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Abstract. Stratospheric aerosol injection (SAI) geoengineering is being investigated as a potential means of
temporarily reducing the impact of global warming, allowing additional time for the implementation of climate
mitigation strategies. SAI operates by intervening in the radiative energy balance of the Earth system, exerting a
temporary direct cooling effect on the climate. However, SAI also indirectly affects global temperature through
its impact on atmospheric CO2 levels by influencing the natural carbon uptake efficiency. Most previous research
on the carbon cycle under SAI suggests that continuous injections enhance the uptake of carbon, implying a larger
number of allowable emissions for a given temperature target relative to a simulation without SAI. However,
there are considerable uncertainties regarding the extent and timeline of facilitation or inhibition of atmospheric
carbon removal under SAI. In this study, we evaluate the extent of change in negative emission burden (NEB)
over the entire trajectory of a peak-shaving SAI deployment (SSP534-sulfur) compared to the baseline overshoot
pathway (SSP534-over) that does not involve SAI. We run the SSP534-over scenario on the CNRM-ESM2-1
Earth system model from 2015 to 2249 and compare it to the simulation where, under SSP534-over conditions,
SAI is used to maintain 2 °C warming (SSP534-sulfur). The results indicate that carbon effects are reinforced
under SAI. While the land carbon reservoir is a carbon sink, SAI enhances the uptake further; when the land
acts as a carbon source, SAI enhances the outgassing. Thereby, carbon fluxes associated with SAI evolve over
time: the increase in carbon uptake under SAI during the positive emission phase confirms prior studies and
substantiates the concept of buying time during SAI ramp-up; later stages of the peak-shaved SAI scenario show
the carbon benefit reducing and turning into an additional obstacle, making a phase-out of SAI more difficult
by enhancing the carbon removal burden. The findings of this study may be contingent upon the configuration
of the injection design and the representation of SAI within the model, as well as the underlying overshoot
scenario. Further research is necessary to validate these results using different models incorporating diverse SAI
deployment strategies and underlying emission trajectories.
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1 Introduction

Solar radiation modification (SRM) is increasingly being dis-
cussed as a potential temporary approach to lower global
mean temperature, and mitigation efforts, such as green-
house gas (GHG) emission reductions and atmospheric car-
bon dioxide removal (CDR), are being sufficiently scaled up
(Climate Overshoot Commission, 2023; NASEM, 2021). A
commonly used framework is the so-called “peak-shaving”
framework, where SRM is used on top of an overshoot path-
way to prevent global warming from surpassing the given
threshold (MacMartin et al., 2018; Sugiyama et al., 2018;
WMO, 2022). The primary intended cooling effect from
SRM comes from directly modifying the radiative energy
imbalance of the Earth system. However, indirectly, SRM
changes global surface air temperature through its impact on
the airborne fraction of CO2 by influencing the natural car-
bon uptake efficiency of the two big carbon reservoirs, land
and ocean. Most previous research on the carbon cycle and
SRM indicates that continuous stratospheric aerosol injec-
tion (SAI), one type of SRM, enhances the global uptake of
carbon by land and ocean (e.g., Muri et al., 2018; Plazzotta
et al., 2019; Tjiputra et al., 2016; Xia et al., 2016). However,
there are considerable uncertainties regarding the extent of
the carbon cycle reinforcement and the timeline of the re-
sponse (Plazzotta et al., 2019), hence the extent and timeline
of facilitation or inhibition of atmospheric carbon removal
under SRM.

SAI could affect marine and terrestrial carbon uptake in
several ways. On land, carbon uptake is governed by changes
in plant photosynthesis in combination with alterations to au-
totrophic and heterotrophic respiration. Impacts to plant pho-
tosynthesis occur under SRM due to conditions of high at-
mospheric CO2, low ambient temperatures, and changes in
radiation reaching the plants’ leaves. The impact of high at-
mospheric CO2 on plants, the so-called “CO2 fertilization”
effect, was found to favorable for photosynthesis in several
studies on SRM when comparing to a scenario where miti-
gation is used to lower temperatures rather than SRM (e.g.,
Duan et al., 2020; Glienke et al., 2015; Govindasamy et al.,
2002; Kravitz et al., 2013; Yang et al., 2020). At the same
time, when SRM is compared to a scenario with the same
background emissions but no SRM, lower temperatures de-
crease heat stress on plants and promote additional carbon
uptake (Jin and Cao, 2023; Kravitz et al., 2013; Tilmes et
al., 2020) but are disadvantageous for ecosystems in higher
latitudes or mountainous regions, where the low tempera-
tures limit plant growth (Glienke et al., 2015; Tilmes et al.,
2020; Xia et al., 2016; Zhang et al., 2019). Also, low tem-
peratures can reduce soil nitrogen mineralization, which in
turn inhibits the CO2 fertilizing effect on plant photosyn-
thesis (Duan et al., 2020). In addition to ambient temper-
ature and CO2 concentration, SAI would affect photosyn-
thesis by altering the ratio of direct to diffuse radiation that
reaches the plants’ surface (Xia et al., 2016). The increased

number of aerosols from SAI enhances the amount of dif-
fuse radiation that reaches the surface while decreasing the
amount of direct light. This “diffuse–light fertilization” ef-
fect can enhance productivity in certain types of ecosystems
because it allows shaded leaves to absorb more light (Gu et
al., 2002; Xia et al., 2016), as evidenced in the Amazon Rain-
forest from increased diffuse radiation from biomass burn-
ing (Rap et al., 2015). However, Kalidindi et al. (2015) and
Duan et al. (2020) found that the effect of the total radia-
tion reduction might offset the increase in shaded produc-
tivity. Lastly, in Duan et al. (2020), H. Lee et al. (2021),
and Muri et al. (2018), the modified hydrological cycle un-
der SAI significantly affected the photosynthesis of plants. In
addition to modifying photosynthesis, SAI affects land car-
bon storage by altering plant and soil respiration, i.e., the
process of carbon release, as lower ambient temperatures re-
duce heterotrophic and autotrophic respiration (Jin and Cao,
2023), especially when compared to the same emission base-
line without SRM-induced temperature reductions. The dif-
ference in hydrological processes can change soil moisture
content, which also affects soil respiration (Yan et al., 2018).
Furthermore, lower regional temperatures under SRM, com-
pared to the same emission baseline without SRM, and a re-
duction in wind speeds over most land regions, compared to
both an unmitigated emission baseline and a mitigated world
with the same global temperature mean as with SRM (Baur
et al., 2024a; Tang et al., 2023), may cause less disturbance
to the land carbon reservoir through forest fires, wind throw,
or floods.

