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Abstract. A growing body of literature investigates the effects of solar radiation modi cation (SRM) on global
and regional climates. Previous studies have focused on the potentials and the side effects of SRM, with little
attention being given to possible deployment timescales and the levels of carbon dioxide removal required for
a phase out. Here, we investigate the deployment timescales of SRM and how they are affected by different
levels of mitigation, net-negative emissions (NNEs) and climate uncertainty. We generate a large dataset of 355
emission scenarios in which SRM is deployed to keep warming levels aClgibbal mean temperature. Prob-
abilistic climate projections from this ensemble result in a large range of plausible future warming and cooling
rates that lead to various SRM deployment timescales. In all pathways consistent with extrapolated current am-
bition, SRM deployment would exceed 100 years even under the most optimistic assumptions regarding climate
response. As soon as the temperature threshold is exceeded, neither mitigation nor NNEs or climate sensitivity
alone can guarantee short deployment timescales. Since the evolution of mitigation under SRM, the availability
of carbon removal technologies and the effects of climate reversibility will be mostly unknown at its initialisation
time, it is impossible to predict how temporary SRM deployment would be. Any deployment of SRM therefore
comes with the risk of multi-century legacies of deployment, implying multi-generational commitments of costs,
risks and negative side effects of SRM and NNEs combined.

1 Introduction ing the Paris Agreement's long-term temperature target ha|

led to a discussion of solar radiation modi cation (SRM),
Emission pathways that re ect the level of climate ambition which could in theory halt global temperature increase very
of current nationally determined contributions (NDCs) until rapidly but only as long as it is actively supported (Irvine et
the end of the century are estimated to lead to an averagal., 2016; Keith, 2000). SRM techniques intend to arti cially
global warming of around 2.4C (CAT, 2022). This is still  lower global mean surface air temperature (GSAT) by mod
a lot higher than the warming limit agreed upon in the Parisifying the radiative energy budget of the Earth system. Pro
Agreement of 2015 that entails holding warming to well be- posed methods include stratospheric aerosol injection (SAl
low 2 C and pursuing efforts of limiting warming to 1.& cirrus cloud thinning (CCT) and marine cloud brightening
(UNFCCC, 2015). The growing concern around overshoot-(MCB; Lawrence et al., 2018). SRM methods generally op-

Published by Copernicus Publications on behalf of the European Geosciences Union.

