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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.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ea00022j

Environmental Science: Atmospheres Page 2 of 17

View Article Online
DOI: 10.1039/D5EA00022J

Journal Name

Idealized modeling of stratospheric aerosol injection de-

Cite this: DOI: 00.0000/XXXXXXXXXX

ployment scenarios with two non-cooperative actors’

Anni M3jttanen,* Francois Ravetta,® Jérdme Bureau,® Thibaut Lurton,? and Olivier
Boucher?

Received Date
Accepted Date

We investigate solar radiation management scenarios of two non-cooperative actors deploying strato-
Rt et spheric aerosol injection (SAIl). We perform the idealized experiments with a four-box Energy Balance
Model capable of predicting hemispheric temperatures and monsoon precipitation, coupled to PI-
controllers. The controller models the behaviour of an actor that deploys SAIl 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 pro-
vides 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 lead to a free-riding situation, or missing the climatic targets due to temperature oscillations
induced by the intermittency. These results of our case studies point out the need for exploring
more politically plausible scenarios in SRM modelling studies. More complex experiments, including
multi-target controllers and coalitions of actors, will be possible with a future version of the model.
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1 Introduction

24
Solar radiation management or modification (SRM) is no substi- 2s
tute for deep greenhouse gas emissions reductions. Nevertheless, 26
the current rate of mitigation efforts worldwide is largely insuffi-
cient to achieve the Paris Agreement targets''2 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 po- z:
tential 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 greenhouse gases= *
introduce a number of new risksZ as well as social and ethical
concerns.® As the science of SRM evolves rapidly, there is a need >
to regularly update assessments.2:10 *

and it is known to

36

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 Ther-
mostat?” and “By how much?” were identified early on as key is-
sues associated with SRM.” Given that SRM cannot fully compen- .
sate 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 "

a6
a7
@ LATMOS/IPSL, Sorbonne Université, UVSQ Université Paris-Saclay, CNRS, Paris,
France; E-mail: anni.maattanen@latmos.ipsl.fr 48
b Institut Pierre-Simon Laplace, Sorbonne Universite / CNRS, Paris, France 49

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.13 Large volcanic eruptions provide
a natural analogue that allow for testing and calibration of cli-
mate 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.1412l However, SRM modelling research comes with
its uncertainties1220 that are yet to be comprehensively quan-
tified.2! 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.26718 Moreover,
SRM is also increasingly seen as an optimal control problem, 22727
whereby SAI or other forms of SRM is adjusted iteratively over
the years to stabilize the climate around one or several set tar-
gets. Typical targets include the global mean surface tempera-
ture (GMST) and interhemispheric or equator-to-pole tempera-
ture 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
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thus it is unclear whether any long-term deployment foreseen imos
the scenarios can be stable without some level of global consen-or
sus. Such scenarios have been criticized and challenged28"30 and,
there is indeed a lot of debate as to whether and how SRM can be,,,
effectively governed.1 110
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. Gamer12
theory has been used to study the possibility of unilateral deploy-
ment,3? 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. 116
A system of distributed SRM deployment responsibility has'*”
been proposed to overcome the free-driving problem and re**®
duce the risk of termination shock in the case a deploying actor**®
suddenly stops its deployment.23 The distributed responsibility*2°
(based, for example, on cumulative past emissions) would lead***
to an emergent policy on SRM governance. This scheme was la*??
belled 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 de-***
ployment and the distribution of efforts among the deploying ac-*2¢
tors. 127
SRM research has come to a point where implementation sce-2s
narios are needed2#32 both because this is a necessary step toe
better understand its benefits, impacts and risks, and because thistse
may feed back into the needed research on governance.36738l Keyas:
questions include whether SRM should be governed in a central-32
ized or in a decentralized manner,*? how to respond to unex-ss
pected events, 1449 and failures, whether they are real or perasa
ceived.!! There could be varying levels of cooperation or lack ofizs
cooperation in the case of multiple actors,42 and there could besss
rogue actors.*2 In particular, different actors may have differentiss
climate objectives and not reach a consensus. It has also been arass
gued that some actors could take counter-SRM measures throughise
the release of powerful short-lived greenhouse gases, % althoughiao
such counter-measures could also have a purely dissuasive role. 141
This study aims to address some of these potential governanceis=
issues in an idealized but quantitative way. We rely on an En-as
ergy Balance Model (EBM) coupled to a Proportional-Integrahaas
controller to test SAI deployment scenarios that involve two acaas
tors pursuing the same or different goals but that do not cooper-as
ate with each other nor coordinate their actions. In addition toisr
test cases of single-actor deployment and two actors with simi-as
lar goals, we also try to propose new scenarios that include ac-ase
tors reacting to unilateral deployment and explore intermittencyaso
The scenarios are highly idealised and do not represent a realisticisa
implementation of SRM. The assumption that an actor does notis>
know the actions of other actors is an extreme but useful one toiss
test our scenarios. In practice some actors may choose to commu-sa
nicate their actions or an actor that has set up an observing systemss
to monitor its own injections could use it to infer some informa-ss
tion on the actions of the other actors. However, by exploringsz
these scenarios with our model, we capture the main outcomes ofiss
the different scenarios. The main question that we address is theiso
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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
presents the results while Section [4| draws conclusions and di-
rections for future work.

