Open Access Article. Published on 20 ghjennaghju 2026. Downloaded on 31/01/2026 4:18:01.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

1 1 . ROYAL SOCIETY
Environmental Science: OF CHEMISTRY

»
Atmospheres -

View Article Online

View Journal

Idealized modeling of stratospheric aerosol
injection deployment scenarios with two non-
cooperative actors

{ ") Check for updates ‘

Cite this: DOI: 10.1039/d5€a00022;

Anni Maattanen, (2 *@ Francois Ravetta,® Jérome Bureau,? Thibaut Lurton®
and Olivier Boucher®

We investigate solar radiation management scenarios of two non-cooperative actors deploying
stratospheric aerosol injection (SAl). We perform the idealized experiments with a four-box Energy
Balance Model capable of predicting hemispheric temperatures and monsoon precipitation, coupled to
Pl-controllers. The controller models the behaviour of an actor that deploys SAl at a certain location in
order to reach a certain climatic goal, such as an average temperature or a monsoon precipitation
target. The goal of this work is to assess through case studies of idealized scenarios what could go
wrong in a non-cooperative deployment. Continuous non-cooperative deployment by two actors
provides the expected climate result in most of the cases studied, but it can lead to the actors not fully
reaching their targets. Intermittent deployment, related to policy instability in our scenario design, can
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the intermittency. These results of our case studies point out the need for exploring more politically

DOI: 10.1039/d5ea00022] plausible scenarios in SRM modelling studies. More complex experiments, including multi-target

rsc.li/esatmospheres controllers and coalitions of actors, will be possible with a future version of the model.

Environmental significance

Solar radiation management has been proposed as a possibility to alleviate the consequences of climate change through cooling the Earth with injecting
reflective particles in the middle atmosphere. We explore with a simple climate model coupled to a controlling algorithm how non-cooperative deployment of
solar radiation management by two actors could impact the climate. We show that despite the lack of coordination, if the actors perform continuous
deployment, the resulting climatic state is relatively steady. If the solar radiation management is intermittent, the actors miss their targets and cause large
climate variations. Environmental impacts of such deployment might be large, implying a need for a global engagement if solar radiation management were to
be deployed in the future.

SRM evolves rapidly, there is a need to regularly update
assessments.>*®

1 Introduction

Solar radiation management or modification (SRM) is no
substitute for deep greenhouse gas emissions reductions.
Nevertheless, the current rate of mitigation efforts worldwide is
largely insufficient to achieve the Paris Agreement targets** and
SRM is also seen as a way to reduce the risk of dangerous
climate change occurring in the near- to medium-term®*
because it has the potential to cool the Earth within a few years
to a decade. SRM is certainly not a panacea: it does not
completely cancel the impacts of climate change due to green-
house gases>® and it is known to introduce a number of new
risks” as well as social and ethical concerns.® As the science of
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A key question when it comes to SRM deployment is how to
set up a governance framework that determines the objectives
of SRM and delivers them. Indeed “Who controls the Global
Thermostat?” and “By how much?” were identified early on as
key issues associated with SRM.” Given that SRM cannot fully
compensate for the impacts of greenhouse gases, it has been
investigated to which extent it is possible to calibrate how SRM
is deployed in a way that would minimize the regional damages
according to some simple climate metrics.” Other optimal
strategies'? could also account for social or economical aspects,
such as the disparity between those who will benefit/suffer from
climate change and how it impacts their incentives for SRM
deployment.

Stratospheric aerosol injection (SAI) is the most studied SRM
method because there is confidence that it has the potential to
cool the planet by at least 1 °C.** Large volcanic eruptions
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provide a natural analogue that allow for testing and calibration
of climate models used for studying them. Similarly, climate
modeling has proved to be a useful approach to understand the
strengths and limitations of SRM. Climate modelling has also
been used to investigate the interactions of large volcanic
eruptions and SAI deployment.**** However, SRM modelling
research comes with its uncertainties'®* that are yet to be
comprehensively quantified.”* To attain the desired climate
goals, SRM through SAI could be implemented in very different
ways with injection at different possible latitudes, heights and
seasons.'*'®* Moreover, SRM is also increasingly seen as an
optimal control problem,?**” whereby SAI or other forms of
SRM is adjusted iteratively over the years to stabilize the climate
around one or several set targets. Typical targets include the
global mean surface temperature (GMST) and interhemispheric
or equator-to-pole temperature gradients. They can also include
other climate variables such as regional precipitation amounts
or patterns, soil moisture or ecosystem services.

All of the SRM scenarios so far have not explicitly included
analyses on the geopolitical plausibility of the scenarios, and
thus it is unclear whether any long-term deployment foreseen in
the scenarios can be stable without some level of global
Such scenarios have been criticized and
challenged®*° and there is indeed a lot of debate as to whether
and how SRM can be effectively governed.*

Unilateral deployment of SRM could lead to the so-called
“free driving” situation where a single actor deploys SRM thus
affecting the global climate and exerting power over other
nations. Game theory has been used to study the possibility of
unilateral deployment,* revealing that the decision to embark
on the unilateral SRM deployment depends on the perceptions
and the interactions between the deploying country and others
and on weighting cost and gain for the deploying country.

