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Abstract Termination eﬀects of large-scale artiﬁcial ocean alkalinization (AOA) have received little
attention because AOA was assumed to pose low environmental risk. With the Max Planck Institute Earth
system model, we use emission-driven AOA simulations following the Representative Concentration
Pathway 8.5 (RCP8.5). We ﬁnd that after termination of AOA warming trends in regions of the Northern
Hemisphere become ∼50% higher than those in RCP8.5 with rates similar to those caused by termination
of solar geoengineering over the following three decades after cessation (up to 0.15 K/year). Rates of ocean
acidiﬁcation after termination of AOA outpace those in RCP8.5. In warm shallow regions where vulnerable
coral reefs are located, decreasing trends in surface pH double (0.01 units/year) and the drop in the
carbonate saturation state (Ω) becomes up to 1 order of magnitude larger (0.2 units/year). Thus,
termination of AOA poses higher risks to biological systems sensitive to fast-paced environmental
changes than previously thought.
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Climate engineering (CE) methods are intended to alleviate the
environmental perturbations caused by climate change and ocean acidiﬁcation. However, these methods
can also lead to environmental issues. Among all the diﬀerent CE techniques, the method of artiﬁcial ocean
alkalinization (AOA) is commonly discussed. AOA involves the release of processed alkaline minerals into
the ocean, which enhances the uptake of atmospheric carbon by the ocean while reducing the acidiﬁcation
of seawater. We study the impacts caused by the termination of AOA on environmental properties that
are relevant for organisms and ecosystems because they are sensitive not only to the magnitude of
environmental change but also to its pace. We analyze the rate at which the environment changes after
termination of this method using an Earth system model that simulates the response of our climate
to CE. We found that the abrupt termination of large-scale implementation of AOA leads to regional rates
of surface warming and ocean acidiﬁcation, which largely exceed the pace of change that the
implementation of AOA was intended to alleviate. This enhanced rate of environmental change would
restrict even more the already limited adaptive capacity of vulnerable organisms and ecosystems.

1. Introduction
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Various climate engineering (CE) techniques have been proposed to slow down the projected rates of climate
change and ocean acidiﬁcation (e.g., Intergovernmental Panel on Climate Change, 2012; National Research
Council, 2015a, 2015b). Artiﬁcial ocean alkalinization (AOA) is a carbon dioxide removal method that aims
at artiﬁcially enhancing the alkalinization of the oceans, which naturally occurs via weathering ﬂuxes over
multimillennial time scales (e.g., Hartmann et al., 2013; Kheshgi, 1995). The method of AOA consists of increasing the seawater buﬀering capacity (Wolf-Gladrow et al., 2007) so that the ocean carbon sink is boosted
while seawater pH rises when large amounts of alkalinity are added at the surface. This technique modulates surface temperatures diﬀerently than the solar geoengineering method of stratospheric sulfur injection
(SSI; e.g., Crutzen, 2006; Niemeier et al., 2013) because the two methods aﬀect diﬀerent atmospheric forcings: AOA reduces absorption of longwave radiation by lowering CO2 and SSI increases reﬂectance of solar
shortwave radiation.
Termination eﬀects of carbon dioxide removal methods such as AOA have been assumed to pose low to
no risk to the environment (e.g., Royal Society, 2009), thereby having received little attention. This is mainly
because the temperature response associated with changes in radiation via CO2 involves longer (of the order
of decades) time scales than those caused by changes in radiation due to SSI. The termination eﬀects of SSI
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are well known, and they pose an ecological threat due to the rapid warming following cessation (e.g., Jones
et al., 2013). Still, similar to SSI, whether any future implementation of AOA can be constantly maintained
over time or not remains unknown, and hence, potential termination eﬀects of this technique should not be
overlooked.