3joNJe yoleasay

n



368 S. Baur et al.: The deployment length of solar radiation modi cation

erate on one of the key impacts of climate change, temper2019; Raimi et al., 2019) and present a “moral hazard” risk
ature increase, without addressing its cause, anthropogeniBelaia et al., 2021; Bellamy et al., 2016; Burns et al., 2016;
greenhouse gas (GHG) emissions, or its other impacts, e.deith, 2000; McLaren, 2016; Merk et al., 2016; Moreno-
ocean acidi cation. Without explicit emission reductions, as Cruz, 2015; Wibeck et al., 2015). Here, we do not investi-
well as the removal of some of these climate forcers from thegate to what extent SRM will or will not change mitigation
atmosphere in the long term, i.e. through carbon dioxide re-ambition and instead highlight what various emission reduc-
moval (CDR; Fuss et al., 2018), GHG emissions commit ustion assumptions could mean in terms of SRM deployment
to millennia of elevated temperature levels. Therefore, SRMlength. Thanks to the large dataset underlying this study, we
deployment would only be temporary if combined with emis- can analyse several other factors that in uence the length of
sion reductions and CDR. SRM deployment, such as the amount of annual net-negative
Achieving the Paris Agreement’s target of 1 relies  emissions (NNESs) realised through large-scale CDR and cli-
on stringent mitigation with large near-term emission reduc-mate system uncertainty.
tions, as shown in the 1.%2 compatible pathways assessed Thereis a large body of literature dedicated to CDR and its
by the Intergovernmental Panel on Climate Change (IPCCapplication in mitigation pathways (Fuss et al., 2014, 2018;
Rogelj et al., 2018; IPCC, 2021, 2022). It has been discussedohansson et al., 2020; Rogelj et al., 2019; Schleussner et al.,
that, in the absence of this strong near-term mitigation, SRM2016). Large uncertainties regarding overshoot pathways and
could be a tool to avoid the impacts associated with over-CDR remain, especially since the technology and the result-
shooting 1.5C until emission reductions and CDR are suf- ing temperature declines are unproven at scale (Pathak et al.,
ciently scaled up such that SRM is no longer needed to ar-2022). Uncertainties are related to the response of the climate
ti cially lower GSAT (Belaia et al., 2021; Buck et al., 2020; system to negative emissions, the state of the climate system
MacMartin et al., 2018; Neuber and Ott, 2020; Allen et al., post overshoot in general, the environmental and economic
2018). This “buying-time” approach, although criticised for side effects of large-scale deployment, and the level to which
relying on uncertain promises of SRM and CDR and increas-CDR can be scaled up (Fuss et al., 2018; Matthews et al.,
ing the risk of “climate debt” (Asayama and Hulme, 2019), 2020; Rogelj et al., 2019; Schleussner et al., 2016; Zickfeld
currently remains the dominant framework for any SRM de-et al., 2016). In this study, we do not account for feasibility
ployment (Neuber and Ott, 2020). Surprisingly little analy- constraints or the potential side effects of CDR deployment;
sis, however, has been done on the timescales this type ahther, we explicitly assess the sensitivity of our results to
SRM deployment could entail. Tilmes et al. (2016) analysedany such constraints being in place. As part of our sensitivity
the climate impacts of pathways whose temperatures wouldssessment, we consider a wide range for maximum annual
peak at 3C by the end of the 21st century and used CDRNNESs reaching up to 40 GtG@r ! (the highest potential
and SRM to limit temperature increases to 2.5 an@2Sim-  the IPCC 6th Assessment Report (AR6) assigns to any car-
ilarly, MacMartin et al. (2018) chose an experimental setupbon removal technology that does not interfere with ocean
where mitigation, CDR and SRM are used to meetthe@.5 chemistry (IPCC, 2022)), as well as the uncertainty surround-
goal from a “business-as-usual” starting point. Both Tilmesing the temperature decline in response to net-negative emis-
et al. (2016) and MacMartin et al. (2018) did not discuss thesions.
length of SRM deployment and looked at selected illustra- It is important to examine SRM deployment length in
tive pathways that cannot capture the many possible futurethe context of climate uncertainty. In contrast to mitigation
where a buying-time approach to SRM could be embedded.and CDR, climate uncertainty is beyond human control and,
In this study, we generate a large dataset of scenarios thats this study demonstrates, would result in greatly differing
use SRM to avoid overshooting the 1G warming target. SRM deployment outcomes for the same levels of emissions.
The underlying emission scenarios re ect current NDCs un-We address climate uncertainty in two ways: rstly, by con-
til 2030 and subsequently diverge to spread a wide range o$idering a large range of plausible climate simulators, and
conditions by the end of the century. We employ this largesecondly, by calculating two climate metrics that relate emis-
scenario set to explore a large variety of futures of SRMsions to temperature change and affect the duration of the
interlinkages with mitigation ambition and different magni- overshoot and therefore SRM deployment length.
tudes to which CDR could be scaled up. There is large un- While many different methods for CDR (Fuss et al., 2018)
certainty regarding the evolution of emissions under SRM,and SRM (Boucher et al., 2013; Lawrence et al., 2018) that
with some studies arguing that SRM could be deployed forcome with different speci cities exist, this study does not dif-
“peak shaving” under already ambitious mitigation scenariosferentiate between these speci ¢ technological approaches,
(Coninck et al., 2018) or that it does not negatively affect theas our results are independent of the boundary conditions for
public's willingness to engage in mitigation behaviours (An- individual SRM and CDR techniques. We acknowledge that
drews et al., 2022; Austin and Converse, 2021; Fairbrotherforecasting technology this far into the future is highly spec-
2016; Kahan et al., 2015; Merk et al., 2016), while othersulative, and this analysis is by no means intended to be a re-
fear that it could undermine mitigation ambition even fur- alistic representation of SRM and CDR pathways. Therefore,
ther (Baatz, 2016; Corner and Pidgeon, 2014; Pierrehumberthis paper does not address issues of feasibility or the envi-