A system of distributed SRM deployment responsibility has
been proposed to overcome the free-driving problem and
reduce the risk of termination shock in the case a deploying
actor suddenly stops its deployment.** The distributed respon-
sibility (based, for example, on cumulative past emissions)
would lead to an emergent policy on SRM governance. This
scheme was labelled as “limited unilateral control” as it would
not require a centralized power making decisions or forming
a policy, except for the initial agreement on the maximum
cooling from SRM deployment and the distribution of efforts
among the deploying actors.

SRM research has come to a point where implementation
scenarios are needed**** both because this is a necessary step to
better understand its benefits, impacts and risks, and because
this may feed back into the needed research on governance.****
Key questions include whether SRM should be governed in
a centralized or in a decentralized manner,* how to respond to
unexpected events,*** and failures, whether they are real or
perceived.** There could be varying levels of cooperation or lack
of cooperation in the case of multiple actors,*” and there could
be rogue actors.”® In particular, different actors may have
different climate objectives and not reach a consensus. It has
also been argued that some actors could take counter-SRM
measures through the release of powerful short-lived

consensus.
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greenhouse gases,** although such counter-measures could also
have a purely dissuasive role.

This study aims to address some of these potential gover-
nance issues in an idealized but quantitative way. We rely on an
Energy Balance Model (EBM) coupled to a Proportional-Integral
controller to test SAI deployment scenarios that involve two
actors pursuing the same or different goals but that do not
cooperate with each other nor coordinate their actions. In
addition to test cases of single-actor deployment and two actors
with similar goals, we also try to propose new scenarios that
include actors reacting to unilateral deployment and explore
intermittency. The scenarios are highly idealised and do not
represent a realistic implementation of SRM. The assumption
that an actor does not know the actions of other actors is an
extreme but useful one to test our scenarios. In practice some
actors may choose to communicate their actions or an actor that
has set up an observing system to monitor its own injections
could use it to infer some information on the actions of the
other actors. However, by exploring these scenarios with our
model, we capture the main outcomes of the different
scenarios. The main question that we address is the following:
What are the implications for the climate system of a non-
cooperative two-actor deployment scenario?

Section 2 describes our Energy Balance Model and controller
wrapped around it, and lists the studied scenarios. Section 3
presents the results while Section 4 draws conclusions and
directions for future work.

2 Methods

2.1 The energy balance model

We employ a two-layer Energy Balance Model (EBM)* that we
have extended to cover the Northern Hemisphere (NH) and the
Southern Hemisphere (SH) separately. Thus the model is a two-
hemisphere EBM that represents the climate system with four
boxes for which the mean temperatures are prognostic vari-
ables. The temperatures Tyy and Tsy characterize the atmo-
sphere and upper-ocean layers of the NH and SH, respectively,
and Tonu and Tosu the deep ocean layers. The inter-
hemispheric temperature gradients Tny—Tsuy and Toxu—To,su
are relaxed within a certain time scale. The EBM is driven by
a radiative forcing that is the sum of a global warming scenario
including a volcanic eruption, and SAI. We have also developed
a parametrization of the Indian monsoon precipitation for the
EBM. These different elements of the model are detailed below.

The idealized scenario for global warming radiative forcing
(RF), symmetric over the two hemispheres and including
a moderate volcanic eruption, is shown in panel A of Fig. 1. RF
ramps up linearly from 0 to 4 W m™? in year 100, followed by
a plateau between years 100 and 150 and a linear ramping down
to 3 W m~? between years 150 to 200. A temporary decrease of
RF due to a volcanic eruption causing a negative forcing is
applied in years 125 (—2 W m ) and 126 (—1 W m™?). This
scenario is used in all model experiments.

The radiative forcing caused by SAI (RF SRM) for each
hemisphere is computed from hemispheric stratospheric
aerosol optical depth (SAOD) and a radiative efficiency factor of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Time series of an idealised radiative forcing (W m~2) from greenhouse gases (GHG) ramping up, stabilising and ramping down and
a hypothetical volcanic eruption occurring at year 125 (panel (A)) and an example of the time series for the temperature noise (panel (B), in K;
black curve: NH; green curve: SH) and the monsoon noise (as a fraction: 0.1 = 10%, red curve).