Previous modeling studies have considered terminated AOA scenarios using ocean-only conﬁgurations
(e.g., Hauck et al., 2016; Ilyina, Wolf-Gladrow, et al., 2013) or Earth system models of intermediate complexity
(e.g., Feng et al., 2016; Keller et al., 2014). These studies have not analyzed the short-term (multiyear) response
to AOA of environmental properties driving biological processes such as surface atmospheric temperatures
and ocean biogeochemistry. Lenton et al. (2018) compared the global and regional responses to AOA over
this century by simulating alkalinization scenarios under both high and low emissions pathways. None of the
previous comparisons have investigated regional responses of the global carbon cycle to AOA or SSI despite
their importance for understanding the Earth system response to anthropogenic perturbations. We gain a
broader perspective when comparing the AOA-driven eﬀects of termination to those associated with termination of SSI under the proper modeling framework, which allows us to better evaluate beneﬁts and risks of
these methods (e.g., Sonntag et al., 2018).
Here we address the termination-driven impacts of AOA and SSI on surface atmospheric warming, ocean, and
land carbon sinks as well as on multiple environmental stressors of ocean ecosystems, namely, changes in
temperature, primary production, deoxygenation and acidiﬁcation (Bopp et al., 2013). Our idealized AOA and
SSI simulations are based on the Representative Concentration Pathways (RCPs; van Vuuren et al., 2011, and
references therein), and they are forced by the high emissions scenario RCP8.5. We use the Max Planck Institute Earth system model (MPI-ESM) forced by CO2 emissions (i.e., with prognostic treatment of atmospheric
CO2 concentration). We study a terminated large-scale AOA scenario and quantitatively compare the rates of
environmental change caused by the abrupt termination of AOA to those in the RCP8.5 scenario without CE.
Furthermore, using the same modeling framework, we compare the eﬀects of this terminated AOA scenario
to those associated with a terminated scenario of SSI. Diﬀerently than previous studies, our modeling tool provides an internally consistent representation of CE-driven eﬀects on the carbon cycle because the MPI-ESM
includes a comprehensive representation of the interaction between the diﬀerent elements of the global carbon cycle. We consider comparable AOA and SSI scenarios by deﬁning the intensity of AOA and SSI so that
their eﬀects on the Earth system target a similar global mean temperature namely the one of the RCP4.5 scenario. Our focus is on the response of the natural environment to these geoengineering strategies, leaving
aside any socioeconomic aspects or technical limitations of these methods.

2. Methodology
2.1. Model Scenarios of CE
CE scenarios are implemented in the emission-driven MPI-ESM in the low-resolution conﬁguration used in
the ﬁfth phase Coupled Model Intercomparison Project (CMIP5; Giorgetta et al., 2013, and references therein).
Our simulations of AOA and SSI are compared to the scenarios RCP8.5 and RCP4.5 because they are forced by
the CO2 emissions according to RCP8.5, and the intensity of the implementation of CE is deﬁned to achieve
a similar climate state by targeting diﬀerent parameters of the RCP4.5. All experiments are integrated from
2006 to 2100, and the CE methods are either applied until 2100 or terminated in 2070.
In the AOA simulations surface ocean alkalinity is enhanced as much as needed to stabilize atmospheric CO2
concentrations to RCP4.5 levels under RCP8.5 emissions until the end of this century (AOA2100, hereafter) or
until the year 2070 (AOA2070). In our purposely idealized experiments, we add alkalinity every time step and
spatially homogeneous (i.e., same amount per unit area) into the ﬁrst ocean model level. This also includes
oceanic areas covered by sea ice, such that alkalinity is added in seawater under the ice. Thereby, we follow a
generic idealized treatment of the weathering ﬂuxes in the model HAMOCC (HAMburg Ocean Carbon Cycle
model) (as described in, e.g., Ilyina, Six, et al., 2013). Such approach allows for a more transparent assessment
of the potential environmental consequences of the global large-scale alkalinization.
The AOA2100 and AOA2070 scenarios would require, respectively, additions of around 114 and 45 Pmol of
alkalinity. The scale of these perturbations is rather large since, for instance, the provision of 114 Pmol of
alkalinity would demand a minimum supply of ∼4.22⋅1012 tons of lime and therefore an enhancement of its
production by 2 orders of magnitude until 2100 (see González & Ilyina, 2016, for further details).
GONZÁLEZ ET AL.