Earth Syst. Dynam., 14, 367-381, 2023 https://doi.org/10.5194/esd-14-367-2023



S. Baur et al.: The deployment length of solar radiation modi cation 369

ronmental side effects of SRM or CDR, of which there are nature-based CDR solutions represented by AFOLU nega
many (Lee et al., 2021; Canadell et al., 2021; Douville et al.,tive emissions are seriously limited in the total amount they
2021), nor does it propose potential implementation stratecan remove. Current literature suggests that AFOLU-CDR
gies and designs or pose questions relating to economic, pas a solution for the 21st century and that saturation coulg
litical or ethical concerns. With this contribution, we aim to be hit soon after (Fuss et al., 2018). Therefore, we remov
provide a conceptual framework for exploring SRM deploy- the need to make decisions about the role of AFOLU-CDR
ment length in the context of scenarios that use the technolfwhich would be a relatively small part of the picture over the
ogy as a temporary (albeit potentially multi-century) mea- timescales we are considering) by setting the AFOLU long:-
sure. term emissions level to be close to but not exactly equal to
( 1to1GtCQyr lin line with the Global Carbon Budget
2022; Friedlingstein et al., 2022). In the analysis of our re-
sults, we sum AFOLU and fossil net-negative emissions intd
one variable which we call net-negative emissions (NNES).
The modi ed decarbonisation rate of the last 10 years of
As underlying data, we use all scenarios from the IPCC's 6ththe 21st century is linearly extrapolated until meeting the
Assessment Report's database that are in line with the 203thaximum net-negative fossil G@missions for the respec-
NDCs (Riahi et al., 2022; Byers et al., 2022) and have de-tive pathway (Fig. 1b, €). In the rare cases where scenarigs
creasing or stagnating emissions in the last 5 years of the 21s$tave increasing AFOLU or fossil COemissions over the
century. The policy categories we consider when identifyinglast 10 years (we only allow scenarios with stagnating or def
the scenarios that pass through NDC emissions are P3b, PIreasing combined COemissions over the last few years,
and P0_3b (Riahi et al., 2022). This amounts to a total of 355meaning fossil or AFOLU C@ can individually still have
scenarios that cover the years 2015 to 2100 and that originatecreasing emissions or decreasing negative emissions over
in a similar climatic state in 2030 but diverge afterwards to the last decade) they are assigned decreasing emissions after
cover a large variety of emission levels in 2100. We employ2100 with the rate of increasing emissions they had before
this broad range of pathways to analyse SRM under manyplus the change in rate that is randomly prescribed (0 %-3 %;
different developments of mitigation ambition in relation to see uppermost lines in Fig. 1b, e). We assume that saturation
SRM, such as large increases and decreases, as well as uior nature-based carbon removal is hit in 2150 and that all
der the scrutiny of climate change uncertainty, by running apathways move linearly towards their randomly chosen oor
probabilistic ensemble of 600 members (see Sect. 2.2). level after 2100 at a rate that allows the assigned oor to bg
To be able to estimate potential SRM timescales, we ex+eached by 2150 (Fig. 1e). For simplicity, we hold non-CO
tend all pathways until 2500. In order to explore a wide rangeemissions constant at 2100 emission levels until 2500, which
of possible future developments, we randomly sample thregives some residual warming signal but is relatively small
parameters for the extension of each scenario: the changeompared to the C&contribution.
in rate of decarbonisation after 2100 (0%—-3 % increase),
the maximum net-negative fossil G@missions (log-normal
distribution from 0-40 GtC@yr 1) realised through large- 22 MAGICC setup and SRM pathway construction
scale CDR (Fig. 1c) and the oor for COemissions from
agriculture, forestry and other land use (AFOLU £ @or- All global climate model simulations are conducted with the
mal distribution 1toC1GtCQyyr 1; Fig. 1f). For netfos-  climate emulator MAGICC7.5.3 (Meinshausen et al., 2020)
sil CO; we choose a positively skewed log-normal distribu- This emulator is commonly used in several leading inte-
tion of 0to 40 GtCQyr 1. The range depicts the maximum grated assessment models and consecutively in the IPCC gs-
mitigation potential that the IPCC ARG assigns to industrial sessments, including the most recent sixth assessment cycle.
carbon removal technologies (direct air carbon capture and’he model includes a simpli ed terrestrial and ocean car-
storage — DACCS), while the distribution that is positively bon cycle (Meinshausen et al., 2009, 2011a, 2020). We af
skewed represents the tendency of limits to be at the loweply a probabilistic setup with an ensemble of 600 runs de
rather than the higher end of the chosen spectrum. The meanived from a Markov chain Monte Carlo approach, and we
of the distribution is set to be 15GtG@r 1, representing display all ensemble members except if indicated otherwise.
the rounded-up median potential experts assign to DACCS imThe range of the ensemble members depicts the equilibrium
2100 (Grant et al., 2021). The storage capacity of technologe€limate sensitivity uncertainty range of the IPCC 6th Assesst
ically captured C@ is uncertain but is likely in the range of ment Report (Forster et al., 2021) and the C4MIP carbon cy
8000 to 55000 Gt C®(Dooley, 2013; Kearns et al., 2017). cle ranges (Forster et al., 2021) and as a consequence 0f-
This capacity potential does not impact our results becauséers good coverage of climate system and model uncertainty.
even the lower end is suf cient for the majority of our path- The ensemble members span a transient climate response|to
ways (Fig. 4b). We therefore choose no constraint on maxi-cumulative carbon emissions (TCRE) range of 0.87 to 3.47
mum negative cumulative fossil G@missions. In contrast, [K/1000 PgC] (the 17 %—83 % range is from 1.37 to 2.19).