While several studies find a less pronounced impact of SAI
on the ocean carbon uptake in comparison to its impact on the
terrestrial sphere (Jin et al., 2022; Jin and Cao, 2023), other
studies have identified the opposite effect (Muri et al., 2018;
Tjiputra et al., 2016). In the ocean, the principal drivers are
the increased CO2 solubility into seawater and the impacts on
the ocean biological pump compared to a scenario with the
same emission baseline but no SRM (Tjiputra et al., 2016).
CO2 solubility into seawater is enhanced due to the lower sea
surface temperatures and modified ocean hydrodynamics,
such as stratification and currents, with SAI. The biological
pump is sensitive to sea surface temperatures (Kwiatkowski
et al., 2020) and light availability, but the net effect of ma-
rine ecosystems on a change in climate is influenced by
local physical and biogeochemical conditions (Lauvset et
al., 2017), which can vary between different regions and
ocean model settings. In the Arctic, for example, SAI reduces
oceanic CO2 uptake because the larger sea ice cover under
SRM than in a scenario with the same emission profile but
no SRM inhibits CO2 uptake (Jin and Cao, 2023; Tjiputra et
al., 2016). In a multi-model study, Plazzotta et al. (2019) and
Muri et al. (2018) find an increase in total carbon uptake un-
der SAI compared to both the high-warming emission base-
line but no-SRM scenario and the scenario that uses mitiga-
tion to avoid warming instead of SRM, with reduced sea sur-
face temperatures being the main driver of the response when
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compared to the high-warming scenario and with higher at-
mospheric CO2 concentration being the main driver when
comparing to the mitigated world. Jin and Cao (2023) report
a slight reduction in global oceanic carbon uptake under SAI
compared to the emission baseline no-SRM scenario, which
they attribute to the combined influence of lower sea surface
temperatures, which enhance CO2 uptake, and compared to
lower atmospheric CO2 from enhanced land carbon uptake,
which reduces marine CO2 uptake (Jin et al., 2022; Jin and
Cao, 2023). Regarding marine biogeochemical changes un-
der SAI, Lauvset et al. (2017) found reductions in the biolog-
ical pump due to reduced shortwave radiation reaching the
oceans’ surface layers, which lowers phytoplankton growth
rates. Using the same model but a different SAI setup, these
results were confirmed by Tjiputra et al. (2016). While CO2
solubility into seawater and the biological pump represent the
primary drivers of the response, the simulated ocean carbon
uptake is additionally sensitive to the evolution of CO2 in the
scenario, the modeling setup of prescribed or prognostic at-
mospheric CO2, and the baseline oceanic stratification, often
resulting in little consensus between models.

Most of the aforementioned results are based on climate
projections that extend until the end of this century. With that,
they only cover the time of SRM deployment from initial-
ization to high deployment and occasionally include a sud-
den termination of SRM. The timing and total magnitude of
carbon uptake by the reservoirs over the entire period of an
overshoot, i.e., a peak-shaving setup, are as yet unclear. So
far, only one study has looked at carbon cycle processes un-
der a peak-shaving framework (Tilmes et al., 2020). How-
ever, the simulation therein also ends at the end of this cen-
tury, not allowing a comprehensive analysis of all phases of
a peak-shaving framework. Here, the climate and carbon cy-
cle dynamics of the whole overshoot period are explored un-
der an extended overshoot trajectory that goes until 2249.
We look at the entire period of a hypothetical SRM peak-
shaving deployment in a large climate overshoot scenario,
from initialization to max deployment, followed by a phase-
out period 100 years after SRM cessation. The goal of this
study is to provide insight into how the modified uptake of
atmospheric CO2 by land and ocean under an SAI peak-
shaved pathway compared to an overshoot pathway with-
out SRM could change the amount of negative emissions
that are required to follow a given atmospheric CO2 trajec-
tory. This question is highly relevant, as sink enhancement
could lead to a lower peak in atmospheric CO2 concentration,
which could be important for atmospheric-CO2-sensitive im-
pacts such as ocean acidification, and shorter peak-shaving
timescales; sink degradation would prolong the SRM deploy-
ment or require higher amounts of CDR and increase the
difficulty of phasing SRM out. A reduced negative emission
burden (NEB), especially during the initial decades of SAI,
could support the framework of using SRM as a tool to buy
time for conventional mitigation measures to take effect.

