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Abstract

Solar radiation modification (SRM) is increasingly discussed as a policy response to worsening
climate impacts and stalled mitigation progress. Yet the viability of SRM hinges on its long-term
governance, particularly the risk of abrupt and permanent termination, which could trigger rapid
warming and catastrophic outcomes. Here we develop a coupled socio-political-geophysical tip-
ping point (SPTP-GTP) framework to assess the economic conditions under which SRM might
reduce rather than amplify global risk. We introduce a novel damage function sensitive to the rate
of warming and accounts for both catastrophic and non-catastrophic damages. Using reduced-
complexity climate projections and a probabilistic failure modeling, we estimate the expected
present value of SRM deployment across a range of governance scenarios. Our findings show that
SRM only proves beneficial under a narrow intersection of robust global mitigation, extremely low
failure risk, and gradual phase-out. Paradoxically, the same governance failures that make SRM
politically attractive undermine the very conditions needed for its safe operation. These findings
provide a quantitative, risk—risk perspective on the governance debate, suggesting that the required
conditions for SRM are at odds with current socio-political realities.

1. Introduction

Solar radiation modification (SRM) represents one of the few policy interventions capable of rapidly
halting further warming-or even reducing current global and regional temperatures (UNEP 2023).

Given persistent challenges in reducing greenhouse gas emissions and current political context, warm-
ing exceeding 2 °C this century, potentially by mid-century, appears increasingly likely (Moreno-Cruz

et al 2024, Forster et al 2025, Gay et al 2025). As warming proceeds, SRM deployment and other geoen-
gineering interventions may become an attractive supplement to mitigation efforts, offering temporary
relief from increasing climate impacts on human and natural systems and extending the time available
for adaptation and mitigation (Lawrence et al 2018, MacMartin et al 2018, Irvine et al 2019, UNEP 2023,
Baum et al 2024).

However, SRM carries significant risks, including regional climate disruptions, additional menaces for
some sectors and regions, and the threat of termination shock (Jones et al 2013, Irvine et al 2017, Trisos
etal 2018, Fan etal 2021, Carlson et al 2022, Gay et al 2025), consisting in a rapid warming if deploy-
ment ceased abruptly, with significant additional damages to human and natural systems and potentially
triggering large-scale, catastrophic responses in the climate system (e.g. Atlantic Meridional Overturning
Circulation (AMOC) collapse, permafrost carbon feedbacks). There has been debate over the serious-
ness and manageability of a termination shock, ranging from global societal collapse to considering it
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as an ‘overstated risk’ (Halstead 2018). Parker and Irvine (2018) distinguish between forced and elective
termination shock and argue that the risk is manageable through policy safeguards and, in case of occur-
rence, economically absorbable. We believe that the optimistic perspectives largely overlook two critical
dimensions shared across geoengineering literature:

1) Warming rate driven catastrophes: termination shock’s uniquely rapid warming rate could trigger
nonlinear geo/biophysical responses and irreversible Earth system shifts. Crucially, prior economic
assessments lack formal frameworks to quantify damages from a termination shock and potential
rate-driven catastrophes (Aaheim et al 2015, Harding et al 2020);

2) Governance dependency: SRM’s viability critically depends on successful mitigation governance. As a
temporary supplement, not a solution to climate change, it requires eventual phase-out contingent
on emission reductions. Critically, the governance failure enabling SRM adoption (via failed
mitigation) undermines the very conditions needed for its safe management (Asayama and Hulme
2019). This problem adds to the moral-hazard problem discussed in the literature (Markusson et al
2018, Jebari et al 2021, UNEP 2023, Moreno-Cruz et al 2024).

Here, we reframe termination shock through an integrated climate catastrophe perspective. Traditionally,
catastrophes are attributed to geophysical/biophysical tipping points (GTPs). We argue that human and
climate systems constitute a coupled system: worsening warming and persistent global mitigation fail-
ures fuel societal despair, triggering socio-political tipping points (SPTPs). SPTPs occur when escalating
observed and projected impacts override societal risk aversion, forcing risk-risk tradeoffs where high-
stakes interventions like SRM become politically viable. This dynamic explains why the potential deploy-
ment of SRM is now seriously debated: it emerges directly from the despair induced by failing interna-
tional mitigation. Under such conditions, SPTPs enable policies whose governance failure (e.g. abrupt
SRM cessation) could cascade into broader catastrophe. Critically, SPTPs and GTPs interact: maladapt-
ive interventions that could lead to a termination shock could trigger geophysical tipping points (Lenton
et al 2019a, McKay et al 2022a), while pre-existing governance failures amplify both SPTP activation and
SRM’s systemic risks. SPTPs manifest primarily through policy shifts, but may also include cultural or
institutional tipping behaviors (Nijsse et al 2025). Note that SPTPs can be interpreted as part of the pos-
itive/negative social tipping points recently proposed, in which society could bring cascading changes
that effectively address the climate crisis or that lead to catastrophic outcomes (Schimel and Miller 2023,
Spaiser et al 2024, Nijsse et al 2025). SPTPs focus on the destabilizing effects that policy decisions to
tackle climate change can have on the Earth system. This SPTP framework establishes the narrative con-
text for our subsequent economic modeling in a world that has already crossed such a SPTP, character-
ized by a high-risk governance environment, weak institutions, and failing multilateral cooperation.

Inspired by the socio-political-geophysical tipping point (SPTP-GTP) framework, we develop a novel
damage function explicitly designed to address the identified limitations. This function quantifies cata-
strophe probability as a function of warming rate (relative to a ‘safe’ threshold), incorporates damage
persistence to capture irreversible system shifts, and leverages recent econometric evidence to calibrate
damages for both catastrophic and non-catastrophic outcomes.

We analyze SRM’s economic viability through a risk-risk lens. Specifically, we define critical viabil-
ity boundaries, three of them that depend on operational and policy decisions: the tolerable termination
shock probabilities, minimum safe phase-out durations for masked warming recovery, the ‘moral hazard’
and global mitigation policy. Two more boundaries that are studied are related to the climate-human
system’s responses: the catastrophe-triggering likelihoods under abrupt warming, and the magnitude of
catastrophic damages. These collectively determine the conditions where SRM reduces rather than ampli-
fies expected climate risks.