1%

2 Methods

2.1 Emissions data and pathway extension
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Figure 1. Extension of emission pathways consistent with NDCs from the AR6 WG3 database to 2500. A distribution of extension options
is used to sample the range of possible outcomes consistent with the current literature. For simplicity, in all cases, emis§lans

are kept constant after 210@) Fossil CQ emissions from selected IPCC AR6 WG3 database scenarios (displayed: 5th—95th percentile).
(b) Distribution of minimum fossil C@ emissions used in this study) lllustration of extension algorithm used for fossil g@missions —

each pathway is extended at a xed rate of decline until it hits some prescribed value, after which emissions are held constant (see Sect. 2.1
for full description).(d) Land use CQ emissions from selected IPCC AR6 WG3 database scenarios (displayed: 5th-95th per¢entile).
Distribution of steady-state land use g€€missions used in this studf) lllustration of extension algorithm used for land use3issions

— each pathway is extended so that it reaches a speci c value by 2150, after which emissions are held constant (see Sect. 2.1 for full
description).(g) Resulting temperature trajectories — the light-grey shading covers the 5th—95th percentiles over all scenarios with all 600
ensemble members, and the dark-grey shading covers the 5th—-95th percentile of an exemplary scenario (MESSAGEix-GLOBIOM_1.1
EN_INDCIi2030_1800f NDCp), with the black line being the median of it. We cover a wide range of trajectories, from always remaining
below 1.5 C to never coming back below 1.& after crossing 1.5C in the early 21st century.

The purpose of SRM in our scenario setup is to cool thequently brought down to 1.5C (Fig. 2c). Whether the SRM
temperature overshoot pathways down to the global averagpathway for a given ensemble member overshoots is deter-
warming of 1.5 C, starting in 2030. Because SRM is im- mined by its SSP2-4.5 2035 warming level had it followed
plemented in the model by modifying the effective radiative its 10-year gradient from 2030 to 2040 for 5 more years after
forcing (ERF), itis necessary to determine what forcing path-2030. If this 2035 warming level is higher than 1@, the
way is equivalent to following a 1.5C compliant trajectory  pathway will overshoot to the respective 2035 level and sub-
for each member of the ensemble (Fig. 2). This Crajec-  sequently descend to 1.6 in a sigmoidal pattern, reaching
tory represents the SRM pathway. Due to the computationall.5 C in 2050.
ef ciency and the close resemblance to WG3 NDC path- Since each of the 355 scenarios is prescribed different as-
ways, we choose an SSP2-4.5 pathway as a starting point f@umptions (see Sect. 2.1) and since each ensemble member
this SRM pathway construction (Fig. 2a). This reduces thein MAGICC's probabilistic distribution has different physics,
required computing time by a factor of 10 while still retain- we must calculate the SRM on a scenario—ensemble mem-
ing suf cient accuracy to make useful quanti cations of the ber basis where the SRM required is the difference between
required SRM deployment times. Using 2030 NDC emissionthe 1.5 C pathway and the extended NDC scenario without
levels as the starting point for our analysis, we also assum&RM (NDC extension described in Sect. 2.1). The start date
that radiative forcing can be modi ed no sooner than 2030.of SRM is determined by the date where the extended NDC
Depending on the ensemble member, this leads to either acenario exceeds the designed SRM pathway for the respec-
smooth approach to 1.& where an overshoot is avoided in tive ensemble member. SRM termination is assumed to hap-
the SRM pathway (Fig. 2b) or to an overshoot that is subse-
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pen once 1.5C global mean warming is reattained in the of realisations not requiring SRM to limit warming to 1.6
NDC scenario. and 15 % having deployment times that exceed 470 years. |
To address climate uncertainty and to depict the wholethe following analysis, we only include realisations that fall
range of possible outcomes, we use all members of our eninto the 1-470 year range.
semble instead of only focusing on medians. Additionally, Figure 4 breaks down the three indicators — mitigation,
we calculate the uncertainty surrounding the rise in tem-negative emissions and climate uncertainty — and their inr
perature for a speci ¢ amount of CQemissions and non- terlinkages with SRM deployment length. The relationship,
CO;, forcing, referred to as the effective transient responsebetween the emission pathway, i.e. the cumulative emis
to cumulative CQ emissions (eTCRE, subsequently called sions from 2030 until net zero, and the SRM deployment
eTCRE-up; Gregory et al.,, 2009; Matthews et al., 2009,length is weak (Fig. 4a). The triangular shape of the data
2020; Vakilifard et al., 2022). We also consider uncertainty points towards a tendency for very high cumulative emis-
in the temperature change as a result of reducing the consions & 3000 GtCQ at time of net zero) to lead to longer
centrations of C@and associated non-G@ases in the at- SRM timescales, whereas scenarios with lower cumulativs
mosphere (subsequently called eTCRE-down). Due to unemissions are spread across the whole range of SRM deploy-
certain Earth system feedbacks such as a lagged ocean rezent times, with a skewing towards the shorter end. Realit
sponse, it is possible that eTCRE-up and eTCRE-down areations above 1500 Gt CQapart from a few exceptions) re-
not identical (Matthews et al., 2020; Zickfeld et al., 2016) quire at least a few decades of deployment to keep warming
and that this asymmetry is re ected in the MAGICC ensem- at 1.5 C, no matter the climate uncertainty. The plot looks
ble. eTCRE-up informs us whether temperature targets arstrati ed because the cumulative emissions value is membe
exceeded for a speci c amount of cumulative emissions andndependent and therefore stays equal across all ensemtf
therefore whether SRM is deployed in our scenarios or notmembers of each scenario.
as well as the point at which peak warming is hit. eTCRE- The way our scenarios are set up, the choice of maximum
down informs us how effective NNEs are at cooling, indi- potential NNEs is random and therefore independent of the
cating how many cumulative NNEs we need and how longamount of cumulative emissions. However, average annual
it would take to return to our target temperature increase ofNNEs are not entirely arbitrarily spread: shorter deploymen
15 C. timescales are constrained to lower annual NNEs because
We de ne eTCRE-up and eTCRE-down as follows: of the limited time these scenarios have to scale up thei
net-negative emissions. Similarly, high-emission scenario
eTCRE,D p pelaI ﬁ’:r?ni:eak—wam?‘“g_ K1000PgC 'y (1)  take longer to reach high net-negative emissions. This i
2030 t0,emissions demonstrated by scenarios with cumulative emissions above
1T 15 ¢! peak_warming 3500 Gt CQ, almost all of which reach annual NNEs above
year_of_return_to_5 C 15GtCQyr ! by 2500 (see Fig. SO1 in the Supplement),
peak_warming but most never reach this level on average terms because f
TK1000PgC U (2)  the time required to scale up.
Focussing on the interlinkages with negative emissions,
While the change in temperature is related to both@@d  Fig. 4b shows cumulative emissions between net zero an
non-CQ gases, the cumulative emissions are only related tGhe reattainment of 1.5C against SRM deployment. The re-
CO;. Due to a few extreme outliers, both metrics are con-|ationship is much clearer, and the triangle shape of Fig. 4§