2 Methods

2.1 Model and simulations

The data underlying this study are the overshoot scenario
SSP534-over and its modified version for this study, SSP534-
sulfur. SSP534-over is part of the coordinated Coupled
Model Intercomparison Project Phase 6 (CMIP6) group of
experiments (Eyring et al., 2016; O’Neill et al., 2016). In this
study, it is used as a baseline on top of which SAI is applied to
avoid the temperature overshoot and instead stay at a global
mean temperature increase above pre-industrial (1860–1900)
of 2 °C (Fig. 1). This SAI-modified SSP534-over pathway
is referred to as SSP534-sulfur in this study. SSP534-over
follows the storyline of Shared Socioeconomic Pathway 5
(SSP5), which is characterized by strong fossil-fuel-driven
economic growth (O’Neill et al., 2016). The scenario as-
sumes no climate policy until the mid-21st century, followed
by late and intense mitigation action, with an emission peak
and emission cuts in combination with very large amounts of
negative emissions to stagnate and then reverse the warming,
creating the temperature overshoot outline. In SSP534-over,
temperatures peak at 2.7 °C above pre-industrial in 2077 af-
ter atmospheric CO2 reaches its peak in 2062. The pathways
are grouped into three phases:

I. the time until peak atmospheric CO2 (2015–2062; 48
years), i.e., around net-zero CO2 (± a few years; Koven
et al., 2022);

II. the time from peak atmospheric CO2 until the end of
SRM deployment (2063–2149; 87 years); and

III. the time after SRM deployment (2150–2249; 100
years).

With these phases, the initial phase of SRM until emis-
sions get to net-zero and peak SRM deployment (I), the phas-
ing out of SRM and the reduction in atmospheric CO2 con-
centration (II), and the dynamics after SRM stoppage (III)
are captured. The simulations extend until 2249, but, af-
ter 2200, land use change and GHG conditions are fixed,
and climate and carbon stores evolve without a change in
forcing. SSP534-sulfur has all the baseline assumptions of
SSP534-over but applies SAI on top to avoid crossing the
2 °C warming threshold. SAI is initialized in 2015m, and
deployment is carried out until 2150. SAI is represented in
the simulation as a change in aerosol optical depth (AOD;
Fig. 1b). The amount of AOD was determined with a trial-
and-error approach guided by the difference in energy bal-
ance between the SSP534-over scenario and the global mean
radiative characteristics of an SSP126 scenario, which lim-
its warming to 2 °C. A curve was fitted to the difference in
energy balance between the two scenarios, and this fitted dif-
ference in global mean forcing then translated into spatially
resolved AOD using the G4SSA AOD distribution of Tilmes
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et al. (2015). The use of the G4SSA AOD distribution is rec-
ommended by the GeoMIP protocol for models that cannot
dynamically treat sulfur aerosols in the stratosphere (Kravitz
et al., 2015) and has been performed with the CNRM-ESM
model before (Baur et al., 2024a, b; Chen et al., 2023; Jones
et al., 2022; Tilmes et al., 2022); see Visioni et al. (2021)
for a comparison of the models participating in GeoMIP, in-
cluding CNRM-ESM2-1, with the prescribed G4SSA AOD
distribution. G4SSA assumes equatorial injections (Tilmes et
al., 2015). However, it has been demonstrated in other mod-
els that off-equatorial injection latitudes may perform better
at compensating climate change impacts and reducing ad-
verse side effects from SAI (Kravitz et al., 2019; Tilmes et
al., 2017; Visioni et al., 2023).

In this study, AOD was determined for the first ensemble
member but applied to all three members equally. A suffi-
ciently well calibrated SAI magnitude is classified as mostly
staying in the range of 2 °C ± 0.1 °C of warming, as de-
fined by us. Tilmes et al. (2020) use the CESM2-WACCM6
model configuration and a feedback algorithm to determine
SAI deployment magnitude to also reduce temperatures from
SSP534-over to 2 °C. They require around half the magni-
tude of AOD that the SSP534-sulfur experiment does in this
study.

The two experiments, SSP534-over and SSP534-sulfur,
are run on the Earth system model CNRM-ESM2-1+.
CNRM-ESM2-1+ includes updates and improvements com-
pared to the CNRM-ESM2-1 version used in CMIP6 (Fig. 2)
(Séférian et al., 2019). Updated processes that impact the
carbon cycle are the direct–diffuse light partitioning from
aerosols which can affect the photosynthesis of plants, the
crop harvesting which leads to a small reduction in the land
carbon uptake, an improvement in water and carbon con-
servation in the soil due to land use and land cover change
(LULCC), and an improved representation of the nitrogen
fixation into the ocean which impacts the oceanic biological
pump and leads to lower net primary productivity (NPP) for
an increase in global warming. The collective impact of these
enhancements and updates is the improvement of the repre-
sentation of the historical climate of the model and the mod-
ification of the transient climate response to cumulative CO2
emissions (TCRE) of the model (Fig. 2). TCRE is slightly
higher in CNRM-ESM2-1+ (1.76 °C per EgC) compared to
the version used in CMIP6 (1.73 °C per EgC).

For each experiment, three realizations are performed with
minimally perturbed atmospheric and oceanic parameteriza-
tions (perturbed at the fifth decimal). The results of this study
are based on the mean of the three members except if indi-
cated otherwise. Agreement on the carbon cycle processes is
fairly consistent for the three members in both experiments.
A 10-year rolling mean is displayed in the figures with the
last 10 years of the historical runs of the same model ver-
sion added to SSP534-over and SPP534-sulfur to be able to
correctly calculate the rolling mean of the first 9 years of the
experiments.

The simulations are run in concentration-driven mode as
laid out by the CMIP6 SSP534-over representative concen-
tration scenario guidelines (O’Neill et al., 2016). This means
that the carbon cycle in our simulations reacts to this prede-
termined CO2 concentration in the atmosphere and prespeci-
fied changes in land use and land cover but does not feed back
to the atmospheric concentration of CO2. In other words,
any additional uptake or release by the carbon reservoirs will
not be reflected in the atmospheric CO2 and therefore global
mean temperature. The prescribed CO2 concentration facili-
tates the calculation of the amount of forcing required for the
temperature reduction in the SSP534-sulfur run. However, to
understand whether there is a difference in NEB between the
two experiments, it is necessary to diagnose the correspond-
ing anthropogenic CO2 emissions consistent with a given at-
mospheric CO2 growth rate and a change in carbon uptake
by land and ocean (see Sect. 2.2, Compatible emissions).