There has been a longstanding debate about the role (if any) of SRM in tackling the worst impacts
of climate change, and its governance including aspects like geopolitics, ethics, justice, and the global
north and south divide (UNEP 2023, Jinnah and Dove 2025). Some authors argue that SRM inherently
ungovernable and thus all SRM activities including small- and large-scale experimentation, any type of
research and public funding should be banned (Stephens ef al 2021, Biermann et al 2022). Others con-
tend that governance is already emerging through ‘authoritative assessments’ that normalize and insti-
tutionalize the field (Gupta and Moller 2019). Middle-ground position favors moratorium on SRM use,
but promote rigorous, responsible and ethical research and multilateral discussions about a global gov-
ernance system (Climate Overshoot Commission 2023, UNEP 2023, Office of the European Union 2024,
Parson et al 2024). Our analysis directly informs this debate by quantifying the conditions under which
SRM reduces systemic risk. Our framework provides a way to test some core claims of these positions.
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We show that the viability of SRM is inextricably linked to the success of global greenhouse gas mitiga-
tion governance, requiring essential prerequisites of robust international mitigation, very low failure risk,
and gradual phase-out. Yet critically, these prerequisites are undermined by the very governance failures
that make SRM politically attractive in the first place, revealing a fundamental paradox.

The paper proceeds as follows. Section 2 describes the methodology used, including the proposed
damage function, parameter calibration and assumptions, as well as the framework of SPTP-GPT for
stratospheric aerosol injection (SAI) interventions. The results are discussed in section 3, including the
conditions that support the adoption of SRM interventions. This section also discusses some caveats of
the analysis and outlines future research to expand current evaluations of the economic convenience
SRM implementation. Section 4 concludes with policy implications.

2. Data and methods

2.1. Damage function

There are a limited number of assessments of the economic consequences of deploying SRM options
and mostly focus on the SAI method. For instance, (Aaheim et al 2015) use the output of global cli-
mate models and a computable general equilibrium model to assess the impacts of implementing two
SRM methods, SAI and marine cloud brightening. Their results suggest that under a moderate emissions
baseline (RCP4.5), SRM deployment may bring benefits, but that these are small in general and negative
for some regions. A more recent study (Harding et al 2020) reports contrasting results in which consid-
erable income benefits at the global level would be obtained from deploying SAI under a high emissions
scenario (RCP8.5). Moreover, income inequality would be significantly reduced not only in comparison
with the RCP8.5 scenario, but with respect to 2010. The authors caution that their results are not con-
sistent with general concerns about SRM increasing inequalities between global north and south, with
the latter having lower benefits or higher residual damages. One of the reasons they offer is related to
the econometric damage function used as it may not be adequately representing the effects of changes in
climate under a geoengineering scenario.

However, none of such studies considered the potential catastrophic consequences of abrupt warm-
ing that can be produced by a sudden termination of SAI operation. In this paper we propose that the
assessment of the economic benefits/costs of geoengineering should be analyzed through the lens of
catastrophic changes in the climate system. Using standard damage functions to investigate the eco-
nomic convenience of deploying geoengineering can severely underestimate the risks, and results can
be more informative of the limitations of such damage functions than of the problem being studied.
This has been previously discussed in the analysis of low-probability/high-impact events, geophysical tip-
ping points and catastrophic climate change (Weitzman 2009, Pindyck 2013, Stern 2013, Anthoff et al
2016, Nordhaus 2019). While the probability of a termination shock that leads to catastrophic damages
can be assumed small due to potential guardrails and security measures, it is not zero. As discussed in
Weitzman (Weitzman 2011), fat-tails in welfare losses have large implications for assessing economic
costs, income inequality effects, as well as for policy advice. This is the case of uncontrolled warming,
but also SRM interventions. In the context of possible deployment of geoengineering interventions, the
explicit inclusion of SPTPs and GTPs becomes increasingly relevant, as abrupt changes in the rate of
warming can trigger tipping points and reorganization of synoptic to local processes, with large impacts
on human and natural systems that are absent or poorly considered in standard damage functions. Risk—
risk framework for SRM assessment should account for all the relevant benefits and risks from all the
options considered (Felgenhauer et al 2025), and until now the risk of a termination shock in economic
assessments of SRM has been largely absent.

To assess the damages of changes in the rate and level of warming, we propose a damage function
that is the mixture of non-catastrophic and catastrophic components:

D= AT +w, [azATﬂ (1)
1

(AT,~AT,) _ R o)
R; R

8, = max (6;,6,-1); (4)

(2)

W =

6[:

where a1, o, are scaling parameters of the non-catastrophic and catastrophic components, respect-
ively, of the damage function that convert global temperature change AT; to percent losses in global

3



10P Publishing

Environ. Res.: Climate 5 (2026) 015015 F Estrada et al

GDP (table S1 provides quick reference of the definitions of the parameters in equations (1)—(4). The
catastrophic component represents the effects of abrupt climate change that could lead to severe eco-
nomic losses. The difference with some of the previous work on catastrophic damage functions is that
equations (1)—(4) are designed to account for catastrophic damages that depend on the level of warming
but that are triggered by rapid changes in the warming rate (Mastrandrea and Schneider 2001, Weitzman
2012, Howard and Sterner 2017). As such, severe damages may occur even at moderate temperature
levels if warming happens over a short period. Variable w, in equation (2) represents the probability of
occurrence of catastrophic impacts, which is a function of the ratio of a time- and scenario-dependent
rate of change in global temperature and a fixed change rate (equation (3)). ¢; is the ratio of the annual
change in warming R, of the scenario of interest and a safe rate of change R;. This ratio is expressed

as units of the safe rate of change R}. A characteristic of catastrophic climate change is that it can have
highly persistent or permanent consequences (Lenton et al 2008, Estrada et al 2015, Lenton et al 2019a,
McKay et al 2022a, Tol 2024). Equation (4) accounts for this property by which the increase in risk of
catastrophic climate change is permanent during this century.

Inductive knowledge obtained from observed data is always useful, but limited about what lies well
beyond the range of experience (Weitzman 2011). This is why damage functions produced solely by eco-
nometric methods or CGEM are ill-posed to tackle scenarios that involve the possibility of catastrophic
climate change. Such methods can be very useful to increase the confidence about central regions of the
damage probability distribution, but not for its tails (Weitzman 2009, 2011). Analyzing catastrophic cli-
mate change requires accepting the burden of higher epistemic uncertainty and more speculative for-
mulations. However, despite this, when combined with sensitivity analysis, relevant information can be
extracted about the effects of low-probability, high impact outcomes. In this paper we make use of pub-
lished studies and data to calibrate the parameters of the proposed damage function and present extens-
ive sensitivity analyses to inform about the limits and conditions for SRM deployment.