—10 W m™? per unit AOD.* The SAOD is computed as the sum
of impulse response functions convoluted with the time-varying
emissions at the different injection points. Hence the different
emitted plumes (at different locations or different times) do not
interact with each other. The impulse response functions are
derived from dedicated experiments of the IPSL-CM6A-LR
model*” coupled to the sectional stratospheric aerosol model
S3A that describes the stratospheric sulfate aerosol micro-
physics and is capable to simulate SAI through stratospheric
SO, injections.***® The IPSL-CM6A-LR simulations were made
for injections at the Equator, 15°N/S, 30°N/S and 60°N/S with
the injections of 10 TgS per year made at the altitude of 18 km
(£0.5 km) and spread evenly over the first simulation year. The
IPSL-CM6A-LR model is then run for a period of 6 years in total
until the pulse emissions almost completely disappear from the
stratosphere. The hemispheric impulse response functions
resulting from the simulations are shown in Fig. 2 for both
hemispheres and the seven injection points. In most of the
cases, the SAOD peaks in year 2 and decays quickly thereafter.
The interhemispheric asymmetry seen in the impulse response
to equatorial and tropical injections, the NH always responding
more strongly than the SH, is related to the asymmetry in
stratospheric circulation. For a chosen SRM scenario in the
model experiments (Section 2.3), the RF SRM is calculated from
the response functions corresponding to the chosen injection
locations by scaling them to the actual injection rates and then
summing the resulting hemispheric RFs.

The total hemispheric radiative forcing leads to inter-
hemispheric temperature gradients Tyg—Tsy and Toxu—Tosu
in the two-hemisphere EBM that are reduced by relaxation
terms that have timescales of 10 and 20 years for the surface

© 2026 The Author(s). Published by the Royal Society of Chemistry

ocean and atmospheric layer and the deep ocean layer,
respectively. It was not possible to diagnose clearly the exchange
rate from IPSL-CM6A-LR simulations and we have opted here
for physically plausible values that are not invalidated by the
IPSL-CM6A-LR simulations. We recognize though that these
numbers are chosen somewhat ad hoc.

We also account for the heterogeneous distribution of
continents on the two hemispheres by modulating the heat
capacity of the surface ocean between the two hemispheres. In
the original two-layer EBM,* the effective heat capacity of the
surface ocean was estimated as 7.3 W year per m” per K from
a multi-model global mean. Noting that the NH is approxi-
mately 40% land and 60% ocean while the SH is 20% land 80%
ocean, we weigh the effective heat capacities of each hemi-
sphere accordingly (for both the surface and the deep ocean
layers).

Furthermore the change in Indian monsoon precipitation is
parametrized in our EBM as a function the interhemispheric
difference in SAOD and temperature. Previous work has shown
that the monsoon is not a land-sea breeze system driven by the
land-ocean contrast,*® and that the ITCZ shift is related to the
interhemispheric difference in heating, the induced energy
transport at the equator, and to a lesser degree to the inter-
hemispheric difference in the near-surface temperatures.**>*
Later, it was also shown that the global scale southward shift of
the ITCZ in the latter half of the last century was caused by the
cooling of the NH due to the anthropogenic aerosols,* and that
an asymmetry in stratospheric aerosol radiative forcing impacts
the African monsoon (in the Sahel).** Thus monsoon precipi-
tation change can be thought to be both a response to the
interhemispheric difference in SAOD (which is responsible for
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Fig. 2 Impulse response functions of the SH (panel (A)) and NH (panel
(B)) stratospheric AOD at 550 nm to a one-year 10 TgS injection at
various latitudes: Equator (red solid line), and 15, 30 and 60° of the NH
(blue, green and purple dashed lines) and the SH (blue, green and
purple solid lines).

an interhemispheric difference in RF) and a response to the
interhemispheric difference in surface temperature, both of
which can induce changes in circulation patterns. Our
approach focuses on these two predictors, but this does not
mean that there are no other predictors. For instance, it is well
known that the monsoon is connected to large-scale modes of
variability, which we do not resolve in our simple model, but we
introduce a relatively large noise level for the monsoon (see
below). We were also inspired by work that parameterized the
monsoon change as a function of the interhemispheric SAOD
gradient,” and another parametrization that described the
monsoon precipitation change as a function of the average
global AOD and interhemispheric differences in AOD.*®
Deconvolving the effects on the monsoon of both the inter-
hemispheric SAOD and temperature gradients in climate model
experiments that apply a constant-in-time SAOD perturbation is
not possible. This is why we set up an idealized experiment
whereby the interhemispheric difference in SAOD alternates
suddenly, causing the interhemispheric surface temperature
and SAOD differences to be out of phase. It is then possible to
disentangle the contributions of surface temperature and SAOD
on the monsoon precipitation. Specifically we ran two sets of

Environ. Sci.. Atmos.