2.2 Compatible emissions

The carbon flux from atmosphere to land and from atmo-
sphere to ocean is calculated by the sub-models of CNRM-
ESM2-1+: SURFEXv8.0 (Decharme et al., 2019; Delire et
al., 2020) and NEMO3.6 (Mathiot et al., 2017). Taking the
predetermined CO2 concentration and the uptake by the car-
bon reservoirs into account, it is possible to infer how much
CO2 must have been emitted to follow the prescribed at-
mospheric CO2 concentration pathway. The carbon released
by LULCC processes is not reflected in the CO2 concen-
tration; therefore the corresponding emissions are related to
fossil fuel (FF) emissions only. The difference in the corre-
sponding FF emission pathways between SSP534-over and
SSP534-sulfur is used to indicate potential differences in
NEB between an overshoot scenario and a peak-shaved sce-
nario. The yearly compatible emissions are calculated in line
with Friedlingstein et al. (2019), Jones et al. (2013), Koven
et al. (2022), and Liddicoat et al. (2021):

EFF = GCO2ATM+ SOCEAN+ SLAND

= GCO2ATM+ SOCEAN+ (NEP+ELULUCC) , (1)

where GCO2ATM is the growth rate of atmospheric CO2
in GtC per year, derived from the prescribed atmospheric
CO2 in parts per million (ppm) using the conversion of
1 ppm= 2.124 GtC (Ballantyne et al., 2015; Liddicoat et al.,
2021). SOCEAN is the annual mean ocean carbon sink, and
SLAND is the land sink (net biome productivity, NBP), which
is the net ecosystem productivity (NEP) corrected for the dis-
turbances from land use change, harvest, grazing, and fire
(ELULUCC). Additionally, gross primary productivity (GPP),
the amount of carbon fixed during photosynthesis by all pro-
ducers in the ecosystem is examined, along with the ecosys-
tem physiological processes, heterotrophic respiration (RH)
and autotrophic respiration (RA), i.e., the carbon released by
soil (RH) and plants (RA).
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Figure 1. (a) The 10-year rolling mean warming in the overshoot scenario SSP534-over (black) and in the SAI peak-shaved scenario
SSP534-sulfur (taupe). The gray zone indicates the 0.1 °C tolerance level around the 2 °C temperature target. Thick lines are the ensemble
member means, and thin lines are the single members. The stippled red curve shows the atmospheric CO2 concentration. (b) Aerosol optical
depth added in the SSP534-sulfur run as a proxy for SAI deployment. Stippled vertical lines indicate the overshoot phases I, II, and III. The
stippled red curve shows the atmospheric CO2 concentration.

Figure 2. The 10-year rolling mean warming in the overshoot sce-
nario SSP534-over simulated by the model version used in this
study (CNRM-ESM2-1+; solid) and the former model version
(CNRM-ESM2-1; dashed). Lines represent the mean of a three-
member ensemble. The gray zone indicates the 0.1 °C tolerance
level around the 2 °C temperature target. Stippled vertical lines in-
dicate the overshoot phases I, II, and III.

3 Results

The compatible FF emission pathways show distinct features
of an emission trajectory that leads to a temporary temper-
ature overshoot (Fig. 3a). Most of the first half of the 21st
century is marked by a linear increase in emissions, which
peak just before 2050 and then rapidly decline, reaching net-
zero around 2070 and max net-negative emissions by 2100.
This maximum level in net-negative emissions is sustained
for half a century until it is reduced to a smaller amount of

net-negative emissions that is held constant until the end of
the simulation. The CDR amount assumed in the integrated
assessment model (IAM) REMIND-MAgPIE for SSP534-
over is added as a dashed line to Fig. 3a, with the 2100 value
extended for 50 more years for comparison purposes. Fig-
ure 3b shows the difference between the compatible emis-
sions (in Gt CO2 per year; Fig. 3b): the first 50 years show
a distinctly higher amount of compatible FF emissions un-
der the SSP534-sulfur scenario than under the SSP534-over
scenario, which implies a reduced NEB. However, this effect
is lost from 2075 to around 2150, where the difference be-
tween compatible emissions is near-zero. After 2150, the end
of SAI, allowable emissions under SSP534-over are slightly
higher (Fig. 3b). In total, NEB is reduced by 60.4 Gt CO2
(Fig. 3c, d). During phase I, the additional uptake of 66.9 Gt
CO2 would imply a yearly reduced NEB of 1.4 Gt CO2. Dur-
ing phase II, this amount gets reduced to 0.4 Gt CO2 yr−1 for
the additional uptake of 31.1 Gt CO2; during phase III, the
difference in emissions of −38 Gt CO2 implies a 0.4 Gt CO2
higher NEB per year in the SAI scenario.

To better understand the processes behind this difference
in compatible emissions between SSP534-over and SSP534-
sulfur, Fig. 4 illustrates contrasts in carbon sink features be-
tween the two experiments. The annual difference in global
ocean carbon uptake between the overshoot and peak-shaved
scenarios is small, and most of the difference in annual global
carbon uptake stems from the land sink (Fig. 4a). However,
when the net cumulative uptake over the whole period is cal-
culated, the size of the contribution to the total additional car-
bon uptake from land and ocean is not that different (Fig. 4b).
This is because, in the three different phases comprising the
overshoot period, the ocean carbon uptake stays consistently
slightly elevated, while land carbon uptake varies between
being enhanced and being reduced. On land, uptake is high
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Figure 3. (a) Compatible fossil fuel emissions for SSP534-over (black) and SSP534-sulfur (taupe). The dashed line shows the amount of
negative emissions implemented in the IAM ssp534-over scenario (Byers et al., 2022). (b) Difference in compatible FF emissions between
SSP534-sulfur and SSP534-over. Panel (c) shows the values of panel (b) in a cumulative manner. Panel (d) shows the values of panel (b)
when summed over the single peak-shaving phases (I, II, and III) and summed over the entire time frame (all). The stippled CDR boxes
indicate required CDR during the respective period. Stippled vertical lines indicate the overshoot phases I, II, and III. Data for these plots
are based on the ensemble mean of the three members, except in panel (b), where the single-member differences are displayed with thin red
lines.

in phase I and still elevated in phase II but low in phase III,
which leads to a total uptake that is similar to the total uptake
of phase II.