The non-catastrophic component «; is calibrated using a recent literature review (Tol 2024) which
suggest that a 2.5 increase in global temperatures would produce a 2.71% loss in GDP, of which 0.21%
correspond to catastrophic damages. From the total loss estimate of 2.71% we subtract 0.21% to avoid
double counting catastrophic damages (Tol 2024). The calibration of parameters a,, 3, and R} is com-
plex and speculative since little is known about the probability of occurrence of abrupt changes in the
climate system, and what they could imply for human and natural systems. However, previous studies
are helpful for proposing parameter values that reflect the current state of knowledge. Previous work
on catastrophic economic consequences addresses mainly high levels of warming, regardless of the rate
of increase in global temperature. Weitzman (2009) and Pindyck (2013) focus on the nonlinearity of
damages at very high levels of warming. For example, Weitzman (2012) proposes a damage function in
which an increase in global temperature of 6 °C produces a decrease of 50% in global GDP. The expo-
nent in such damage function is 8 = 6.754 creating rapidly increasing damages for large temperature
changes, but assumes that only catastrophic damages occur only under high levels of warming, ignor-
ing the role abrupt changes in rate of warming can have. Other efforts have been centered on analyzing
aspects like the probabilities, outcomes and levels of warming that would trigger specific tipping points
(Vellinga and Wood 2002, Link and Tol 2011, Anthoff et al 2016, Cai et al 2016, Diaz and Moore 2017).
The costs of the damages associated with the occurrence of different tipping points is estimated in the
range from 2.5% to 20% of global GDP (table 1 in Cai et al 2016). However, these estimates seem con-
servative considering some recent studies for non-catastrophic climate change, particularly those based
on econometric methods. Recent estimates of (non-catastrophic) economic losses due to climate change
(Burke ef al 2015, Kalkuhl and Wenz 2020, Kotz et al 2024) suggest decreases between 50%—75% for
the end of the century (RCP8.5, about 4 °C increase in global temperature). Kotz et al (2024) project
decreases of 19% (range: 11%-29%) of GDP by mid-century (about 2 °C) and about 60% by the end of
the century (about 4 °C) with confidence intervals exceeding 70% and nearing 90% for the 1% signific-
ance level. Based on computable general equilibrium output and quantile regression, Van der Wijst et al
(2023) estimates that 2 °C and 4 °C increases in global temperature (w.r.t. preindustrial times) would
produce a reduction in global GDP of about 20% and 32%, respectively. Based on this information
we propose as a calibration point for a; a 25% loss in global GDP for a severely abrupt (i.e. w, =1)
increase in warming occurs and the level of warming is 3 °C. We select 8 = 4 which implies that the
damages increase rapidly with warming, but not as much as in other catastrophic damage functions,
such as Weitzman (2009). The maximum safe rate of change (R}) in global temperatures is assumed
0.015 °C per year, for which the risks of nonlinearities in the climate system may already be signific-
ant. Note that even 0.15 °C/decade would lead to about 1 °C above current levels of warming (~ 1.4°C)
at the end of this century, providing sound reasons to argue for a much lower safe rate (IPCC 2018,
McKay et al 2022a). This yearly change rate is within the warming rates in climate scenarios without
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SRM intervention, while in the case of a termination shock such rates could be in the range of 0.13 °C
to 0.76 °C (Ross and Damon Matthews 2009), with other estimates placing them between 10 to 20 times
the warming rates in the 20th century (Matthews and Caldeira 2007). Studies suggest that the period

for recovering the masked warming once an uncontrolled termination shock occurs is short, ranging for
5-8 yr (Irvine et al 2012, Jones et al 2013). The sigmoid function w, is parameterized with ¢ = 8, imply-
ing that w, = 0.5 when the observed rate of warming is eight times the safe rate of warming, and a = 2,
such that w; ~ 1 for §, = 11. As mentioned above, given the high uncertainty in parameter calibrations,
extensive sensitivity analyses are conducted and reported in the results section.

2.2. Estimating the expected present value of SRM deployment accounting for the risk of a termination
shock event

In addition to the probability of GTPs, the deployment of SRM implies a non-zero risk of fail-

ure. The risk of deploying SRM and having to abruptly and permanently terminate its use is a low-
probability/high-impact event that could be brought about by variety of reasons, such as unexpected
outcomes of its implementation, technological issues, war, conflict, terrorism, pandemics, and breakdown
of logistics due to lack of international cooperation, and perception of failure of SAI (Corry 2017, Avin
etal 2018, Baum et al 2018, Tang and Kemp 2021, Keys et al 2022). This risk can be enhanced/reduced
by the progress or lack of thereof in international mitigation policy, and by the type and strength of the
governance constructed around SRM, which can also determine its duration and the steepness of masked
warming recovery (Jones et al 2013, Irvine et al 2017).

Assume that the probability of such an abrupt and permanent termination of SRM (APTSRM) in
any given year is Ppilyre. As discussed in more detail in the next subsection, this parameter is treated
as exogenous, meaning that the specific socio-political processes that would lead to an APTSRM are
not modeled. Instead, we explore a wide range of values to explore the bounds of tolerable probability
of failure under which SRM remains a risk-reduction strategy. While this probability is unknown, it is
expected to be very small but larger than zero. As such, if the SRM effort is sustained over a period n,
the probability of not having any APTSRM during 7 is given by (1 — Pgijure)”, which becomes increas-
ingly smaller with #n. For example, if Pgjue = 1%, then the probability of having at least one APTSRM
during a century is 1 — (0.99)100 ~ 64%, while the complement is only about 36%. That is, with Pgjue =
1%, it is about twice as likely to have a APTSRM event than not. A Pgjye = 0.5% implies an almost
40% chance of an APTSRM, and a 10% chance for Pgijyre = 0.1%. Some studies claim SAI would imply
a multi-century commitment if GHG emissions reductions are expected to come from scaling up car-
bon dioxide removal (CDR) technologies such as direct air capture (Baur et al 2023). As such, risk—risk
analyses and the assessment of the expected economic costs/benefits of SRM interventions must include
the possibility of a termination shock. Moreover, this type of analysis can help determine the range of
probabilities of failure that may make the risks of SRM failure acceptable.

The calculation of the expected present value of damages under an SRM intervention requires eval-
uating the present value of damages for each year in which APTSRM event can happen, weighted by
their probability of occurrence. These probabilities can be calculated using a geometric probability
distribution:

P(First failure in year t) = P(¢) = (1 — Pfaﬂure)t_lpfaﬂure. (5)

The expected present value of damages under an SRM intervention is calculated as follows:

n
EPVSRM - ZP (t) PVfailure att + (1 - Pfailure)npvno failure - (6)

t=1

The EPVgry value can be compared with the present value of a no intervention scenario (PV intervention)
to evaluate the economic convenience of deploying SRM.