>

1%

— =
()

U=

eTCREiown D P
o COy emissions

o

1=

strained to their 1st-99th percentiles. is considerably more de ned; low cumulative negative emis-
sions are represented across the whole range of SRM de-
3 Results ployment length, but high cumulative negative emissions ar¢

constrained to long SRM time frames. For example, cumu
The 355 NDC scenarios, including extensions and probaiative negative-emission requirements abov&000 Gt CQ
bilistic MAGICC7 simulations, lead to 213 000 different re- imply more than 100 years of SRM deployment. Similarly,
alisations with a large range of warming outcomes through- 6000 Gt CQ leads to more than 200 years of SRM deploy-
out the centuries (Fig. 1g). While few realisations peak at orment, and 10000 Gt CQ leads to more than 300 years of
below 1.5 C, the vast majority of the baseline simulations SRM deployment. Part of this effect is the simple fact that
without SRM overshoot the temperature target temporarily.you only get very large amounts of cumulative negative emis
Others do not return back to 1.6 before 2500 at all. The sions if you are deploying SRM for long time periods.
5th—-95th percentile range of peak warming in our dataset Whereas in Fig. 4a the annual average NNEs are partly
ranges from 1.60 to 3.9, with the median at 2.14C. random, a clear pattern becomes visible in Fig. 4b. The
Therefore, even though all realisations originate in 2030higher the annual average NNEs, the shorter the SRM
NDC levels, due to the range of possible developments otimescale for the same amount of cumulative emissions.
mitigation and NNEs under SRM, the resulting SRM deploy- For higher total negative-emission requirements, low NNES
ment length ranges from 0 to470 years (Fig. 3), with 5% are not suf cient in limiting the deployment to 470 years
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Figure 2. Calculating required SRMa) Calculating warming to 2035 using an NDC-like pathway (in this case, SSP2{4) B)etermining

a 1.5 C temperature trajectory for ensemble members that have not already oversh®ty.2035.(c) Determining a 1.5C temperature
trajectory for ensemble members that have already overshoClby 2035.(d, ) Calculating required solar radiation modi cation (SRM)
for each scenario—ensemble member combination, whether it overshoo&(&)or remains below 1.5C at all timeg(d).

Figure 3. SRM deployment length for all scenarios and all ensemble members. One bar spans a range of 50 years. Marked in black are
pathways consistent with current 2100 warming projections for NDCs 2, £AT, 2022).