Both ocean and land anthropogenic sinks become carbon
sources during the 22nd century. While the ocean reverts to
being a small sink afterwards, land stays a source until the
end of the experiment. It is very clear that, for both ocean
and land, pre-overshoot carbon uptake is not equal to the up-
take post-overshoot (Fig. 4a) at the same level of atmospheric
CO2 concentration (Fig. 4c) or amount of AOD (Fig. 4d). At
least for the ocean, no trend is detectable in the time frame
of the simulation for the sink to develop back to its previous
scale (Fig. 4a).

Panels e and f in Fig. 4 demonstrate that the additional car-
bon uptake under SSP534-sulfur remains even decades after
the SAI deployment. The additional uptake in the ocean un-
der SAI happens during the second half of the 21st century
and remains equal to the annual uptake of SSP534-over after
that (Fig. 4f). Cumulative land carbon sink is maximized in
2100 for both experiments, but the prior increase is higher

under SSP534-sulfur, and the subsequent rate of reduction is
also higher than in SSP534-over (Fig. 4e).

During the first 100 years of the experiments, differences
in NEP are noticeable, as shown in Fig. 5a. Some of these
differences are offset by the higher carbon flux from distur-
bances under SSP534-sulfur (Fig. 5b, c) when considering
the total land sink (Fig. 4a). This may be due to the higher
carbon density in the land carbon stores that, when burned
or otherwise disturbed, release more carbon. GPP, RA, and
RH are higher under SSP534-sulfur than SSP534-over dur-
ing most of the simulation (Fig. 5e). However, while GPP
increases rapidly after SAI deployment, RA and RH under
SSP534-sulfur only diverge from the overshoot scenario af-
ter around 50 years of SAI (Fig. 5e, f), where an increase in
these features (decrease in terms of carbon sink) offsets some
of the increase in GPP. This might explain the substantial rise
in carbon uptake during the first century but a decrease in the
difference of carbon uptake between the scenarios thereafter
(Figs. 5a, 4a). RA follows GPP closely, since photosynthe-
sis drives the plant respiration, which is followed by carbon
storage in the soil.
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Figure 4. Carbon sink diagnostics. (a) Global mean anthropogenic land and ocean carbon sinks for SSP534-over (light colors) and SSP534-
sulfur (dark colors). The thin black line shows the warming difference between SSP534-over and SSP534-sulfur. (b) Difference between
SSP534-sulfur and SSP534-over in carbon uptake summed over the single peak-shaving phases (I, II, and III) and summed over the entire
time frame (all). Bars represent the member mean; crosses represent the single-member results. (c) Global mean anthropogenic carbon sinks
versus global mean prescribed CO2 concentration, (d) SSP534-sulfur global mean anthropogenic carbon sinks versus global mean aerosol
optical depth from SAI, (e) cumulative global mean anthropogenic land carbon sink, and (f) cumulative global mean anthropogenic ocean
carbon sink. Stippled vertical lines indicate the overshoot phases I, II, and III. Data for these plots are based on the ensemble mean of the
three members and are displayed as a 10-year rolling average.

4 Discussion

We use CNRM-ESM2-1+ to simulate the global carbon cy-
cle response in an overshoot versus an SAI peak-shaving
scenario to determine differences in NEB between the sce-
narios if the same CO2 concentration pathway is to be fol-
lowed. This is a contribution to the discussion on the de-

gree to which SAI could change underlying carbon dynam-
ics in peak-shaving scenarios due to physical coupling with
mitigation from carbon sink enhancement or degradation.
The largest difference between SSP534-over and SSP534-
sulfur in terms of emissions is seen in the first 50 years of
SAI deployment (phase I), where SSP534-sulfur would re-
quire 67 Gt CO2 less negative emissions than SSP534-over
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Figure 5. Land carbon sink diagnostics with (a) net ecosystem productivity (NEP); (b) ecosystem disturbances; (c) fire; (d) difference
(SSP534-sulfur minus SSP534-over) in net primary productivity (NEP), disturbances, and fire; and (e) difference (SSP534-sulfur minus
SSP534-over) in gross primary productivity (GPP), heterotrophic respiration (RH), and autotrophic respiration (RA). Panel (f) is like panel
(e) but with net biome productivity (NBP) and cumulative difference. Data for these plots are based on the ensemble mean of the three
members.

to follow the same atmospheric CO2 concentration trajec-
tory, which equates to around 2 years’ worth of current an-
nual anthropogenic emissions. During the phase-out of SRM
(phase II), this carbon benefit gets reduced to 31 Gt CO2 and
switches to become a net disadvantage over phase III with
−38 Gt CO2.