2 Methods

2.1 The Energy Balance Model

We employ a two-layer Energy Balance Model (EBM)42l 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 variables.
The temperatures Tyy and Tsy characterize the atmosphere and
upper-ocean layers of the NH and SH, respectively, and To ny and
To,su the deep ocean layers. The inter-hemispheric temperature
gradients Tng—Tsy and Tonu—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 a volcanic eruption,
and SAIL 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 mod-
erate volcanic eruption, is shown in panel A of Fig [I). RF
ramps up linearly from 0 to 4 W m~2 in year 100, followed by
a plateau between years 100 and 150 and a linear ramping down
to 3 W m~2 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~2) and 126 (-1 W m~2). This scenario is
used in all model experiments.

The radiative forcing caused by SAI (RF SRM) for each hemi-
sphere is computed from hemispheric stratospheric aerosol opti-
cal depth (SAOD) and a radiative efficiency factor of -10 W m—2
per unit AOD.4® 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“Z coupled to the sec-
tional stratospheric aerosol model S3A that describes the strato-
spheric sulfate aerosol microphysics and is capable to simulate
SAI through stratospheric SO, injections. #4648 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 y~! made at the
altitude of 18 km (40.5 km) and spread evenly over the first sim-
ulation year. The IPSL-CM6A-LR model is then run for a period of
6 years in total until the pulse emissions almost completely dis-
appear 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
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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).

more strongly than the SH, is related to the asymmetry in strato-eo
spheric circulation. For a chosen SRM scenario in the model ex-o:
periments (Section , the RF SRM is calculated from the re-o2
sponse functions corresponding to the chosen injection locationsies
by scaling them to the actual injection rates and then summingioa
the resulting hemispheric RFs. 105

The total hemispheric radiative forcing leads to inter*°®

hemispheric temperature gradients Tyg—Tsy and To ng—To,sH in*®”
the two-hemisphere EBM that are reduced by relaxation terms*®
that have timescales of 10 and 20 years for the surface ocean*®®
and atmospheric layer and the deep ocean layer, respectively. 1%
was not possible to diagnose clearly the exchange rate from IPSL>*
CM6A-LR simulations and we have opted here for physically plau?°*
sible values that are not invalidated by the IPSL-CM6A-LR sim>°*
ulations. We recognize though that these numbers are choser®®*

somewhat ad hoc. 205

. . . . 206
We also account for the heterogeneous distribution of conti-

nents on the two hemispheres by modulating the heat capac-:c'7
ity of the surface ocean between the two hemispheres. In the
original two-layer EBM,#2 the effective heat capacity of the sur-
face ocean was estimated as 7.3 Wyrm~2K~! from a multi-model
global mean. Noting that the NH is approximately 40% land and
60% ocean while the SH is 20% land 80% ocean, we weigh the
effective heat capacities of each hemisphere accordingly (for both:j

the surface and the deep ocean layers)

08

215
Furthermore the change in Indian monsoon precipitation is,,q

parametrized in our EBM as a function the interhemispheric dif-,,
ference in SAOD and temperature. Previous work has shown that,,,
the monsoon is not a land-sea breeze system driven by the land-,,
ocean contrast,4? and that the ITCZ shift is related to the inter-

hemispheric difference in heating, the induced energy transport
at the equator, and to a lesser degree to the interhemispheric dif-
ference in the near-surface temperatures®?>2 | 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 asymme-
try in stratospheric aerosol radiative forcing impacts the African
monsoon (in the Sahel).2# Thus monsoon precipitation change
can be thought to be both a response to the interhemispheric dif-
ference in SAOD (which is responsible for an interhemispheric
difference in RF) and a response to the interhemispheric differ-
ence in surface temperature, both of which can induce changes
in circulation patterns. Our approach focuses on these two pre-
dictors, 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 inter-
hemispheric SAOD gradient,> and another parametrization that
described the monsoon precipitation change as a function of the
average global AOD and interhemispheric differences in AOD.2®
Deconvolving the effects on the monsoon of both the interhemi-
spheric SAOD and temperature gradients in climate model experi-
ments that apply a constant-in-time SAOD perturbation is not pos-
sible. 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 contri-
butions of surface temperature and SAOD on the monsoon pre-
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cipitation. Specifically we ran two sets of 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 hemi-
sphere at a time. These simulations 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 suc-
cession of alternating 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 In-
dian 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. Because the surface temperature takes some time to
respond to SAOD changes, we get quite some variation in the in-
terhemispheric surface temperature difference for each subset of
datapoints, including a few datapoints where the surface temper-
ature is larger in the NH than in the SH despite the hemispheric
stratospheric layer being prescribed in the NH. We perform a mul-
tiple 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 hemi-
spheric differences (Figure [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