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The addition of alkalinity in our AOA2070 experiment is large compared with AOA simulations in previous
studies: ﬁvefold larger than in Hauck et al. (2016), over half of the integration time, that is, 300 Pg during
100 years versus 1,580 Pg over 50 years assuming olivine as source of alkalinity. In comparison with the addition of alkalinity deﬁned in the Carbon Dioxide Removal Model Intercomparison Project (Keller et al., 2018),
we assume a total addition 6 times larger. However, actual availability of raw alkaline materials does not pose
the major feasibility issue that AOA faces but rather the associated high logistic costs and environmental problems caused by the mining, production, and release of alkalinity compounds in seawater (e.g., Hartmann et al.,
2013; Renforth & Henderson, 2017).
The response of ocean biogeochemistry to CE is simulated by the model HAMOCC, which includes the main
biogeochemical processes occurring at the atmosphere-ocean interface, water column, and sediments (Ilyina,
Six, et al., 2013). We only consider a terminated AOA scenario, but its eﬀects on surface atmospheric temperatures are equivalent to those associated with a diﬀerent scenario with a similar trajectory of atmospheric CO2 ,
independent of the means to achieve it (e.g., without AOA but carbon capture and storage). This is because the
eﬀects on surface temperatures driven by our simulations of AOA are only induced by the associated changes
in atmospheric CO2 levels without additional biogeophysical eﬀects.
The SSI scenarios are deﬁned such that the stratospheric sulfate aerosol distribution reduces the net radiative forcing of the RCP8.5 scenario to RCP4.5 levels until 2100 (SSI2100; as in Sonntag et al., 2018) or only
until the year 2070 (SSI2070). The atmospheric component of the MPI-ESM, ECHAM6 does not allow for the
interactive simulation of aerosols. Thus, following the approach of Niemeier et al. (2013), the radiative eﬀects
of the sulfate aerosols are considered by prescribing their atmospheric optical properties, which were determined using the aerosol microphysical model HAM (Stier et al., 2005) coupled to MAECHAM5 (Giorgetta
et al., 2006).
Preliminary simulations were performed in order to diagnose the amount of total alkalinity (TA) to be added
and the sulfur injection rate required to meet the goals of the CE scenarios. Model internal variability is
considered with an ensemble of three members (diﬀering in their initial conditions) available for each of
the simulations.
2.2. Regression Analysis for Calculating the Rates of Change
Linear temporal trends are calculated using the Theil-Sen regression technique (Gilbert, 1987), which does not
require that the measurement variables are normally distributed. The trends at each grid point are estimated
using three ensemble members of each simulation and by ﬁtting the data to yt = 𝛼 + 𝛽 t, where yt is the
annual mean of the variable at year t, 𝛼 is the intercept, and 𝛽 is the nonparametric estimate of the slope. The
statistical signiﬁcance of the linear trends is determined using the Mann-Kendall test that does not require
normality (Kendall, 1975; Mann, 1945).

3. Results and Discussion
3.1. Surface Atmospheric Warming
If carbon emissions continue at the current rate following the RCP8.5 scenario, the MPI-ESM projects that
atmospheric CO2 will exceed 950 ppm by the end of this century in line with diﬀerent models (Figure 1a). This
will cause a global warming of around ∼3.5 K between the years 2000 and 2100 (Figure 1b). By design of the
experiments, the temporal evolution of surface atmospheric temperatures in the AOA2100 and SSI2100 scenarios closely follows the trajectory of the targeted RCP4.5. During the ﬁrst decade after termination of SSI in
2070 the rates of surface warming largely exceed—up to 1 order of magnitude—those of the RCP8.5 in line
with previous estimates (e.g., Jones et al., 2013). Surface atmospheric temperatures rapidly rise in particular
over tropical and subtropical regions (Figure 2), in which solar geoengineering in general leads to an overcompensation of global warming (e.g., Schmidt et al., 2012), and hence, its cessation will be felt more strongly than
at high latitudes. This strong warming at low latitudes dominates the global trend in the SSI2070 simulation
during the ﬁrst decade following 2070 (Figure 2).