Plazzotta et al. (2019) used a similar framework to that
employed in this study to determine additional “allowable
emissions” due to carbon uptake benefits from SRM. They
estimate, using output from six different Earth system mod-

els running the GeoMIP G4 experiment, that around 147 Gt
CO2 additional emissions are “allowed” under SAI during
the first 50 years of deployment due to carbon cycle benefits.
At the same time, they suggest that around 50 % of the ad-
ditional carbon stored during the 50-year SAI intervention is
released back to the atmosphere in the 50 years after a sud-
den termination of SAI (Plazzotta et al., 2019), hence their
call for caution when comparing additional CO2 uptake un-
der SAI with CDR methods that store captured carbon in ge-
ological formations, as the permanence and sustainability of
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geological carbon storage is not given for carbon sink en-
hancement under SRM. The G4 experiment is not compara-
ble to the SSP534-sulfur simulation in this study, and a sud-
den cessation of SRM is likely to cause different post-SRM
impacts than a slow phase-out (Trisos et al., 2018). Neverthe-
less, the present study also suggests that some of the benefits
in the terrestrial carbon uptake during SRM deployment in
phase I are offset in the decades after the deployment (phase
III) (Fig. 4b), highlighting the transient nature of SRM car-
bon sink enhancement – even in scenarios without rapid ter-
mination.

Summed over the whole time frame of our simulations,
both ocean and land carbon uptake are enhanced under SAI
(Fig. 4b). The clear difference in compatible emissions in
phase I is mainly due to modified terrestrial carbon cycle
processes under SAI rather than to a change in marine car-
bon uptake (Fig. 4b). This dominance of the terrestrial car-
bon signal under SAI was also documented by previous stud-
ies (Plazzotta et al., 2019). However, Tjiputra et al. (2016)
contradict these results with a dominant ocean carbon uptake
which they attribute to the strong nitrogen limitation on land
in the model they use. Their scenario setup and model config-
uration differ from the ones employed here in that they use
prognostic atmospheric CO2 and a pathway that uses SRM
to compensate for much more warming than SSP534-sulfur
does. More recent studies also found only minimal changes
in land carbon uptake under SAI (Duan et al., 2020; Yang
et al., 2020). These papers only looked at what is consid-
ered phase I of the peak-shaving deployment in this analysis.
When all phases of the peak-shaving are taken into consid-
eration, the net contribution of the ocean to the total carbon
uptake under SAI is still clearly lower than that of land but
makes up around three-fifths to four-fifths of total carbon up-
take (Fig. 4b). This is because the land reacts more rapidly
and more intensely to a change in forcing (large increase
in carbon uptake in phase I but also substantial decrease in
phase III), while the ocean shows a small increase in phase I
that is not offset during later phases by a decrease (Fig. 4a, e,
f). Similarly, Plazzotta et al. (2019) demonstrate how most of
the carbon release after cessation comes from the land stor-
age, while the sign of the ocean response is less pronounced
and varies between the models.

In both experiments, land and ocean sink show a
hysteresis-like behavior as a function of atmospheric CO2
concentrations (Fig. 4c, d), where bringing atmospheric CO2
down to pre-overshoot values does not restore carbon cycle
dynamics to their pre-overshoot state. This could be due to
a time lag between the atmospheric CO2 and the recovery of
the carbon sinks and is not unique to peak-shaving SRM con-
ditions but a characteristic of atmospheric CO2 overshoots.
Hysteresis-like behavior has been found for several key cli-
mate variables in overshoot scenarios (J.-Y. Lee et al., 2021),
and Fig. 4c shows how peak-shaving SRM cannot offset this
behavior in terms of land and ocean carbon uptake. Figure 4a
points to a relatively steady ocean uptake in the last 50 years

of the two experiments which may imply either very slow
recovery to the pre-overshoot state or, instead, a new stable
state. In the terrestrial carbon uptake, even though forcing
is unchanged in the last 50 years of the simulation, the land
surface moves away from being a carbon source and reaches
a balance between source and sink at the end of the experi-
ment (Fig. 4a). The post-overshoot carbon cycle uptake may
not have the same magnitude as pre-overshoot uptake, since
atmospheric CO2 is kept stable, whereas pre-overshoot CO2
concentration was increasing.

A spatially resolved analysis may be able to explain the
hysteresis-like behavior, since the global fluxes presented in
this study cannot reflect regional differences in plant phys-
iological processes and soil conservation. Future analyses
should compare regional carbon uptake patterns before and
after an overshoot for the same global mean temperature and
atmospheric CO2. Such a more refined regional analysis of
the effect of SAI could additionally identify potential impli-
cations of SAI on specific land uses and land covers, such as
its impacts on food security and bioenergy for emission re-
duction purposes. This would add to the existing literature on
the impact of SRM on specific crop types (Clark et al., 2023;
Egbebiyi et al., 2024; Fan, 2023; Fan et al., 2021; Pongratz
et al., 2012; Proctor, 2021; Proctor et al., 2018; Xia et al.,
2014), which until now has been focused on phase I of SRM
deployment.

Several studies have demonstrated that SRM can substan-
tially enhance GPP (e.g., Xia et al., 2016; Plazzotta et al.,
2019; Yang et al., 2020). The main mechanism behind this
enhancement differs between the comparison baseline. When
compared to a mitigated climate, CO2 fertilization seems
to be the primary factor leading to an enhanced GPP, such
as in Yang et al. (2020), Duan et al. (2020), Glienke et
al. (2015), Govindasamy et al. (2002), Kalidindi et al. (2015),
and Tilmes et al. (2020). However, when compared to a base-
line with the same CO2 concentration and reduced temper-
atures (Jin and Cao, 2023; Tilmes et al., 2020; Tjiputra et
al., 2016), the diffuse light fertilization (Xia et al., 2016) and
SRM-induced hydrological changes (Muri et al., 2015, 2018;
Tjiputra et al., 2016) can play a major role.