2.3. Why exogenous failure probabilities: the governance paradox

History shows that societies tend to invest significantly in reducing probabilities of failure in high-risk
domains, such as nuclear power generation and aviation, precisely because the consequences of fail-

ure are catastrophic. This could suggest that a model that includes an endogenous failure probability
would be more appropriate, where higher potential damages would incentivize better governance and
lower probabilities of failure. However, this logic holds for mature technologies within stable and effect-
ive governance systems, which we argue is not consistent with the characteristics of SRM deployment
under the SPTP scenario analyzed here. SRM is considered as a response to the breakdown of robust
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governance conditions. The core paradox we model is that the conditions making SRM politically viable
are the same that make low failure probabilities exceptionally hard to achieve. In this context, treating
the probability of failure as an endogenous, optimizable variable would imply an unrealistic capacity for
self-correcting governance within a system defined by its fragility.

Modeling Ppiiyre as an exogenous parameter is based in the governance paradox described by the
SPTP framework which is supported by previous work (Clark 2023). SPTP drivers, such as eroded
coordination capacity, contested legitimacy, and multilateral instability, operate upstream. They consti-
tute the antecedent socio-political conditions that define a fragile governance environment, shaping both
the feasibility of managed phase-out and the entire distribution of potential failure risks. This context
frames SRM as a high-stakes response to governance failure, not a technically managed option within a
stable system.

Ppaiture in our model is a downstream, reduced-form representation of the aggregate systemic risk
emerging from this fragile context. The probability of failure is conditional on the upstream conditions
created by the occurrence of SPTP (i.e. SRM has been deployed as a response to governance failure).
Our quantitative framework is structurally agnostic to the specific micro-foundations of failure, whether
technical or socio-political in origin. It is designed as a governance-conditional risk screening to capture
the economic consequences of operating under a given level of systemic risk, whatever its underlying
drivers.

There are three reasons why we treat P, as an exogenous parameter:

1) The high-risk governance context of SRM deployment: SRM becomes a viable policy option only
after the governance of international greenhouse gas mitigation has failed, with institutions being
unsuccessful at simpler coordination tasks. Moreover, the pathway to SRM involves escalating crises,
which typically weaken rather than strengthen governance. We model a world where crises are more
likely to lead to desperation, SPTP and institutional fragility than to a coordinated, pre-emptive
bolstering of global governance. These conditions are at odds with the highly reliable, long-term
coordination required for safe SRM management.

2) Framing the governance precondition: by treating Pgjue as exogenous we frame the problem as a
function of governance quality such that the preconditions that governance must meet can be
identified.

3) Sensitivity analysis: rather than presupposing how governance responds to stress, our framework
allows the critical question ‘What level of governance is required for SRM to be risk-reducing?’ to be
answered quantitatively. Readers who are optimistic about the global capacity to build robust SRM
governance can focus on the low-probability results, while those who are skeptical, based on the
historical precedent of failed climate cooperation, can see their concerns reflected in the
high-probability scenarios.

The SPTP perspective motivates the consideration of a wide range for key parameters like Pgjjyre,
provides the narrative for our scenario design, and, most importantly, guides the policy interpretation of
our economic decision surfaces, highlighting the governance paradox at the heart of the SRM dilemma.

2.4. SPTP framework for SRM deployment analysis

The consideration of SRM as an option to reduce the damages and risks of unabated or partially abated
anthropogenic climate change results from the governance failure of global climate policy, particularly
with respect to mitigation goals. As has been discussed in the literature, the SRM deployment decision
can be analyzed and understood through a risk-risk analysis framework, in which the risks of anthropo-
genic warming without SRM are compared to those of SRM deployment plus residual risk. Under such
framework, the decision to consider and eventually deploying SRM is a function of the severity of the
(present and future) risks perceived by global society (or a part of it) (Aldy et al 2021). This risk percep-
tion is in turn influenced by the lack of past progress in the global mitigation governance and to phys-
ical, political and/or socioeconomical constraints to reduce warming in the short- to mid-term. Risk-risk
analysis entails society will consider and implement increasingly riskier options only as climate change
becomes increasingly dire. In an integrated human and climate system, some socio-political decisions
can cascade into triggering drastic and possibly irreversible changes in the climate system such as abrupt
warming and catastrophic events like the collapse of the AMOC, and the disintegration of ice sheets, as
well as the possible destabilization of biological and human systems. We refer to the conditions in which
societal risk aversion is overridden into accepting high-stakes risk—risk tradeoffs as sociopolitical tipping
points. These are illustrated by the implementation of some geoengineering options like SAI and large-
scale CDR, but may not be limited to them.
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Once the SPTP is triggered and SRM is deployed, its success critically depends on both the gov-
ernance of SRM itself and that of global mitigation of GHG (Rabitz 2019). Regarding the SRM gov-
ernance, there are two essential aspects considered in this paper that are related to maintaining risks
from materializing and to minimize the negative impacts of SRM (Brent ef al 2024): 1) the safe and con-
tinuous operation of the SRM once it is implemented, which we will investigate through its probability
of failure; 2) how phase-out is managed in case of having to terminate SRM deployment, that is rep-
resented here by the number of years to recover the masked warming. With respect to the governance
of global mitigation, our analysis considers various global emissions trajectories that represent different
international mitigation efforts ranging from a prompt start of significant mitigation to severely delayed
mitigation or no mitigation. These scenarios can be interpreted as possible realizations of what has been
called the moral hazard effect of SRM that could deter mitigation (long delays in starting mitigation)
or that could even promote it (mitigation soon after SRM starts). The scenarios used to illustrate the
framework described in the following subsection.

2.5. Climate change scenarios for a risk-risk economic assessment of SRM including different global
GHG mitigation governance

The global temperature change scenarios in this paper were generated using the MAGICC7 reduced
complexity climate model available at https://live.magicc.org/ (Meinshausen et al 2011, 2020, Nicholls
etal 2021).