and are thus not shown. Very small amounts of NNEsagainst the SRM time frames. The spread in uncertainty in-
(<1GtCQyyr 1) are constrained to pathways with no or creases with SRM deployment length. Realisations with an
very small amounts of the negative emissions required to geabsolute eTCRE ratio of 1 have a lower sensitivity to neg-
down to 1.5 C of warming. ative emissions than to positive ones, causing them to deploy
Regarding climate uncertainty, the calculated 5th—95thSRM for longer periods even though net zero is reached ear-
percentile range of eTCRE-up is 1.0-6.0 [K/1000 PgC], andlier than for other scenarios (see Fig. S02). Negative eTCRE
that of eTCRE-down is 6.9-12.4 [K/1000 PgC]. Figure 4c ratios (dark-purple data points) are the result of negative
sets the eTCRE ratio (de ned as eTCRE=gl CRE-down) eTCRE-down values, all of which arise in realisations that
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have positive cumulative emissions in the cooling phase. ThiDamon Matthews et al., 2021). Assumptions regarding the

could be due to a highly negative zero-emissions commit-constant ratio of cumulative emissions of £€@ temper-
ment (ZEC; Jenkins et al., 2022; Jones et al., 2019; Mac-ature (TCRE) are suggested to go up to at least 3000 Pg
Dougall et al., 2020) or non-Ceffects that allow tempera-  of positive cumulative C@ emissions (Leduc et al., 2015;
tures to drop despite cumulative positive £€missions. Tokarska et al., 2016). Our values exceed this limit. However
this might not be directly transferable to our eTCRE-up met-
ric, especially since these values are expectedly higher thg
4 Discussion TCRE (Matthews et al., 2020). Studies with intermediate-
complexity climate models have found a higher TCRE-up
In current literature, SRM is often framed in the context of compared to TCRE-down, suggesting a greater impact d
a stopgap measure (Asayama and Hulme, 2019; Buck et alpositive CQ emissions than negative emissions on temper
2020; Neuber and Ott, 2020). Our study focuses on the quesatures (Zickfeld et al., 2016). This can be explained by 3
tion of what range of time frames would be consistent with lagged ocean response that leads to continued warming aft
an intended temporary SRM deployment due to the uncerthe start of carbon removal (Zickfeld et al., 2016). However,
tainty in mitigation ambition, negative emissions and climate ocean effects might differ in cases where SRM is deploye(
uncertainty. and where complex Earth system models show a range of r¢
We show that the range of possible deployment timescalesponses after emissions are halted (Jenkins et al., 2022; Ma
is vast even for pathways that have similar conditions at theDougall et al., 2020), let alone when they are negative for
start of SRM deployment —in our case, in 2030 (Fig. 3). This sustained period.
is due to the uncertain evolution of mitigation ambition and  The inconclusive relationship of the eTCRE ratio and neg-
annual NNEs under SRM and the effects of climate uncer-ative emissions against SRM deployment length (Fig. 5) em
tainty. We nd that neither of these three indicators (mitiga- phasises the fact that, while ending SRM hinges fundamer
tion, net-negative emissions or climate uncertainty) alone canally on the decline of temperatures (when SRM is used fo

determine SRM deployment length. Mitigation and negativethe purposes described in this paper), climate reversibility i$

emissions represent a bounding condition on SRM deploy-currently marked by large uncertainties.

ment length rather than a linear correlation, to some degree The shape of the triangle in Figs. 4a, b and 5a, b is
due to the climate sensitivity of increasing and decreasingpartly due to the effects of climate uncertainty and partly
emissions (Fig. 4c). This means that positive emissions aftedue to the experimental setup with a limit of yearly NNEs
SRM initialisation on the medium to lower end could imply at 40 GtCQyr 1. However, the area of the plot with short
both short- and long-term SRM deployment (Fig. 4a). Simi- SRM deployment under around a century would not be cov
larly, low cumulative negative-emission requirements are noered even for higher amounts of annual NNEs because th
guarantee for short SRM time frames (Fig. 4b). However, thescaling up requires time. To contextualise, a yearly remova
faster and higher annual NNEs are scaled up, the shorter thef 40 Gt CQ equates to today's yearly fossil G@missions

time-wise commitment to SRM (Figs. 4b, 5a). Our data sug-(Friedlingstein et al., 2022) and would entail a massive indust

gest that, for the range of emission pathways, NNEs and, irtrial effort by itself, which would take decades to build up. So
particular, the limited analysis length of 470 years in our ex-even though very high NNEs could shorten SRM timescales
periments, it might be easier to determine a lower limit of it likely would not be available for short SRM deployments.
deployment length rather than an upper limit. In those cases, the best bet is to require a small amount
The relationship between the eTCRE ratio and SRM de-total net-negative emissions to return back down to €.5

ployment length versus cumulative emissions that resultsThis would imply low cumulative positive emissions and a
from our data is complex and requires further study (Figs. 4c high eTCRE-down.