Another important factor in the magnitude of the terres-
trial carbon cycle signal under SRM seems to be the nitrogen
limitation imposed in the model, which can lead to very dif-
ferent results in terms of GPP and NPP (Tjiputra et al., 2016;
Xia et al., 2016). Without a nitrogen limitation, the model
overestimates the CO2 fertilization effect on land vegetation
and, with that, the land carbon uptake. In CNRM-ESM2-
1+, CO2 uptake on land is downregulated with a nitrogen
limitation parameterization, whereby the land sink becomes
less efficient with increasing CO2 concentration. This may
be one explanation as to why more recent studies find only
a minor change between NPP under SAI versus the same
CO2 concentration baseline without SAI, such as Tilmes et
al. (2020) and Duan et al. (2020), or even a decrease in GPP
and NPP (Yang et al., 2020). These three studies, Tilmes
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et al. (2020), Duan et al. (2020), and Yang et al. (2020),
are, however, based on different versions of the same model
(CESM1 or CESM2 with the atmospheric component CAM4
or WACCM6), which might be an explanation for the simi-
larity of the results.

Despite the decreased plant productivity indexes under
SAI in Yang et al. (2020), the net terrestrial carbon uptake
is still higher than under the baseline when soil and plant
respiration are taken into account (Yang et al., 2020). In con-
trast, the results of this study suggest that atmospheric car-
bon input from soil and plant respiration is enhanced un-
der SSP534-sulfur compared to SSP534-over and experi-
ences an augmented total land sink from SAI due to the
large increase in GPP (Fig. 5) rather than a decrease in res-
piration as in Yang et al. (2020). The results of this study
show a larger difference in soil respiration between SSP534-
sulfur and SSP534-over than in plant respiration. This may
be attributable to the larger carbon storage in the soil under
SSP534-sulfur due to increased GPP and hence the subse-
quent enhanced release of carbon from the soil. Also con-
trary to Yang et al. (2020), this study finds additional carbon
release from disturbances under SSP534-sulfur during SAI
deployment (Fig. 5b, c, d). Similarly, this may also be at-
tributable to the larger amount of carbon that is stored by
land and vegetation under SSP534-sulfur than SSP534-over
and hence the larger fraction released when disturbed by har-
vest or fire. These increased disturbance carbon losses are
likely highly model-dependent, and more studies analyzing
these processes in detail are needed to narrow down uncer-
tainty related to a potential “carbon hangover”.

A net enhancement in carbon uptake when summed over
all three phases of the peak-shaving SAI deployment is cal-
culated. The total carbon benefit (60 Gt CO2) translates into
0.3 Gt CO2 of annual CDR over the whole time period of
235 years but with 1.4 Gt CO2 per year during the first al-
most 50 years (67 Gt CO2 total), 0.4 Gt CO2 during the fol-
lowing 87 years until SRM stoppage (31 Gt CO2 total), and
−0.4 Gt CO2 during the last 100 years until the end of the ex-
periments (−38 Gt CO2 total). Compared to the annual neg-
ative emissions assumed in the underlying SSP534 scenario,
these additional benefits and burdens appear to be of minor
importance. However, these are non-negligible amounts con-
sidering the effort required to scale up negative emissions
via CDR. For example, current estimates of total annual mit-
igation potential by 2050 are at 0.5–7 Gt CO2 yr−1 for af-
forestation and reforestation, 0.5–5 Gt CO2 yr−1 for bioen-
ergy with carbon capture and storage, and 2–4 Gt CO2 yr−1

for enhanced weathering (Beerling et al., 2020; Dowling and
Venki, 2018; Fuss et al., 2018). In fact, SRM has previously
been referred to as a form of CDR measure (Eliseev, 2012;
Keith et al., 2017). However, scholars have emphasized that
the net increase in CO2 uptake under SRM is insufficient and
unsustainable and cannot be regarded as such (Muri et al.,
2018; Plazzotta et al., 2019; Tjiputra et al., 2016). Given the
variability in the terrestrial carbon fluxes in this study and

the storage safety and storage timescales considered in com-
mon CDR technologies, this study supports the statement
that the carbon cycle enhancement during peak-shaving SAI
is volatile and transient and cannot be referred to as CDR
and counted as such. Nevertheless, the substantial reduction
in annual NEB during the first few decades of the SSP534-
sulfur experiment (phase I) supports the thought experiment
of using SRM as a means to buy time for mitigation measures
to take effect. However, it should be taken into account that,
during SAI phase-out (phase II), the NEB benefit is reduced
and that, in phase III, NEB is higher under SSP534-sulfur
than SSP534-over and is a burden rather than a benefit. Dur-
ing periods of CO2 concentration reduction (phase II), the
land and ocean reservoirs turn into carbon sources rather than
sinks for both SSP534-sulfur and SSP534-over, which means
more CDR for the same CO2 concentration reduction as be-
fore. In terms of carbon cycle processes alone, this may make
it more difficult to reduce CO2 concentration and phase out
SRM, as the benefits of SRM and high CO2 concentration
lead to a very potent carbon-absorbing ecosystem.

It is evident from Fig. 3b that there are two distinct pe-
riods for carbon uptake differences under SAI. The first pe-
riod extends until 2100, during which an additional 143 Gt
CO2 is taken up by terrestrial and marine reservoirs under
SAI. The subsequent period lasts until around 2220, where
83 Gt less CO2 is taken up under SAI than the overshoot sce-
nario. This transition from enhanced uptake to additional out-
gassing around the year 2100 corresponds temporally with
the shift from land carbon sink to land carbon source un-
der SSP534-sulfur and SSP534-over (Fig. 4a). This observa-
tion suggests that SAI does not cause the transition from sink
to source but rather reinforces the signal, enhancing uptake
compared to the no-SAI scenario when it acts as a sink and
enhancing outgassing when it acts as a source. As the tran-
sition from source to sink occurs at similar points in time
in both scenarios, the underlying atmospheric CO2 concen-
tration clearly plays a dominant role in the sink dynamics.
However, the timing of the peak phase-down of SAI is coin-
cident with the shift from natural sink to source in SSP534-
over, so the dynamical evolution of SAI in this experiment
potentially causes two effects which cannot easily be disam-
biguated using this single experiment: SAI could potentially
be enhancing the CO2-driven sink dynamics, but the phase-
out of SAI itself may also be causing a shift from carbon sink
to source. Disambiguating these factors requires additional
scenarios, such as a configuration that removes the negative
emission phase while maintaining the same SAI deployment.