In the AOA2070 scenario, after termination the ocean sink is no longer enhanced leading to a temporal trajectory of atmospheric CO2 that grows parallel to the one of the RCP8.5. CO2 concentrations rise in an atmosphere
with lower background CO2 levels than RCP8.5 (Figure 1a) yet at the rate given by RCP8.5 emissions. This leads
to a stronger CO2 radiative forcing in the AOA2070 simulation compared to the one of the reference RCP8.5
during the same period of integration, since the CO2 forcing is a logarithmic function of CO2 (Arrhenius, 1896)
GONZÁLEZ ET AL.
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Figure 1. Global annual means of (a) atmospheric CO2 (ppm), (b) near-surface atmospheric temperature (K), carbon
content anomalies (relative to 2006) in the (c) ocean and the (d) land reservoirs (GtC), (e) ocean net primary production
(NPP) globally integrated (PgC/yr), (f ) concentration of O2 vertically averaged over 200–600 m (μmol O2 /kg), (g) surface
seawater pH, and (h) Ω with respect to calcite. Lines depict 5-year running means under the scenarios RCP8.5 (black),
RCP4.5 (green), AOA2100 (solid blue), AOA2070 (dashed blue), SSI2100 (solid red), and SSI2070 (dashed red).
Colored area is model internal variability including three ensemble members. RCP = Representative Concentration
Pathway; AOA = artiﬁcial ocean alkalinization; SSI = stratospheric sulfur injection.
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Figure 2. Regional trends of near-surface atmospheric temperature (K/year) for the experiments RCP8.5 (ﬁrst row),
AOA2070 (second row), and SSI2070 (third row). First column shows trends during the ﬁrst decade right after
termination of CE (climate engineering from 2070 to 2080). Second column shows trends calculated considering the
three decades after termination of CE (from 2070 to 2100) with the diﬀerences between these CE experiments and the
RCP8.5 (2070–2100) to the right in the third column. Only regions with statistically signiﬁcant trends at the 95% level
are colored. AOA = artiﬁcial ocean alkalinization; RCP = Representative Concentration Pathway; SSI = stratospheric
sulfur injection.

due to the shape of the CO2 absorption spectrum. For a doubling in atmospheric CO2 , the associated radiative
forcing (FCO2 ) may be approximated as (Ramaswamy et al., 2001)
FCO2 = 3.7 ⋅ log2 (C∕C0 )[W∕m2 ],

where C is the ﬁnal concentration of atmospheric CO2 and C0 is the initial level in the time interval over
which CO2 changes. Considering the last three decades of integration (i.e., from 2070 to 2100), the FCO2 in the
AOA2070 simulation is ∼25% higher (0.621 W/m2 ) than the FCO2 in the RCP8.5 (0.485 W/m2 ).
Regional rates of atmospheric warming caused by changes in global forcing are uneven, as suggested by
measurements and climate change projections (Intergovernmental Panel on Climate Change, 2013). Arctic
regions warm faster than the rest of the globe (e.g., Serreze & Barry, 2011), and the greenhouse forcing causes
an interhemispheric temperature asymmetry (e.g., Friedman et al., 2013). Diﬀerences in forcing and the contrasting temperature response between Earth’s hemispheres drive the diﬀerent regional patterns of surface
warming between the AOA2070 and RCP8.5 simulations (Figure 2). In north polar regions and over high latitudes of North America and Europe, considering the last three decades of integration, the warming rates after
termination of AOA are nearly 50% higher than the projected rates in RCP8.5 for this period. They reach up to
0.15 K/year, similar to the warming rates associated with the terminated SSI during the decades from 2070 to
2100 (Figure 2), which are lower than the warming rates in the ﬁrst decade right after termination of SSI, yet
considerably higher than those associated with RCP8.5.
Organisms are sensitive to the pace at which their environment changes (e.g., Pörtner et al., 2014). Quintero
and Wiens (2013) have estimated that main vertebrate animal groups will need rates of niche evolution 4
orders of magnitude higher than those generally surveyed in order to adapt to the projected rates of climate
change in a high CO2 emissions scenario by the end of this century. Thus, any CE-driven acceleration of the
regional rates of surface warming might further inhibit the adaptive capacity of these organisms.
GONZÁLEZ ET AL.