View Article Online

Paper

simulations with the IPSL-CM6A-LR model where the S3A
module is switched off but the SAOD is simply prescribed to
a constant value on one hemisphere at a time. These simula-
tions alternate 5 years with SAOD fixed to a constant and
uniform value, SAOD = 0.4, in the NH only, followed by 5 years
of constant SAOD = 0.4 in the SH only. The SAOD in the other
hemisphere is set to zero. We repeat this succession of alter-
nating hemispheric SAOD three times leading to a 30-year long
simulation. A second, nearly identical simulation is performed
expect that the initial SAOD perturbation occurs in the SH
instead of the NH. We can then compute yearly statistics of
interhemispheric surface temperature difference and JJAS
Indian monsoon rainfall. This provides 60 datapoints, half of
which with an interhemispheric SAOD difference of 0.4 and the
other half with an interhemispheric SAOD difference of —0.4, all
plotted on Fig. 3. Because the surface temperature takes some
time to respond to SAOD changes, we get quite some variation
in the interhemispheric surface temperature difference for each
subset of datapoints, including a few datapoints where the
surface temperature is larger in the NH than in the SH despite
the hemispheric stratospheric layer being prescribed in the NH.
We perform a multiple regression of the monsoon rainfall
against the two predictors that indicates that the changes in
Indian monsoon precipitation is more sensitive to the SAOD
than to the surface temperature hemispheric differences
(Fig. 3). Our parametrization thus has the following form for the
change in Indian monsoon precipitation AP/P (%) as a function
of the interhemispheric (NH-SH) SAOD and temperature
differences:

AP
7 = —18.49 x ASAODNH_SH +1.25 x ATNH—SH “+ Om (1)

where g, is a noise term representing internal variability, and
the standard error of the fitted coefficients are, respectively,
2.301 and 0.812. As the monsoon index depends on two
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Fig. 3 The dependence of the Indian monsoon precipitation and its
relative change as a function of the interhemispheric temperature
difference and SAOD. The blue and red circles correspond to annual
averages from the climate simulations with alternating SAOD in the NH
(red circles) and in the SH (blue circles). The lines show the depen-
dence of the relative change in the Indian monsoon with the inter-
hemispheric temperature difference for different interhemispheric
differences in SAOD as estimated from the multi-regression fit.
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parameters instead of only one that furthermore are not global
variables, this increase in the degrees of freedom in the system
introduces further complexity in the way the climate can be
controlled by several actors.

The EBM equations are integrated with a timestep of one
tenth of a year, with the monsoon response calculated once
a year. The controller call leading to the calculation of the new
injections is also done once a year. We add to the hemispheric
mean temperatures a time series of white noise with standard
deviation o = 0.11 K (see example in panel B of Fig. 1). The
value of o was calculated from the Berkeley Earth land/ocean
temperature record GMST time series® as the standard devia-
tion in annual mean over the detrended 1980-2024 period. The
noise time series is generated for each pair of simulations with
and without SAI and is thus identical in the two simulations.
However, it varies from one pair of simulations to the next.
Similarly, we have added a time series of white noise with
standard deviation ¢, = 10%, close to values found in the
literature,** to the monsoon precipitation change (see panel B
of Fig. 1). As for the mean surface temperatures, the monsoon
noise time series is identical for the simulations with and
without SAI. The global mean surface temperature (GMST) is
calculated as the average of the NH and SH surface tempera-
tures (NHST and SHST, respectively).

2.2 Proportional-integral (PI) controller

Coupling controllers to climate models was introduced to SRM
modeling about 15 years ago and is now routine in GeoMIP and
ARISE simulations.?*?*** We couple the EBM with PI-controllers
that are based on the simple-pid python package (https://
pypi.org/project/simple-pid/) to adjust the amount of SAI
applied every year for a given target. Although the controller is
a classical Proportional-Integral-Derivative (PID) controller,
the actual implementation includes only the proportional and
integral (PI) gain parameters (K, and K;) as in previous works.
The controller does not include a feedforward term. The
values of the gain parameters K, and K; (Table 1) were chosen
by starting from those reported in previous studies,*® but were
empirically adjusted so that the model response with the
prescribed noise was adequate. We made sensitivity tests (not
shown) by varying the parameters by a factor of two and ten.
The model results were not very sensitive in this range. Larger
K, led to too strong a response of injections to noise, still
reaching the climate goals, and smaller values allowed for less
noisy injection timelines but delayed the convergence to the
climate goals at the start of the SAI intervention. Smaller
(larger) K; smoothed more (less) strongly the injections in
time. The chosen values are a good compromise where both
the climate goals are met within a realistic time range and

Table 1 The gain parameters used in our Pl controller
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where the injection timeline remains sufficiently smooth,
without exaggerated reactions to noise.