The SSP585 was chosen as the inaction scenario in which no SRM and no mitigation take place. This
selection responds not to how likely the world is to follow that trajectory, but to allow the possibility
of reaching tipping points under both the inaction and SRM intervention scenarios. Allowing for cata-
strophic outcomes in the inaction and SRM scenarios can be more informative for risk-risk analysis.
The baseline SRM (SRM20) scenario is represented by a successful deployment of SAI in the year 2020
that results in a SSP245 global temperature change trajectory, absent of termination shock failures. By
2100, the reduction in global temperatures from deploying SRM is 2.13 °C (i.e. the difference between
SSP585 and the SRM20 scenarios). To represent possible results of global GHG mitigation while SRM is
deployed, we explore four scenarios that can be interpreted as illustrations of the deterrence or enhan-
cing effects of SRM (figure 1):

1) GHG governance scenario M30: SRM deployment is started in 2020 and global mitigation actions
start 10 years after, following the emission path of the SSP245. This results in an overshoot in 2100
of 0.39 °C over the target SSP245 scenario. Conversely, the amount of SRM cooling needed to match
the SSP245 target scenario is 0.39 °C by year 2100.

2) GHG governance scenario M40: as in the M30 scenario but global mitigation actions start 20 years
after SRM deployment. With respect to the SSP245 scenario, in 2100 the M40 has an overshoot of
1.05 °C. The amount of SRM cooling that would be required to match the SSP245 target scenario is
1.05 °C by year 2100.

3) GHG governance M50: as in the M30 scenario but global mitigation actions start 30 years after SRM
deployment. The M50 represents an overshoot of 1.6 °C by 2100. This implies that the amount of
SRM cooling that would be required to match the SSP245 target scenario is 1.6 °C by year 2100.

4) GHG governance MF: this scenario represents global mitigation failure and follows the SSP585
trajectory. The amount of SRM cooling that would be required to match the SSP245 target scenario
is 2.13 °C by year 2100.

A fifth scenario (M60) was considered in which mitigation actions start in 2060 but the difference
between the MF and this late mitigation scenario is only 0.16 °C, which is negligible for our analysis
and thus is omitted. Note that these scenarios do not include the effects of SRM deployment as they are
meant to represent the baseline temperature change without SRM.

In addition to these scenarios, we also include a comparison of different levels of SRM intervention
leading to 0.3 °C, 1.0 °C and 2.0 °C for each scenario discussed above. This allows us to investigate
which levels of SRM intervention would lead to the largest risk-reduction for each mitigation scenario
considered.

2.6. GDP projection

For the analysis presented in this paper, the SSP5 GDP projection was used. This socioeconomic scen-
ario can be combined with radiative forcing levels of 8.5 W m? and also of 4.5 W m? (Riahi et al 2017).
This socioeconomic scenario depicts a world with fast economic growth based on fossil fuels and tech-
nological progress. The OECD Env-growth quantification of the SSP5 narrative is used and was obtained
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Figure 1. Global temperature projections depicting different levels of GHG mitigation and the SRM20 target scenario. M30, M40
and M50 represent the global temperature change trajectory for GHG mitigation efforts starting in 2030, 2040 and 2050, respect-
ively. MF shows global temperature change for a mitigation failure scenario, while the SRM20 scenario describes temperature
change achieved through stratospheric aerosol injection.

from the SSP Database (https://tntcat.iiasa.ac.at/SspDb/dsd?Action=htmlpage&page=30). The data was
linearly interpolated from 5 year frequency to annual.

For estimating the impact of a termination shock various sets of climate scenarios were developed.
Each of these sets is based on two scenarios: the target SRM scenario in which no termination shock
occurs, and one of the four GHG governance scenarios described above. For each pair of these ‘par-
ent’ scenarios, individual scenarios are generated in which a single and permanent termination shock
is imposed in each year t in the period of analysis. The termination shock leads to a transition from the
successful SRM to the selected GHG governance scenario, and the transition is characterized by an -
year time to recover the masked warming. Figure 2 illustrates the individual SRM failure scenarios gen-
erated for the SRM and MF scenarios, using a 5 year transition window. To investigate the governance
of safe implementation of SRM, our analysis explores two main controllers: (1) the probability of failure,
described above, and, (2) the phase-out management in case of unexpected termination of SRM deploy-
ment, which is represented by the window for recovering the masked warming.

3. Results and discussion

3.1. Assessing the economic damages from two illustrative termination shock scenarios

Supplementary figures S1-S2 illustrate the behavior of the proposed damage function for the combina-
tion of the SRM20 and MF scenarios and two different dates of SRM failure and two windows for recov-
ering the masked warming. In figure S1, the termination shock occurs in 2030 and the transition years
for recovering the masked warming is 8 years, which is in the upper bound for an uncontrolled termin-
ation of SRM. Since the termination occurs shortly (10 years) after the start of SRM deployment the
amount of masked warming is relatively small, about 0.4 °C in 2030 and 0.6 °C in 2038. In all three
scenarios (MF, SRM20 and SRMfailure) § values increase as the warming progresses, leading to about

4 times the safe rate of warming in the MF baseline scenario and remaining limited to about 2 when the
SRM is successfully deployed. This illustrates the value of SRM to limit the potential of catastrophic out-
comes in comparison to the baseline scenario, if the SRM is managed to be safely maintained. However,
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Figure 2. Illustration of a set of potential SRM failure scenarios. The individual scenarios result from imposing a single and per-
manent termination shock in every possible year, using the SRM20 as the intervention scenario and the MF as the unmasked
warming scenario global temperature would revert to in case of a termination shock. The window for recovering the masked
warming is set to 5 years.

if the termination shock occurs, § increases to values of about 6 times the chosen safe rate of warm-
ing, leading to a probability of catastrophic damages of about 2%. These differences in the amount

and rate of warming among scenarios lead to notable dissimilar damages: the successful implementa-
tion of SRM20 can lead to a reduction of about 70% of economic losses in 2100 in comparison to the
MF baseline scenario; however, if a termination shock occurs, damages in 2100 are 30% larger than in
the MF scenario. Using a 1.5% discount rate, the present value of MF baseline, SRM20 and SRMfailure
are US$868 387.66 billion, US$392 872.81 billion, and US$1000 683.13 billion, respectively. That is, a
successful SRM20 would reduce the present value of damages by about 55% in comparison to the MF
baseline, while the present value in the case of an early uncontrolled termination of SRM would be 15%
larger.

Figure S2 shows the case of a more severe termination shock later in the century with a much larger
differential warming (1 °C in 2050 and 1.5 °C at the time of full recovery of masked warming) between
the MF baseline and the SRM20 scenarios. For this example, a 15 year window for recovering the
masked warming was chosen to represent an effort to manage phase-out instead of a more abrupt ter-
mination. Under this termination shock scenario, the values of § exceed 7 times the safe rate of warming
and drive the probability of catastrophic damages to about 40%, with damages steeply increasing dur-
ing the second part of the century. Under the SRMfailure scenario, losses in 2100 are about 6.5 times
larger than those of the MF baseline scenario. The present value of this controlled termination shock is
US$3697 948.90 billion, about 3 times larger than that of the MF baseline.