It should be noted that the results of this study are limited
to one Earth system model. As previous studies have found,
carbon cycle processes can vary substantially between dif-
ferent models, and increased robustness of the results could
be achieved by larger multi-model studies (Plazzotta et al.,
2019). Models which are able to simulate sulfur injections in
the stratosphere rather than using an offline-calculated AOD
distribution would be an especially valuable addition to the
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literature. Injection design, such as injection timing and vary-
ing levels of injection latitude and altitude, has been found to
have a significant impact on climate variables at the surface.
It can therefore be assumed that different injection strategies
would impact the carbon cycle to different degrees. Since the
results of this study are constrained to equatorial injections,
which have been found to be suboptimal in terms of mini-
mizing adverse side effects from SAI deployment (Kravitz
et al., 2019; Tilmes et al., 2017; Visioni et al., 2023), differ-
ent injection strategies may lead to different results. Addi-
tionally, the 2 °C temperature goal could have been met with
different injection timing, such as a later start with a more
sudden ramp-up of SAI, which could also result in different
impacts on the carbon cycle. Furthermore, a wider range of
underlying CO2 concentration pathways should be analyzed,
since larger or smaller overshoots, more or less, and longer
or shorter SAI deployment could affect carbon cycle pro-
cesses and hence the NEB result. SSP534-over was chosen as
a baseline because it allows the simulation of an entire over-
shoot trajectory in less than 250 years. However, to achieve
this, the scenario assumes large amounts of CDR early in the
present century already and reaches the upper limit of cur-
rently estimated CDR capacity towards 2100 (Smith et al.,
2023). Without the ability to perform such large-scale carbon
removal, the temperature peak may be higher and the phase-
out period may be substantially longer (Baur et al., 2023).

Recently, there has been a growing call for emission-
driven climate simulations (Sanderson et al., 2023) rather
than the concentration-driven approach taken in this study.
This would increase the difficulty in determining the neces-
sary SAI forcing and generating the SAI simulation, since
a temperature–carbon-cycle feedback algorithm would need
to be adopted, but it could improve accuracy of the results
as the compatible emissions framework could be omitted.
Regardless, the SSP534-over compatible emissions trajec-
tory determined in this study is in the range of the compat-
ible emissions by other Earth system models and the pre-
scribed emissions from integrated assessment models (Koven
et al., 2022). Koven et al. (2022) used a former version of
the CNRM-ESM2-1+model, CNRM-ESM2. The difference
between the pathways in their study and the present one
is attributable to the updates made to the model that affect
the carbon cycle response (see Sect. 2.1, Model and simu-
lations). Lastly, this study looked at one type of SRM. For
a more complete picture on NEB differences under SRM,
future analyses should also consider other studied SRM ap-
proaches, such as marine cloud brightening and cirrus cloud
thinning, which have been shown to have differing impacts
on the carbon cycle (Duan et al., 2020; Lauvset et al., 2017;
Lee et al., 2020; Muri et al., 2015, 2018).

5 Conclusions

In this study, negative emission burden (NEB) is compared
between an overshoot scenario (SSP534-over) and a peak-
shaving pathway (SSP534-sulfur) from 2015 to 2249. In the
peak-shaving pathway, SAI is used to reduce temperatures
to 2 °C of warming compared to pre-industrial, instead of
peaking at 2.7 °C as in the overshoot case. For this purpose,
SAI deployment starts in 2015, reaches its peak in 2070,
and is terminated in 2150. The atmospheric CO2 concentra-
tion in both experiments is prescribed by the CMIP6 guide-
lines (O’Neill et al., 2016). Hence, changes in atmospheric
CO2 due to carbon cycle variations are not represented, but
a framework laid out in previous studies (Friedlingstein et
al., 2019; Koven et al., 2022; Liddicoat et al., 2021) is used
to determine the amount of fossil fuel emissions compatible
with the prescribed CO2 concentration when additional up-
take or release by the marine and terrestrial carbon reservoirs
is taken into account.

This study finds that NEB is 60 Gt CO2 lower under SAI
compared to the overshoot scenario when summed over the
whole time frame of the trajectory (235 years), but bene-
fits are skewed towards the early years of SRM deployment.
NEB is reduced during the first few decades of SAI deploy-
ment until net-zero CO2 by 67 Gt CO2. During this phase,
both land and ocean carbon sinks give extra negative emis-
sions worth around 1.4 Gt CO2 of annual CDR. During the
phase-out of SAI, NEB is still enhanced but reduced to an
annual benefit of 0.4 Gt CO2 and turns into a burden of ad-
ditional NEB after SAI termination of 0.4 Gt CO2 additional
annual CDR mostly due to soil carbon respiration. Overall,
around two-thirds of the carbon uptake benefit under SAI
comes from the terrestrial land sink and one-third comes
from the ocean. The land sink is more dynamic to changes
in SAI, as uptake is substantially increased during SAI roll-
out but is reduced during parts of SAI phase-out and post-
deployment, whereas ocean sink is slightly enhanced during
the rollout period but stays close to the overshoot baseline
thereafter.

The reduction in annual NEB during the first few decades
of the SSP534-sulfur experiment confirms the idea of us-
ing SRM as a means of buying time, since CDR burden
is reduced. However, benefits are largely restricted to the
early phase of deployment, with reduced benefits during SAI
ramp-down and enhanced carbon release from disturbance
post-deployment. The additional challenge in reducing at-
mospheric CO2 concentration during the subsequent phase
of the peak-shaving scenario may make SAI phase-out diffi-
cult and undesirable. Multi-model studies looking at a greater
variety of peak-shaving pathways are needed to confirm the
results of this study.
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