Each actor with a target is modeled with one controller and
the actors operate independently. In the current implementa-
tion of our model, an actor can choose only one target among
global mean surface temperature (GMST), Northern Hemi-
sphere mean surface temperature (NHST), Southern Hemi-
sphere mean surface temperature (SHST) or the Indian
monsoon index (MON), but different actors can have different
targets. The actors can also choose between injections points at
the Equator, 15°N/S, 30°N/S and 60°N/S, for which impulse
response functions have been implemented in the EBM (see
Section 2.1 and Fig. 2). These latitudes are close to the optimal
set for reaching different climate goals® so these response
functions should allow for a reasonably good exploration of the
“SAI design space”. It should be noted that we do not attempt
a full exploration of the space in this paper, but focus on
a selection of cases with injections at the equator or at 15°N/S.
We translate the fact that each actor has a limited deployment
capacity by setting time-dependent maximum injection rates for
each actor. This maximum value typically varies between 0 and
10 TgS per year and results in a corresponding maximum
radiative forcing (that depends on the injection latitude and the
SAOD impulse response functions) and therefore a maximum
cooling capability. At the start of injections, the rate of increase
of the injections is an adjustable parameter in the model,
currently defined as a linear ramp-up from zero to the
maximum rate within 20 years. In some experiments we
program the controller to interrupt injections (by setting the
maximum injection rate to zero) for a period of time when
certain conditions are fulfilled (see description in the following
section).

2.3 Implemented SRM scenarios

This subsection introduces the different deployment scenarios
we implemented in our experiments. These experiments are not
chosen as something “plausible”, for two reasons. First, the
modelling system is idealized, not permitting to model fully
realistic situations. Second, one of our goals was to test cases
where “human behaviour” through deployment intermittence
might have negative consequences on the climate, but this
intermittence is not described through a realistic implementa-
tion of real-world situations.

Table 2 summarizes the experiments discussed in this study
and they are detailed hereafter. See details for each experiment
and descriptions of what intermittency and cooling overshoot
refer to in the following subsections.

2.3.1 One actor. We implemented a one-actor scenario as
the baseline: the actor injects at 15°N with the target of cooling

Surface temperature

Monsoon

Proportional gain K,
Integral gain K;

© 2026 The Author(s). Published by the Royal Society of Chemistry

0.8 (TgS per year)/°C
0.6 (TgS per year)/°C per year

0.08 (TgS per year)/%
0.06 (TgS per year)/% per year
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Table 2 The SRM deployment experiments

Actor A Actor B
Experiment name Target Location Target Location Intermitt.
Single-actor-NH NHST 15°N — — No
Ownhemi NHST 15°N SHST  15°S No
Coolglobe GMST EQ GMST EQ No
NH-monsoon NHST 15°N MON  15°S No
Freeride GMST EQ GMST EQ Yes
Stopgo GMST EQ GMST EQ Yes
Overcool NHST 15°N SHST  15°S Yes

the NHST to the initial (year 0) temperature (experiment Single-
actor-NH). As our background warming scenario includes
a sporadic volcanic eruption, this experiment also shows how
the controller adjusts the injection rate when an external
forcing cools the climate on a shorter timescale.

2.3.2 Two complementary actors. We have two imple-
mentations of two complementary actors that share the burden
of cooling the planet. The complementarity is expressed
through the actors having the same or similar targets and
injection strategies. There is no explicit implementation of
a collaborative behavior between them in our model.

First, the two complementary actors both intend to cool their
own hemisphere (target: hemispheric surface temperature cools
to the initial value) by injecting at latitudes 15°N and 15°S
(Ownhemi).

Second, the two actors both aim at cooling the GMST to the
initial value and both inject at the Equator (Coolglobe). Since
the two actors do not cooperate, they both design their inter-
vention as if they were working alone, and thus the choice of
injections at the Equator is justified as it will provide the best
impact when aiming at a global cooling.

2.3.3 Two non-cooperative actors. The following four
scenarios describe two non-cooperative actors. These actors
have different targets and/or injection strategies. They do not
attempt to synchronize their actions with each other. Moreover,
there is some feedback between the actors as the actions of one
actor impact the target (and thus the actions) of the other actor.
As for complementary actors (Section 2.3.2), there is no explicit
interaction between the actors.

In one of the scenarios, the actors have differing targets: one
actor simply wants to cool the NHST whereas the other one does
not have a temperature target but wants to stop the monsoon
precipitation from decreasing due to the intervention of the first
actor. The first actor injects at 15°N. The second injects at 15°S,
starting 30 years later, as a way to compensate for the actions of
the first actor (experiment NH-monsoon).

We have also attempted to include intermittence of SAI in
the experiments. Such intermittence could be due to different
reasons.

A free-riding scenario (labelled Freeride) has been designed
whereby both actors initially work towards the same goal
(GMSTO0) by injecting at the Equator (just like in the experiment
Coolglobe). However, at some point in time, one of the actors

Environ. Sci.. Atmos.

View Article Online

Paper

stops injecting for 20 years and then resumes, resulting in
a redistribution of the injection burden between the two actors.

Another type of intermittence may arise from, for example,
situations where decision-makers change and have contrary
opinions to their predecessors. Decision-makers might also
simply change their opinion on SAI deployment. Perceived
failure of SAI** could lead to an interruption of injections in the
case where it takes too long to detect the effect of SAI Here, for
sake of easy implementation of random intermittence, we
consider that perceived failure occurs when SAI leads to over-
cooling (“cooling overshoot”). Two final scenarios, described
below, address these aspects.