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Figure 3. Regional trends of ocean net primary production (NPP) vertically integrated (ﬁrst row), oxygen concentration vertically averaged over the ﬁrst
200–600 m of the water column (second row), surface seawater pH (third row), and Ω with respect to calcite (fourth row) in the experiments Representative
Concentration Pathway 8.5 (ﬁrst column), AOA2070 (second column), and SSI2070 (third column). In order to enhance the signal to noise ratio, the time interval
from 2070 to 2100 is considered for ocean NPP and oxygen at middepths, while for pH and Ω the period from 2070 to 2075 is shown because trends are
largest. Only regions with statistically signiﬁcant trends at the 95% level are colored.

3.2. Ocean NPP and Deoxygenation
Under the high emissions scenario RCP8.5, the MPI-ESM projects that global net primary production (NPP)
decreases over the course of the 21st century to ∼80% of its current value by 2100 (i.e., from 60 to 50 Pg C/yr)
(Figure 1e). Regionally, negative trends of NPP emerge in the RCP8.5 over most of the tropical and subtropical
oceans (with an average value of −0.05 mol C⋅m−2 ⋅year−2 ) during the last decades of the simulated period
(Figure 3a). This is because nutrient supply decreases driven by changes in ocean circulation and mixing, which
is characterized by reduced mixed layer depth (Behrenfeld et al., 2006; Bopp et al., 2013).
Regional rates of change in NPP in the AOA2070 simulation are similar to those associated with the reference
RCP8.5 from 2070 onward due to their similar regional warming rates over most of the open ocean (Figure 3b).
However, in the SSI2070 scenario over tropical and subtropical oceans, there is a doubling of the area in which
trends of decreasing NPP become as low as the lowest values reached in the RCP8.5 simulation (approximately
−0.05 mol C⋅m−2 ⋅year−2 ; Figure 3c). Moreover, decreasing trends in NPP in the SSI2070 experiment from 2070
onward become up to 1 order of magnitude higher than RCP8.5 over large regions of the tropical oceans due
to the rapid adjustment of the mixed layer depth to the accelerated warming right after termination of SSI
(supporting information Figure S1).
Similar to the reduction in ocean NPP, deoxygenation poses risks to marine biology (e.g., Bopp et al., 2013;
Pörtner et al., 2014). The RCP8.5 shows a general declining trend in oxygen at middepths (within 200–600 m)
in large ocean regions over high latitudes (Figure 3d), dominating the global trend, which drops by ∼4%
relative to current values by 2,100 (Figure 1f ). Yet large regions of the Atlantic and Indian Oceans within
tropical latitudes show an increasing trend in oxygen content likely caused by changes in remineralization (Bopp et al., 2013). The scenario AOA2070 shows similar trends to those of the RCP8.5 (Figure 3e),
GONZÁLEZ ET AL.
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while in the SSI2070 simulation, ocean deoxygenation occurs at a larger rate than in the reference RCP8.5
(Figures 1f and 3f ). Speciﬁcally, during the ﬁrst decade after the termination of SSI (from 2070 to 2080), the
trend in deoxygenation doubles the pace of the reference scenario RCP8.5.
Internal model variability of oxygen at middepths is relatively large, still, trends are signiﬁcantly diﬀerent
between the simulations (Figure 1f ). Regional trends of oxygen at middepths behave in accordance with the
rate of change at which the physical environment varies, with a magnitude of change that is mainly governed
by the associated rate of surface warming in each of the scenarios (Figures 3d–3f ). Our results reveal that after
termination of SSI, marine ecosystems might be exposed to rapid variations in environmental properties governing key biological processes well outside of the range of natural variability, which must be considered in
the evaluation of the CE-driven risks.
3.3. Ocean Acidiﬁcation
While the temperature-induced eﬀects of the diﬀerent SSI scenarios on surface seawater carbonate chemistry
are small, our large-scale AOA simulations show that this method might lead to rapid variations in seawater
carbonate chemistry, not only during the implementation of AOA but also after its termination. In the ﬁrst
decade after termination in the AOA2070 scenario, the abrupt interruption of AOA causes that surface seawater acidiﬁes much faster than in the reference RCP8.5 (Figures 1g and 1h). Over the Arctic Ocean and tropical
oceans right after termination of AOA in 2070, regional rates of decrease in surface pH reach 0.01 units per
year, doubling those projected in the RCP8.5 scenario. Rates of decrease in Ω (up to 0.2 units per year) become
up to 1 order of magnitude larger than those associated with the RCP8.5 (Figures 3g–3l).