5b). Several aspects play into the variables used to calculate The upper limit of NNEs goes to the heart of concerns re-
the two climate uncertainty metrics. For example, the tem-garding CDR: the magnitude of yearly removal to which it
perature change in the eTCRE calculation is related tg CO can be scaled up. Because it is impossible to predict tech
and non-CQ gases, while the cumulative emissions are only nological development this far into the future, we re ect all
a function of CQ. Additionally, the experimental setup of plausible options by assuming NNEs that range from barely
this study is such that COand non-CQ emissions are not being able to compensate residual positive emissions to b
linearly related: non-C@emissions vary between 2030 and ing consistent with current sustainable levels to much large

2100 and then stay constant at the 2100 level, while CO amounts that future technological development could en}
emissions fall consistently after 2100. able but that far exceed many estimates in the current lit

Our calculated eTCRE-up is higher than the pure rangeerature (Fuss et al., 2018; Grant et al., 2021; Coninck ¢
of TCRE that the MAGICC7 ensemble members have, i.e.al., 2018; Pathak et al., 2022). It needs to be highlighted

the TCRE range in the AR6 of the IPCC (0.87-3.47). This that this study looks at net-negative emissions and not CDR.

is expected and has been observed before because of tAdis means that our estimates of net-negative emissions a
impact of non-CQ climate forcers (Matthews et al., 2020; a lower bound in terms of the amount of CDR needed. Ther
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Figure 4. Interdependencies of mitigation, negative emissions and climate uncertainty with SRM deployment(&rigétationship be-
tween cumulative C@emissions from 2030 until net-zero G@nd SRM deployment length. Colour coding is according to annual average
NNEs in Gt CQyr 1. (b) Relationship between cumulative G@missions from net-zero GQuntil the reattainment of 1.5C and SRM
deployment length. Colour coding is according to annual average NNEs in gyIC®. (c) Relationship between eTCRE ratio and SRM
deployment length. Colour coding is according to cumulative €@@issions from the time of peak warming until the reattainment of @.5

Plot shows data points that fall in the 1st—99th percentile range.
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Figure 5. Relationship between cumulative G@missions from net-zero CQuntil the reattainment of 1.5C and SRM deployment length.
(a) Colour coding is according to the maximum deployed annual Ng§sColour coding is according to the eTCRE ratio. See the clea
gure without descriptions in the Supplement (Fig. S03).