First, once again both actors cooperate towards the same
goal (GMSTO) by injecting at the Equator (just like in the
experiment Coolglobe). Then one stops for 10 years, after which
it resumes the injections, but then the other one stops for 10
years, and so on, in alternating roles. This scenario (Stopgo)
describes intermittence with a certain periodicity.

The other intermittence experiment (Overcool) introduces
irregularity in the intermittence. It uses two hemispheric actors
that first both cool their own hemisphere by injecting at latitude
15°N/S (just like in the experiment Ownhemi). However, if the
cooling of the hemisphere is too strong so that the temperature
target is exceeded by more than 0.1 °C, the actor experiencing
the cooling overshoot in their hemisphere immediately stops
the injections. We assume that after five years either the
decision-makers change their mind or new decision-makers
overrule the decisions of their predecessors, and decide to
restart injections to cool again. The threshold of 0.1 °C is
chosen empirically based on the prescribed noise level (o =
0.11 K) that allows for the cooling overshoot in our model due to
this natural variability. This cooling overshoot is of course not
realistic nor observable in the real world, but it has been
implemented here to cause random interruptions of the injec-
tions, mimicking policy instabilities. It is a simple way to
implement sporadic and random intermittence from perceived
failure** of SAI in our model. The experiment is meant to
illustrate the possible behavior of ill-advised decision-makers
under pressure from the general public after perceived failure
of SRM (overcooling in our case). Keys et al.** showed the
perceived failure resulting from the natural variability of the
climate masking the regional cooling effect of SAI on a decadal
scale. In our experiment the perceived failure is implemented
through overcooling, first because it is technically feasible, but
also since our simple model only predicts the changes in global
or hemispheric mean temperatures so looking at regional
climate variability is not feasible.

3 Results

3.1 Single actor experiment

We start with the single actor experiment (Single-actor-NH) to
check the model response (Fig. 4). In this experiment actor A
cools the NH with an injection at 15°N. Injection ramps up as it
is initially limited by the maximum injection rate. It then
follows an evolution consistent with the RF history and the
ocean thermal inertia. The NH mean temperature cools to the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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volcanic eruption is indicated with dashed vertical line at year 125.

desired level in about 20 years. As the actor injects in the NH,
the SH does not cool as much as the NH. This leads to a North—
South temperature difference of about 1 K, and as a result the
monsoon precipitation decreases by 7% on average.

This experiment allows us also to test the reaction of the
system to a sudden volcanic eruption occurring during SAI on
simulation year 125. A volcanic eruption during SAI constitutes
a risk identified by Laakso et al' In their experiments, if
injections were continued despite a volcanic eruption, the
supplementary cooling effect was felt for several years. They also
concluded that if the injections were stopped altogether after
the eruption, it would have been necessary to restart them
within less than a year to be able to maintain the desired
cooling. Besides using very different types of models (our EBM
versus a global climate model and an Earth System Model), the
main difference between the experiments in our study and in
the previous study'* is that we dynamically adjust the injection
rate every simulated year, allowing the SRM to adapt to the
cooling caused by the eruption. Another study* also modelled
volcanic eruptions during SAI deployment and focused on the
possibility to reduce volcanic eruption related risks with the
adjustment of SAI. These experiments*® used a controller to
adjust the SAI injections to keep the global mean temperatures
at 1.5 K above the preindustrial in the SSP2-4.5 scenario, but the
post-eruption modification of the injection scenario was
prescribed. The authors' showed that in particular when the
eruption is of the same magnitude as the SAI deployment, the
post-eruption risks can be efficiently mitigated by injection

© 2026 The Author(s). Published by the Royal Society of Chemistry

adjustments. If the eruption is much larger than the SAI injec-
tions, stopping injections right after eruption reduces some-
what the sudden cooling and the changes in precipitation.

As our ability to predict volcanic eruptions is very low, we
assume that SAI reduction as a response to the cooling caused
by the eruption can not be anticipated. The SAI could be
stopped after the eruption through a feedforward term of the
controller, which we have not implemented. Instead SAI is only
adjusted after the eruption automatically by the controller once
the temperature impact is detected. The controller detects that
an external forcing is cooling the Earth and it adjusts the
injection rate accordingly. Fig. 4 shows a clear drop in
temperatures following the eruption and the injection rate
decreases soon after as the controller reacts to the temperature
change. The injection does not cease completely though, but
only decreases slightly to adjust SAI to the new RF, and the
impact of the volcanic eruption on the temperatures is felt
during about five years. As the impact of the volcanic eruption
on the temperatures is of the same order of magnitude as the
noise, the detectability of the temperature change signal and
the resulting SAI reduction timescale can be very variable.

3.2 Experiments with two actors with similar objectives

We now turn to experiments with two actors who have similar or
complementary objectives.