Since results vary widely depending on the date of failure and the recovery window, as well as other
parameters, the next subsection presents decision surfaces with extensive variations of the main paramet-
ers and GHG and SRM governance levels. Moreover, the date of failure of SRM is treated as unknown
and the expected present value is used.

3.2. Constructing economic decision surfaces for assessing SRM deployment

This section uses a risk—risk assessment approach to underline the SRM and GHG governance condi-
tions under which an SRM intervention would be economically desirable. For this purpose, the expected
present value of SRM deployment is compared with alternative baseline scenarios representing different
levels of global GHG mitigation efforts. The results presented below are derived from extensive sensit-
ivity analyses of key parameter values with the objective of producing economic decision surfaces that
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Figure 3. Decision surfaces comparing SRM20 and four different scenarios of global GHG mitigation. Panel (a) shows the
decision surface based on comparing the present value of MF and the expected present value of SRM20 as a function of the prob-
ability of failure of SRM (from 0% to 10%) and the length of the window for recovering the masked warming. Panels (b)—(d) are
as in panel (a) but for the M30, M40 and M50 scenarios, respectively. Positive values in the z-axis indicate regions of the decision
surface in which SRM20 is preferred (units in billion dollars).

define viability boundaries for SRM from an economic perspective. As shown in table S1, the default
discount rate used for the calculations below is 1.5%, unless otherwise stated for sensitivity analyses.

3.3. Decision surfaces for SRM deployment under different global mitigation efforts
The probability of SRM failure and the window to recover the masked warming are the main SRM gov-
ernance controllers in our framework to maintain the safe operation of this intervention and are the
focus of this subsection. A third controller is to influence GHG governance to reduce the risks in case
of termination of SRM. For this purpose, the four mitigation scenarios (MF, M30, M40 and M50) in
figure 1 are used to define four cases of combined SRM and GHG governance levels of success. Case
1 compares the expected present value of SRM deployment (SRM20) to the present value that would
be obtained under no global mitigation and no SRM (MF). This combination of scenarios can be also
interpreted as the case in which the SRM ‘moral hazard’ materializes and inhibits international mitiga-
tion efforts.

Figure 3(a) shows the differences between the present value of the MF scenario and expected present
value of SRM20, considering the possibility of catastrophic outcomes, for a range of possible values
of the probability of failure of SRM and the window to recover the masked warming. In this decision
surface, positive values denote combinations of the parameters space for which the implementation of
SRM20 would provide larger economic benefits, while negative values denote those for which the MF
scenario is preferrable. In case 1, the viability boundary for SRM intervention is strictly limited to a
thin strip defined by failure probabilities between 0% and 0.5% that becomes wider for longer warming
recovery windows (figure 3(a)). The tolerable failure probability goes up to 4.5% if the SRM governance
provides a transition year window of 20 years. The highest positive difference between the expected
present values of SRM20 and the present value of MF occurs for the long transition windows and the
lowest failure probabilities, and represents about a benefit of about US$410 000 billion. The case of a
zero probability of failure is of special interest as it illustrates the limitations of previous studies that do
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not consider the possibility of catastrophic outcomes. Under such a stringent scenario, SRM always res-
ults in benefits when compared to the no intervention scenario and these benefits increase for high o
and low discount rates (figure S3). The omission of a catastrophic component in the analysis can explain
more positive evaluations of SRM suggested in previous studies (Aaheim et al 2015, Harding et al 2020).
Moreover, considering that ceteris paribus low-income countries are generally associated with higher
damages (i.e. higher o), this finding also could partially explain why previous assessments suggest SRM
could reduce inequality, as reduced warming would bring larger benefits to them (Harding et al 2020).

Figure 3 also provides relevant insights about the probability of failure for the governance object-
ive of safe SRM operation. Critically, low probabilities of failure can produce much higher risks. In Case
1 (i.e. MF-SRM20 combination of scenarios), the minimum of the decision surface occurs for a prob-
ability of about 3%. This occurs because when probabilities of failure are very close to zero, it is likely
the termination shock and the corresponding catastrophic damages do not occur; conversely, for high
probabilities of failure, the termination shock is likely to occur earlier in the century, where the distance
between MF and SRM20 is still small, and the damages are more limited. However, for probabilities lar-
ger than ~ 0.5% and smaller than ~ 4% the damages of a termination shock are maximized. This illus-
trates the tight safe operational space that SRM governance needs to commit to in case of deployment.
Moreover, this result is similar across all mitigation scenarios (M30, M40, M50) although the magnitude
of the losses is about half an order of magnitude smaller for early GHG mitigation. Figure S4 shows that
higher discount rates, which impose lower weights to longer term outcomes, also increase the area of the
decision surface for which combinations of probability of failure and the number of transition years lead
to benefits from SRM20 in comparison to ME The result of risk maximization for probabilities of failure
in the range ~ 0.5% to ~ 4% is robust to the discount rate selection.

Cases 2—4 replace the MF scenario with active global mitigation policy starting at different dates.
Note that for the analysis presented here, these GHG reduction scenarios imply that, in case of an act-
ive global mitigation world, the amount of SAI would be adjusted to maintain the SSP245 target. Case
2 uses the M30 scenario to represent the instance in which SRM has a positive influence on global mit-
igation, which starts in 2030 with a reduction effort that would lead to a warming very similar to the
SSP245 at the end of the century. The M30 mitigation scenario extends the viability boundaries in the
decision surface for a much wider range of the parameter values of failure probability and of length of
the window for recovering the masked warming. If SRM deployment is accompanied by decided inter-
national mitigation action to rapidly eliminate the masked warming, the operational space for SRM
benefits is less limited. Under the M30 scenario, a large fraction of warming reduction is done by GHG
mitigation and SRM is used to eliminate a small part of the warming, and the associated impacts, that
would happen otherwise. Benefits from SRM20 occur for most of the combinations of values of the
probability of failure and length of window for recovering the masked warming, except for cases in
which the warming is recovered in less than 5 years. As noted before, even under the M30 scenario,
SRM deployment can lead to severe losses for cases in which the probability of failure is larger than
0.5%. Cases 3 and 4 show that the delay in strong global mitigation efforts rapidly erode the potential
for benefits from SRM interventions. In Case 3 (M40), SRM20 is economically preferrable mostly for
windows for recovering the masked warming at least larger than 8-10 years, while for Case 4 (M50)
the window length in most cases must be over 13 years. However, for these late and weak mitigation
scenarios, the magnitude and the range of parameter values that lead to catastrophic economic losses
increases rapidly.