The Arctic Ocean and tropical oceans emerge as especially sensitive regions to these rapid variations after termination of AOA because the rate of increase in dissolved inorganic carbon (DIC) exceeds the rate at which the
total alkalinity (TA) content varies in these water masses (i.e., ΔDIC > ΔTA, supporting information Figure S2).
ΔDIC exceeds ΔTA because the rate of CO2 invasion (i.e., DIC content) is larger than naturally occurring processes aﬀecting the rate of TA change (i.e., CaCO3 dissolution/formation, photosynthesis, and respiration).
ΔDIC exceeds ΔTA for all ocean regions in AOA2070, but this diﬀerence in the DIC and TA rates is largest in
the Arctic, followed by the tropics.
In the open ocean, diﬀerences in the rates of change between DIC and TA are mainly driven by the pace at
which the strong bases are added into the surface seawater during AOA and by the rate at which the carbonate system returns to equilibrium. In shallow oceans where vertical mixing is constrained by thermal
stratiﬁcation, the enhanced uptake of CO2 following AOA may not compensate the disequilibrium in the partitioning of the carbonate species, leading to large regional diﬀerences despite the globally homogeneous
distribution of TA.
Over the Arctic Ocean, sea ice retreat accentuates this diﬀerential rate of variation between DIC and TA
because the exposure of alkaline cold water to the atmosphere further enhances the rate of CO2 invasion
(i.e., DIC content). This leads to a much faster pace of ocean acidiﬁcation in the Arctic relative to the rest
of the ocean, which is an eﬀect of our scenario design in which TA is also added over areas covered by
sea ice (Figure 3h).
Our results show that termination eﬀects of AOA on the carbonate chemistry depend linearly on the amount
of added alkalinity. The speciﬁc regional rates of variation largely depend upon the background seawater
state, but in general, the greater the addition of alkalinity prior termination, the faster the convergence toward
the seawater state without the eﬀects of AOA.
A ﬁeld study suggests that AOA might actually alleviate the observed decrease in the net community calciﬁcation of coral reefs in acidiﬁed seawater (Albright et al., 2016). However, our results show that the
abrupt termination of this method might damage keystone species in the reef ecosystem, which are especially sensitive to a fast-paced acidiﬁcation of seawater. The coralline algae Lithothamnion glaciale exposed
to a fast drop in pH suﬀers structural damages (Kamenos et al., 2013). And yet the same decrease in pH
occurring at a slower pace does not cause any harm. Thus, individual keystone species within the coral
reefs might be negatively aﬀected by these fast-paced environmental changes after termination of AOA
but the response of the entire ecosystem remains unknown. Rapid variations in the environment are generally detrimental for the ecosystem functioning, as observed in aquaculture practices, which require relatively stable conditions in order to ensure high growth and survival rates (e.g., Wurts & Durborow, 1992).
GONZÁLEZ ET AL.
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Figure 4. Anomalies of the terrestrial and oceanic carbon budgets: diﬀerences between the carbon reservoirs of the
climate engineering scenarios (a) AOA2100, (b) AOA2070, (c) SSI2100, and (d) SSI2070 and the reference scenario RCP8.5
in the year 2100. Note the nonlinear color bar. SSI = stratospheric sulfur injection; AOA = artiﬁcial ocean alkalinization.

The eﬀects of an abrupt termination of AOA might also interfere with reproductive cycles of ﬁsh since the
rates of pH change have been identiﬁed as trigger for key transitions in their life cycles (e.g., Cornish & Smit,
1995; Fiorillo et al., 2013).