In the first two-actor experiment (Ownhemi), A cools the NH
with a 15°N injection while B cools the SH with a 15°S injection.
The results, shown on Fig. 5, indicate quite a fair outcome as the
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Fig. 5 Same as Fig. 4 but for the Ownhemi experiment. The emissions from the two actors are shown with two different colors on the top left
panel. Only the combined effects of their injections are shown on the other panels.

burden is shared between the two actors. Actor B needs to inject
slightly more than A due to the NH/SH asymmetry in the AOD
response (see Fig. 2) and the larger ocean fraction in the SH, but
the difference remains small. The hemispheric SRM radiative
forcings are very close to each other, and the hemispheric
temperatures reach the target within about 10 years after SAI
deployment starts. As the objectives are symmetrical between
the two hemispheres, the monsoon is essentially unchanged.
This is shown by the time series of monsoon variability being
the same in both simulations (bottom right panel in Fig. 5).
Thus in this experiment for this deployment scenario both
actors reach their target and in addition the monsoon precipi-
tation is not modified as a result of the SAI deployment.

The second two-actor experiment has both actors A and B
aiming to cool the GMST by injecting at the Equator (Coolglobe,
Fig. 6). Technically this means that the PI controller is the same
for both actors. In this experiment the two actors share the
burden almost equally. However, the hemispheric SRM radiative
forcings are clearly different from in the previous experiment, the
NH SRM RF being larger than for SH (Fig. Fig. 2). Thus, the NH
cools slightly more than the SH (difference <0.5 K), leading to
a small decrease (2.2%) of the monsoon precipitation.

The two experiments are very similar, but the interhemi-
spheric differences in the SAI radiative forcing in the case of
equatorial injections versus injections at 15°N/S and the slightly
different targets (global versus hemispheric mean temperatures)
causes notable deviations in the result, in particular concerning
the monsoon. In the Coolglobe experiment the temperature
target is reached, but the monsoon presents a negative anomaly
in precipitation. This reflects the conclusion of our monsoon
parametrization development (Section 2.1 and eqn (1)): the

Environ. Sci.. Atmos.

monsoon reacts mainly to the RF (or SAOD) difference between
the hemispheres, as seen in the rightmost panels of Fig. 6. On the
contrary, the Ownhemi experiment results in achieving the
desired cooling with an unperturbed monsoon, since the
resulting hemispheric RF are very similar. Essentially these
results are expected due to the fact that the experiment Coolglobe
has only one degree of freedom, whereas Ownhemi has two.

3.3 Scenarios with two actors with different objectives

In this subsection we discuss a scenario with two actors setting
different climate objectives (NH-monsoon, Fig. 7). Actor A aims at
cooling the NH whereas actor B has a monsoon target, due to the
impacts of the deployment of SAI by A. In this scenario there is
a built-in dependence of the actors, since B reacts to the monsoon
change caused by A. However, despite this initial link between the
two, both actors manage their SAI deployments independently.
First, actor A starts cooling the NH in simulation year 50 by
injecting in the NH (15°N). After 30 years of SAI deployment by
actor A (so on simulation year 80), as the monsoon precipitation
is decreasing, actor B acts to improve the monsoon by injecting
in the SH (at 15°S) and consequently ends up cooling the SH,
too. As actor A starts its unilateral SRM, the monsoon precipi-
tation decreases in simulation years 50-80 due to the inter-
hemispheric temperature and RF gradients resulting from actor
A’s SAI deployment. When actor B starts SAI with a goal to fix the
monsoon, the interhemispheric gradients start decreasing, but
the impact of both gradients is visible until about year 110 when
the temperature gradient disappears. Both achieve their
primary targets: actor A cools the NH and B brings the monsoon
precipitation to its normal level. However, both actors A and B
cool also the SH, and actor B in particular needs to cool the SH

© 2026 The Author(s). Published by the Royal Society of Chemistry
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down to the same level as NH (zero mean hemispheric
temperature anomaly) in order to attain its monsoon goal.

3.4 Scenarios with two actors and SRM intermittence

With the last set of scenarios we investigate what happens if an
actor starts, stops and then starts again its climate intervention.
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The intermittence could be due to many reasons, such as the
advent of a new government with a contrary opinion on SRM,
society changing its mind, or a public perception of a failure of
SRM leading to decision-makers interrupting the injections.
These experiments reveal the potential impacts of uncoordi-
nated deployment by actors who are not committed to
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maintaining SAI injections and who are unprepared for
perceived failure** leading to doubt and potentially a change in
public opinion. We have built three scenarios of this kind.

In the first SRM intermittence scenario (Freeride, Fig. 8),
both A and B aim to cool the GMST by injecting at the Equator
(implemented as two PI controllers with the same parameters).
They share the burden for a while, like in the Coolglobe
scenario. Actor A stops SAI between years 100 and 120, and then
resumes injecting.

