.5 control run when compared
to the 42 experiment, although with a slightly higher shallowing of the ASH in the Pacific and Indian Ocean (Figs. S8-9). We

find nearly the same evolution pattern of the ASH in the A3 experiment (not shown).
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Figure S5: Depth of aragonite saturation horizon (ASH) at the beginning of the RCP 4.5 control run (year 2020).
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Figure S6: Relative changes in depth of aragonite saturation horizon (ASH) in the RCP 4.5 control run in 2100,
i.e., year 2100 minus year 2020.
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Figure S7: Relative changes in depth of aragonite saturation horizon (ASH) between the A2 simulation (year

2100) and the RCP 4.5 control run (year 2020).
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Figure S8: Relative changes in depth of aragonite saturation horizon (ASH) in the RCP 4.5 control run in 3020,
i.e., year 3020 minus year 2020.
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Figure S9: Relative changes in depth of aragonite saturation horizon (ASH) between the A2 simulation (year

3020) and the RCP 4.5 control run (year 2020).
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