3.4. Ocean and Land Carbon Sinks
In our large-scale AOA simulations, the North Atlantic Ocean presents the highest regional carbon uptake by
2100 where deep water formation occurs (Figures 4a and 4b). When the large-scale AOA scenario ends in 2070,
the seawater buﬀering capacity rapidly returns to RCP8.5 levels. The global ocean sink continues tempering
the growing atmospheric CO2 concentrations thereafter, yet at the same pace as in the reference RCP8.5 scenario (Figure 1c). Global averages of atmospheric CO2 levels and surface temperatures increase parallel to the
RCP8.5 trajectory (Figures 1a and 1b), leading to a growing land carbon content over time (Figure 1d). The
land carbon content anomaly in the AOA2070 experiment reaches the same level as the one of the RCP8.5
scenario by 2100 (∼250 GtC). The spatial patterns of change in land carbon storage are heterogeneous in our
AOA scenarios (Figures 4a and 4b), with a predominant reduction in land carbon content across Eurasia mainly
driven by a reduction in terrestrial NPP (Sonntag et al., 2018).
In our SSI simulations we ﬁnd a modest potential for CO2 removal of this method also found in previous studies (e.g., Keller et al., 2014; Sonntag et al., 2018; Tjiputra et al., 2016), which in our case is dominated by the
impacts of SSI on the terrestrial carbon sink. By the end of the century the terrestrial carbon pool in the SSI2100
simulation is 92 GtC higher than in RCP8.5 (Figure 1d), which is equivalent to approximately one decade of
CO2 emissions from fossil fuels and industry (Le Quéré et al., 2018). In contrast, the ocean carbon reservoir
in the SSI2100 simulation is only 8 GtC higher than in the RCP8.5 scenario (Figure 1c). Regionally, SSI-driven
changes in the land carbon content show a net increase over land masses of the Southern Hemisphere, while
Northern Hemisphere regions show a more heterogeneous spatial pattern (Figure 4c). After termination of
SSI in 2070, the surface warming induces that (globally) almost all the additional carbon relative to RCP8.5
stored in land and ocean returns to the atmosphere (Figures 1c and 1d), despite small regional diﬀerences
(Figures 4d). Thus, any reduction of atmospheric CO2 levels driven by the eﬀects of SSI completely vanishes
within the following decades after SSI is stopped.

4. Summary and Conclusions
Using the MPI-ESM with emission-driven simulations, we examine the environmental eﬀects that termination scenarios of AOA and SSI have on global means and regional patterns of surface temperatures, multiple
stressors of ocean ecosystems, and the ocean and land carbon sinks. We ﬁnd that the termination of these CE
methods after their implementation on a global scale has large potential to signiﬁcantly exceed the pace of
the environmental change that they were intended to alleviate. We project regional warming rates that exceed
those of the reference RCP8.5 scenario not only after termination of SSI but also after termination of AOA.
GONZÁLEZ ET AL.
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In north polar regions and over high latitudes of North America and Europe, the rates of surface atmospheric
warming from 2070 to 2100 are nearly 50% higher in our terminated AOA simulation than in the RCP8.5, and
they become as large as in the terminated SSI scenario (up to 0.15 K/year).
SSI-driven eﬀects on ocean carbonate chemistry are minor in contrast to the rapid variations after termination
of AOA. Areas of limited vertical mixing show high sensitivity to termination of AOA owing to a nonparallel
rate of variation of TA and DIC after termination. Regional trends in surface ocean acidiﬁcation over the Arctic
Ocean and tropical oceans right after termination of AOA in 2070 largely exceed those projected in the RCP8.5.
Surface pH trends (0.01 units per year) double those associated with the RCP8.5 and the annual decrease in
Ω (0.2 units per year) becomes up to 1 order of magnitude larger.
We conclude that the abrupt termination of large-scale AOA causes environmental impacts related to regional
accelerated warming and ocean acidiﬁcation, which pose greater risks to biological systems than previously
thought. First, termination of AOA leads to associated rates of niche evolution that exceed those generally
surveyed among main vertebrate animal groups in the geological records by more than 4 orders of magnitude
(Quintero & Wiens, 2013). And second, the rapid response of the seawater carbonate system to changes in
alkalinity induces a fast-paced perturbation in the marine chemical environment, which endangers keystone
species within vulnerable ecosystems (Kamenos et al., 2013). Thus, in a similar way to solar geoengineering
methods, termination of AOA could entail signiﬁcant environmental risks.
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