As aresult of A stopping injections, B ramps up its injections
to its maximum capacity in an attempt to achieve its target. This
is not fully sufficient and temperatures remain slightly (0.5 K)
above the target. When A resumes, it does not need to inject as
much as before, since B is injecting at its full capacity, which is
almost sufficient to achieve their common target. This results in
actor A free-riding at the expense of B. Since there is no direct
communication between A and B nor any feedforward term, B
does not really know that it could reduce its injections after year
120 and share the burden with A, so B continues to inject at
nearly its maximum capacity until the GHG RF starts decreasing
(at simulation year 150).

When A stops the injections, temperatures rise rapidly. This
impact of stopping SRM is widely known as the termination
shock,® but here the impact is smaller in magnitude as only one
actor stops and the other one continues. This result shows that
even in lack of coordination, if two actors deploy SAI and have
sufficient incentives, the termination shock can be avoided
despite sudden halt of SAI by one of the actors.*

The second SRM intermittence scenario (Stopgo, Fig. 9) is
similar to the previous one in that both A and B aim to cool the
GMST by injecting at the Equator (they also have the same
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parameters for the PI controller). They share the burden for
a while (50 years), but then keep changing their mind by stop-
ping injections for ten years, each at a time, so that when one is
not injecting the other one is, thus changing roles every ten
years. This leads to oscillations in the SRM RF and a smaller
average RF magnitude leading to the GMST missing the target
by about +1 K. This scenario shows that intermittency is prob-
lematic and coordination and engagement would be needed to
make sure that the goals are attained. This is a highly idealized
scenario, designed for testing the achievability of the goals
despite high levels of intermittence.

The intermittency stops in simulation year 180. In the end of
the simulation a free-riding situation occurs, as actor A is nearly
at its maximum capacity when actor B starts injecting again, the
latter not needing to inject as much for reaching the target.
Here the lack of a feedforward term is seen as in the previous
case.

In the third SRM intermittence scenario (Overcool, Fig. 10)
the actors have different targets. Actor A aims to cool the NH
with an injection at 15°N while B aims to cool the SH with a 15°S
injection. In this scenario, each actor stops for 5 years if they
overcool their hemispheric mean temperature goal. The over-
cooling and stopping criteria occur irregularly, approximately
every 15-20 years in this experiment. This intermittence results
in temperatures rising in the target hemisphere although only
one of the actors stops at a time. The irregular intermittence
leads to fairly large (nearly 1 K) oscillations in hemispheric
temperatures and the actors missing their target by +0.5 K, and
to an increase in the monsoon variability (standard deviation of
10.6% versus 9.8% for the unperturbed monsoon).
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4 Conclusion and future research

In this study, we have conducted several idealized numerical
experiments to investigate the outcomes of uncoordinated SAI
deployment by two actors. In particular, intermittent deploy-
ment can lead to severe oscillations of the target parameters
and the actors missing the target. However, if the actors
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perform continuous deployment, the resulting climate

converges (close) to the desired target(s).

We have further shown that two non-cooperative actors
implicitly learn from each other's actions through the moni-
toring of their own climatic targets, which induces some kind of
indirect coordination. We have also shown that free riding may
occur if one of the actors stops injections during a certain time
and resumes while the other actor has already ramped up its
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deployment to a larger capacity. It should be noted that we have
no feedforward term in our controller, so any change in actions
of an actor are only based on a detection of change in the
monitored parameters related to their climate goals (tempera-
ture or monsoon precipitation). Thus the changes can not be
anticipated based on, for example, knowledge on stopping of
injections by another actor or direct observation of a volcanic
eruption that would be possible in reality.

We have also addressed intermittent deployment of SAI to
mimic policy instabilities. Halting the injections is either
prescribed or defined to happen when a certain condition
(overcooling) is met. In our experiments, intermittence produces
oscillations in the predicted temperatures and an increase in
monsoon variability. These examples show that SRM intermit-
tence can lead to missing the climatic target. This illustrates the
need for a long-term (global) engagement if SRM is to be
deployed. These experiments show that investigating non-ideal
SRM scenarios is a critical line of research, including less ideal
settings that account for political, societal, legal and geopolitical
constraints, and failures of the SRM implementation.

Our model is simple, but fast to run, which makes it useful to
potentially investigate more scenarios than the ones discussed
in this study. The model could be made more complex to
address new issues, but it is unlikely that a more complex model
would lead to qualitatively different answers. Including
different actors with controllers into a global model could be
a follow up of our simple approach and remove some of the
simplifications and biases of this model. Such an approach
could for instance provide a more realistic link between
regional RF and regional temperature response.®

There are also future perspectives for this work, using the
same kind of a simple model. We could introduce a time delay
in the controller response, related to political decision-making
timescales. Here the study focused on two actors only, but
further actors could be included, with different targets and/or
different injection capabilities. Also, multi-target actors could
be described with a modified controller (i.e. with multiple input
and multiple output). It could also be possible to test the
implementation of the suggested distributed deployment
responsibility.*® Finally, a specific module could be developed to
mimic a coalition of actors and their strategy in using SAI for
their climatic goals.
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