3.4. Sensitivity analysis of the probability of occurrence of catastrophic economic losses from exceeding
geophysical tipping points

Several publications suggest that geophysical tipping elements may be activated at relatively low levels of
global warming (Drijthout et al 2015, Lenton et al 2019a, Bathiany et al 2020, McKay et al 2022a). Using
57 climate models from the Coupled Model Intercomparison Project 6 (CMIP6), a recent study detects
abrupt shifts in 6 of 10 subsystems already at 1.5 °C, and finds that models with faster warming rates
exhibit more abrupt shifts. (Terpstra et al 2025). Motivated by this evidence, we examine how uncer-
tainty in tipping-point trigger thresholds and damage severity alters the viability of SRM.

This subsection presents a sensitivity analysis of the viability boundaries across three GHG gov-
ernance scenarios (MF, M30, and M40) varying (i) the threshold/centering parameter ¢ of the sigmoid
that maps the normalized warming rate to catastrophe probability w and (ii) the catastrophic loss scale
a,. In our setup, is the excess-rate factor at which w = 50%, and a range of ¢ € [4,12] is used for the
analysis, meaning a 50% catastrophe probability when the warming rate is 4-12 times the chosen ‘safe’
rate. The range for o, spans losses of 10% to 50% of global GDP in the catastrophic component.
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Figure 4. Decision surfaces comparing the SRM20 with the MF, M30 and M40 scenarios a range of values of the sigmoid center
(¢) and catastrophic losses () parameters. The upper panel presents the decision surfaces based on comparing the present value
of MF and the expected present value of SRM20, while the middle and lower panels show the decision surfaces for comparisons
between SRM20 and M30, and SRM20 and M40, respectively. Figures in the left and right panels are calculated for a 15 year
and 5 year window for recovering the masked warming, respectively. Positive values in the z-axis indicate regions of the decision
surface in which SRM20 is preferred (units in billion dollars).

The upper panel of figure 4 shows decision surfaces in the space. When SRM governance can ensure
a backstop to slow the recovery of the masked warming (15 year ramp-down; figure 4(a)), lower tipping
thresholds (small ¢) and larger catastrophic losses (high «;) expand the region where SRM20 domin-
ates MF: catastrophic outcomes become more probable under MF (figure S5), so moderating the peak
and rate of warming via SRM vyields sizable net benefits. In contrast, if SRM is unable to manage a slow
phase-out (figure 4(b)), most parameter combinations lead to large global losses, making MF preferable.

Under strong global mitigation (M30) combined with moderate SRM that only shaves off residual
warming, a controlled termination delivers moderate gains across the entire ¢ — a; range (figure 4(c);
US$77-122 trillion relative to M30 alone). These gains arise because decisive mitigation plus governed
SRM largely eliminates abrupt warming catastrophes. However, the result hinges on ruling out abrupt
termination (figure 5(d)). The M40 and M50 scenarios (x 107°f and S6) show that delaying mitigation
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Figure 5. Decision surfaces comparing the SRM20 with the MF, and M30 scenarios a range of values of the sigmoid parameters:
center (c) and slope (a). The upper panel presents the decision surfaces based on comparing the present value of MF and the
expected present value of SRM20, while the lower panels show the decision surfaces for comparisons between SRM20 and M30.
Figures in the left and right panels are calculated for a 15 year and 5 year window for recovering the masked warming, respect-
ively. Positive values in the z-axis indicate regions of the decision surface in which SRM20 is preferred.

for longer periods of time after SRM deployment sharply raise SRM risk, especially when tipping can
occur at low excess-rate values (low J), even with a managed phase-out.

Figure 5 explores the joint sensitivity of the catastrophe-probability function w to its threshold (¢)
and steepness (a) parameters, showing how improved knowledge of tipping-element characteristics can
reshape the viability boundaries for SRM. While fixes the excess-rate at which w = 50%, a controls
how abruptly w rises as a function of 0. The range of values chosen for this parameter is a € [0.5, 4],
spanning very gradual (a = 0.5) to near step-like (a = 4) escalations. For instance, maintaining ¢ = 8,
would require a rate of warming 19 times the chosen safe rate to reach w = 1. For a = 4 the required
rate would be only 10 times as large. Note that small values of a produce long tails, meaning non-zero
catastrophe risk even at moderate rates.

Conditional on SRM governance eliminating the possibility of an abrupt termination, the SRM20
could be beneficial for most of the ¢ — a space when compared to the MF scenario, except when tip-
ping can occur at both low rates (small ¢) and with a very sharp escalation (large a; figure 5(a)). In
that region of values, even a gradual 15 year ramp-down can push post-termination warming across
the tipping threshold, transforming SRM’s benefits into severe losses. In contrast, if the increase in cata-
strophic damages is slow (a < 1), then SRM20 is preferrable as non-catastrophic damages would be lar-
ger under the FM scenario which sustains high rates of warming during the century. However, if the risk
of abrupt termination exists, the vast majority of the ¢ — a space would lead to much larger losses than
MF (figure 5(b)).

The combination of the M30 scenario and a moderate SRM deployment with slow phase out ter-
mination can eliminate the risks of catastrophic outcomes for the whole ¢ — a space considered in this
analysis (figure 5(c)). Even in the case of possible abrupt termination (figure 5(d)), the deployment of
SRM under the M30 scenario would be preferable to the GHG mitigation effort alone for wide regions
of the parameter space. Nevertheless, this figure also reveals high risks when tipping points can occur at
low warming levels, for which recent literature shows support (McKay et al 2022a, Terpstra et al 2025),
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and for almost any value of the a parameter. As discussed in the previous section, delaying global GHG
mitigation entails higher risks from SRM deployment (figure S6).

3.5. Decision surfaces for fixed amounts of SRM deployment applied to different levels of warming

This subsection analyzes the effects of deploying various fixed levels of SRM cooling under each of the
ME M30, M40 and M50 emissions scenarios to determine in which cases SRM interventions are more
likely to be risk-reducing than risk-amplifying. For the results presented below, reductions in global tem-
perature of 0.3 °C, 1.0 °C and 2.0 °C were chosen to represent low, medium and high SRM interven-
tions. This allows us to answer separately the following questions: (1) which baseline emissions scenario
benefits most from SRM?, and (2) what would be the most risk-reducing level of SRM deployment in
each emissions scenario?