is a broad discussion in the current literature regarding thdow: SRM deployment will have to be extended for a much
negative side effects and sustainability concerns of CDRonger period of time (Fig. 4b).
in mitigation scenarios (Brack and King, 2020; Fuss et al., In scenarios where the level of warming in 2100 follows
2018; Smith et al., 2015), as well as the question of equitythe level of mitigation ambition re ected in 2030 NDC com-
in the allocation of CDR burden (Fyson et al., 2020). Ma- mitments until the end of the century (CAT, 2022), no path-
jor concerns are the considerable land, water, energy and/ay deploys SRM for a shorter period than 100 years, whilg
nancial requirements and constraints in long-term storagemost require 150-300 years in order to return to a €.5
of removed CQ that increase for higher yearly removal GSAT increase (black bars in Fig. 3; the 25%—75% per-
rates. These recognised environmental and social concerreentile range is from 159 to 294 years, excluding all path
of CDR are at least as applicable for pathways where CDRways that exceed 470 years in the statistic). Even for scenar
exceeds current sustainable ranges and needs to be sustairied with a somewhat smaller overshoot above Cppoten-
for decades up to centuries. This paper quanti es the im-tial deployment length remains considerable. Half of all the|
portance of decades-long large-scale CDR for peak-shavingcenario realisations that would peak around C.8equire
SRM scenarios, which has previously been pointed out bySRM deployment for 96—-195 years to stay at 15 There-
Asayama and Hulme (2019) and others. In addition, we nd fore, short peak-shaving SRM deployment perhaps implies
that initialisation and commitment to SRM happen underlength on the order of 100-200 years rather than 10-50 year|
the promise that CDR can be scaled up high enough to end@’hese time frames are much longer than the hotly debate
SRM again. Belaia et al. (2021) even demonstrate that a cost€DR deployment lengths in GHG emission reduction path-
optimal portfolio to meet a 2C GSAT increase would rst  ways for limiting warming to 1.5C in 2100 after a high or
consist of SRM and mitigation and then, later, CDR deploy- no/limited overshoot assessed in the IPCC SR1.5 (Rogelj &
ment. With CDR being unproven at scale and with peak-and-al., 2018) or the IPCC AR6 WG3 (Riahi et al, 2022).
decline scenarios being marked by large uncertainties, this is MacMartin et al. (2018) created an exemplary scenarid
arisky promise. Our scenarios show what happens if the scawhere emissions would lead to a peak warming of £7
ability of CDR is not as high as assumed or if TCRE-down is without SRM and would deploy 15 Gt CDR per year. Their
scenario requires around 235 years of SRM deploymer
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to limit warming to 1.5 C. Constraining our dataset to food and water scarcity (Dooley and Kartha, 2018; Shue,
their benchmark data results in an SRM deployment of 99-2017; Asayama and Hulme, 2019; Svoboda et al., 2011).
404 years, with a mean of 221 years — a range that encomith this study, we add quantitative data to the literature
passes their result with a mean that is not far off from theircalling for precautionary and ethical approaches to technol-
estimate. Tilmes et al. (2016) constructed a scenario thabgy development. The identi ed risks need to be weighed
peaks at 3C and uses SRM to cool down to 20 with 18.5  against the risk of not deploying SRM. Our research high-
GtCO, CDR per year. Simulated with the CESM Earth sys- lights the substantial dependencies of SRM and CDR deploy-
tem model, they indicate a deployment time of 160 years toment, which imply the side effects, risks, costs and uncertain-
compensate for the overshoot over@ While these results ties of both SRM and CDR.
are not fully comparable, compensating forQof overshoot In this analysis, we use SRM for the prevention of over-
with NNEs of 18.5 Gt CQ per year in our scenarios results shooting the 1.5C target, and the deployment lengths we
in an average deployment length of 204 years and a full rangéndicate only hold under the stated conditions of the analy-
of 98—-393 years. Our results thus compare well with previoussis. Possible avenues for prior phase outs have been discussed
explorations of this question documented in the literature, yein Keith and MacMartin (2015), MacMartin et al. (2018,
they also provide a much more holistic perspective on the un2022) and Parker and Irvine (2018). However, these avenues
certainties involved. As we demonstrate, these are just few ofvould violate the 1.5C target and, as suggested by Parker
the many possible future outcomes of SRM deployment, andand Irvine (2018), depending on the amount of Wneom-
including climate uncertainty shows where the limits of our pensated for, could take several decades. Therefore, even if
control lie. SRM was, due to technical and/or environmental considera-
The challenge in de ning SRM deployment length at its tions, phased out earlier, the phase out itself could become a
initialisation poses a clear risk, as there are several issuesiulti-decadal undertaking.
that might arise with a multi-century SRM deployment. One Being a reduced-complexity model, MAGICC7 has its
of the arguably biggest dif culties of SRM deployment is caveats and constraints related to the physical and spatial
international cooperation and coordination (Mdller, 2020; resolution of relevant climate and carbon cycle processes.
Reynolds, 2019; Shepherd et al., 2009). Maintaining internaNevertheless, MAGICC has been used successfully in many
tional cooperation will be even more dif cult if deployment instances to robustly analyse long-term perspectives (Mein-
needs to be sustained over many decades, as the prioritiehausen et al., 2011b, 2020; Nauels et al., 2017). Therefore,
and interests of countries and their leaders might changewe also consider it to be appropriate for this rst quanti -
Furthermore, long-lasting SRM deployment would require cation of hypothetical SRM deployment length, which could
substantial nancial resources; due to the dif culty in pre- motivate further study in more complex models.
dicting SRM deployment length, as pointed out in this study, It is important to highlight that, even if global tempera-
costs could end up being much higher than originally antici-ture was stabilised with the help of SRM, this will not pro-
pated if deployment ends up being longer than planned. Thiwvide a solution with respect to the regional impacts (Jones et
needs to be put into context with the overall cost of respond-al., 2018) and the other impacts of high GHG concentration
ing to climate change and the avoided costs of climate changkvels, such as ocean acidi cation (Tjiputra et al., 2016). In
damages by means of SRM (Arino et al., 2016; Belaia et al.,our study, however, we do not aim to provide a comprehen-
2021). Moreover, a key risk of SRM is the so-called “termi- sive analysis of the impacts or side effects of such a climate
nation shock”, a rapid warming response to a sudden stop oihtervention, nor do we provide a likely or desirable imple-
SRM deployment (Parker and Irvine, 2018). The longer thementation strategy; rather, we explore a concept to determine
deployment, the longer the risk of such an occurrence. Anchypothetical SRM deployment lengths.
lastly, long-term deployment would bind future generations
to SRM, which raises substantial ethical and moral questions
(Flegal et al., 2019; Goeschl et al., 2013; Svoboda et al.5 Conclusions
2011). The idea of imposing a technology on individuals who
have not yet been born and do not have a say in the matter can this paper, we generate a large dataset of pathways to
be considered to be a violation of their rights and autonomy.analyse SRM deployment length in scenarios that are con-
This ethical risk needs be considered in conjunction with thesistent with 2030 NDC levels and use SRM to cool down
additional climate-change-related risks from ongoing warm-to 1.5 C of warming. We nd a large spread of SRM de-
ing that may also be imposed on future generations who dicployment lengths, ranging from no NNE and SRM require-
not contribute to the problem to begin with. ments at all to massive NNE and SRM requirements past
In addition to all the risks, costs and potential side effects2500 to limit global warming to 1.5C. Most of our simu-
that come with SRM, due to the dependency, future generalations require around 150-300 years of SRM. Deployment
tions would be burdened by large-scale deployment of CDR time frames are considerably dependent on mitigation, nega-
which might compete with efforts to secure their own re- tive emissions and climate uncertainty, yet none of these fac-
quirements by increasing the risks of biodiversity loss andtors alone can predict their length. Large cumulative positive
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