Figure 6 shows a matrix of decision surfaces for the three fixed levels of SRM (columns) and the
GHG emissions scenarios (rows), as a function of the probability of failure of SRM and the length of
the window for recovering the masked warming. Percentages shown in each of the panels in this figure
indicate the proportion of the chosen parameter space for which SRM scenario amplifies risk relat-
ive to the non-SRM scenario. These values are illustrative only and depend on the selected ranges for
Ppaiture and SRM phase-out duration. Percentages are intended for comparing the relative change of the
risk-amplifying region across emissions scenarios and SRM intervention levels. Comparing the values
per column (figure 6) to address the first question, it can be seen that small amounts of SRM cooling
may be risk-reducing in moderate emissions scenarios than in extreme ones. For example, for a 0.3 °C
of SRM cooling and the M30 emissions scenario, there is only 9.7% of the combinations of parameter
values (Pgjlure and SRM phase-out duration) that are risk-amplifying. However, in such instances the
severity of losses can be very high. Note that catastrophic risk starts to dominate as baseline warming
increases, even for small amounts of SRM deployment, and increasingly larger phase-out durations are
required for SRM options to be economically viable. On the other hand, deploying the highest amount
of SRM (2 °C cooling) produces decision surfaces with a majority of risk-amplifying results under any
emissions scenario, ranging from 59.4% of the Pgj.e /phase-out combinations of values under the low-
est GHG emissions scenario (M30) to 95.9% under the highest (MF).

The second question focuses on the tradeoff between damage reduction and catastrophic risk and
helps identify the amount of SRM deployment that could lead to risk reduction for each emissions scen-
ario. For all the emission scenarios considered, the lowest amount of SRM (0.3 °C) results in more para-
meter values combinations that are risk reducing than risk-amplifying. Nonetheless, the percentage of
risk-increasing outcomes rapidly increases with baseline warming (up to 25.7% in the MF scenario) and
the associated losses can be very large. In the case of SRM deployment for 1 °C of cooling, the M30 and
M40 scenarios lead to considerably high percentages of risk-amplifying parameter combinations, but
lower than 50%. For higher emissions scenarios and medium/high SRM interventions, most parameter
combinations are risk amplifying. These results reinforce that the threshold of viable SRM interventions
is lower when mitigation is weak.

4, Conclusions

Our results suggest that solar-radiation modification can lower expected climate damages only within a
narrow intersection where three conditions coincide: (i) rapid and sustained global mitigation, (ii) a very
low probability of abrupt SRM failure, and (iii) controlled, slow phase-out. Outside this joint governance
space, SRM becomes a risk amplifier. Here we provide a coupled SPTP-GTP framework and a novel,
rate-driven catastrophe damage function that together helped us to identify viability boundaries for SRM
deployment and how its success and safe operation is intrinsically dependent on global mitigation.

We show that ignoring the potential for SPTP-GTP catastrophes component can systematically bias
the assessment of the economic convenience for SRM deployment. Even with technical and operational
reliability, non-zero failure probabilities arise from geopolitical shocks including nuclear wars and other
global conflicts, terrorism, unforeseen side-effects of SRM, among others (Tang and Kemp 2021). These
background risks put a lower bound to the probability of failure that cannot be engineered away or
eliminated by SRM/GHG governance alone.

The idea and increasing relevance of SRM options in the policy and public discourse arise directly
from the failure of governance of global mitigation of GHG. Paradoxically, the successful operational
deployment of these options depends directly on fixing the governance problem of GHG mitigation.
Both the SRM and GHG governance share similar challenges such as multilateral decision and political
processes, strong institutional capacities, harmonizing diverging interests, ethical considerations, scientific
uncertainty, as well as transparent monitoring and enforcing systems (UNEP 2023, Cherry et al 2025).
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Figure 6. Decision surfaces for the probability of failure and transition years comparing fixed levels of SRM cooling for each of the four different scenarios of global GHG emissions. Columns show the decision surfaces for
different levels of SRM cooling (0.3 °C, 1.0 °C, 2.0 °C) for each of the GHG emissions scenarios considered (M30, M40, M50 and MF). Rows show the decision surfaces for different GHG emissions scenarios (M30, M40,
M50 and MF) and different levels of SRM cooling (0.3 °C, 1.0 °C, 2.0 °C). The percentage in each panel shows the proportion of the considered parameter space (i.e. 0%—10% for Pgyijyre and 1-20 years for phase-out dura-
tion) for which SRM amplifies risk relative to the no-SRM scenarios. The units of the z axis are billion dollars.
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Hence combinations like weak mitigation/strong SRM governance are internally inconsistent, whereas
weak mitigation/ weak SRM governance are consistent with the past and current state of global climate
policy, and define precisely the quadrant where our results show SRM intensifies risk. As such, unless
the world can rapidly strengthen the very governance structures that are presently failing on emissions,
SRM governance will probably replicate those failures, and could magnify global risk rather than reduce
it. Strong evidence of global mitigation of GHG is a pre-requisite for SRM deployment and ensuring
controlled phase-out is imperative.

Our findings have important implications for the SRM governance literature. The narrow viability
boundaries we identify lend quantitative support to concerns raised by proponents of a non-use agree-
ment, which contend that the systemic risks of SRM may be unacceptably high in a real-world context
of geopolitical instability and failed cooperation (Biermann et al 2022). Conversely, for those who argue
that governance is possible (Parson et al 2024), our model specifies the minimum necessary conditions
for such governance: it must be robust enough to ensure near-zero failure probabilities and guarantee a
slow phase-out, all while being coupled with successful global mitigation. However, this suggests that a
world capable of the safe, long-term governance of SRM is likely a world that has already solved the mit-
igation problem, thereby obviating the need for SRM in the first place. Our results illustrate the need for
SRM research and underscore that deployment should not be considered without a fundamental trans-
formation in global climate governance. Since true climate catastrophes remain unobserved and SRM has
never been field-tested at scale, studies about the potential consequences of these options are necessarily
and considerably uncertain. The damage function should therefore be viewed as heuristic tools for help-
ing thinking about SRM and tipping point dynamics, and numerical results as illustrative rather than
precise projections. The qualitative insights on governance constraints and geophysical thresholds, how-
ever, are robust to wide parameter variation.

Future research should focus on investigating how the distribution of regional benefits and impacts
could change with SRM, while accounting for the possibility of SPTP-GTP. Spatially explicit IAMs can
take account the alteration of climate patterns caused by SRM and at the same time address intra-
country differences in exposure, and even urban and rural areas (Estrada and Botzen 2021, Estrada et al
2025). Additional efforts should focus on the explicit modeling of SPTPs and inclusion on IAMs which
could be helpful to identify conditions prone to generate them and to develop early warning signals.
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