— = —18.49 x ASAODNy_sg + 1.25 X ATNg—SH + Om

» &)

where o0, 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 parameters
instead of only one that furthermore are not global variables, this
increase in the degrees of freedom in the system introduces fur-
ther complexity in the way the climate can be controlled by sev-
eral 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 tem-
peratures a time series of white noise with standard deviation
or = 0.11 K (see example in panel B of Fig[I). The value of oy
was calculated from the Berkeley Earth land/ocean temperature
record GMST time series” as the standard deviation in annual
mean over the detrended 1980-2024 period. The noise time se-
ries 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
6, = 10%, close to values found in the literature,8>? to the mon-
soon precipitation change (see panel B of Fig[I)). As for the mean
surface temperatures, the monsoon noise time series is identical
for the simulations with and without SAIL. The global mean sur-
face temperature (GMST) is calculated as the average of the NH
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Fig. 3 The dependence of the Indian monsoon precipitation and its rela>*?

tive change as a function of the interhemispheric temperature difference314
and SAOD. The blue and red circles correspond to annual averages fromsis
the climate simulations with alternating SAOD in the NH (red circles),,q
and in the SH (blue circles). The lines show the dependence of the rela—317
tive change in the Indian monsoon with the interhemispheric temperature

difference for different interhemispheric differences in SAOD as estimated®*®
from the multi-regression fit. 319

and SH surface temperatures (NHST and SHST, respectively). 322

323
2.2 Proportional-Integral (PI) controller 324
Coupling controllers to climate models was introduced to SRIVP?®
modeling about 15 years ago and is now routine in GeoMIP and®*®
ARISE simulations. 222422 We couple the EBM with PI-controllers
that are based on the simple-pid python package (https://pypi .s27
org/project/simple-pid/) to adjust the amount of SAI appliedszs
every year for a given target. Although the controller is a classze
sical Proportional-Integral-Derivative (PID) controller, the actuakso
implementation includes only the proportional and integral (PD)ss:
gain parameters (K, and K;) as in previous works. The controlletss2
does not include a feedforward term. The values of the gain pa=ss
rameters K, and K; (Table|I) were chosen by starting from thosesss
reported in previous studies,2® but were empirically adjusted sosss
that the model response with the prescribed noise was adequate sss
We made sensitivity tests (not shown) by varying the parameterssss
by a factor of two and ten. The model results were not very sen-sss
sitive in this range. Larger K, led to too strong a response ofsze
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 interven-
tion. Smaller (larger) K; smoothed more (less) strongly the injec-
tions in time. The chosen values are a good compromise where
both the climate goals are met within a realistic time range and
where the injection timeline remains sufficiently smooth, without
exaggerated reactions to noise.

Table 1 The gain parameters used in our Pl controller.

Monsoon 340
0.08 (TgS/yn/%
0.06 (TgS/yr)/%/yr ***

342

Each actor with a target is modeled with one controller andsas

Surface temperature
0.8 (TgS/yr)/°C
0.6 (TgS/yr)/°C/yr

Proportional gain K,
Integral gain K;
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the actors operate independently. In the current implementation
of our model, an actor can choose only one target among global
mean surface temperature (GMST), Northern Hemisphere mean
surface temperature (NHST), Southern Hemisphere 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 im-
plemented in the EBM (see Section and Fig. . These lati-
tudes are close to the optimal set for reaching different climate
goals©¥ so these response functions should allow for a reason-
ably 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 maxi-
mum injection rates for each actor. This maximum value typically
varies between 0 and 10 TgS/yr and results in a corresponding
maximum radiative forcing (that depends on the injection lati-
tude 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 con-
troller to interrupt injections (by setting the maximum injection
rate to zero) for a period of time when certain conditions are ful-
filled (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 cho-
sen as something “plausible”, for two reasons. First, the modelling
system is idealized, not permitting to model fully realistic situa-
tions. Second, one of our goals was to test cases where “human
behaviour” through deployment intermittence might have nega-
tive consequences on the climate, but this intermittence is not
described through a realistic implementation of real-world situa-
tions.

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.

Table 2 The SRM deployment experiments.

Experiment name Actor A Actor B Inter-
Target Location Target Location  mitt.
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

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 the NHST to the initial
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(year 0) temperature (experiment Single-actor-NH). As our back-es
ground warming scenario includes a sporadic volcanic eruption,,,
this experiment also shows how the controller adjusts the injec-,,
tion rate when an external forcing cools the climate on a shorter,,,
timescale. 202

2.3.2 Two complementary actors

We have two implementations of two complementary actors that405
share the burden of cooling the planet. The complementarity ism
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:j:
own hemisphere (target: hemispheric surface temperature cools411
to the initial value) by injecting at latitudes 15°N and 15°S (Own-,
hemi). .

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 intervention,
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.

13

8

2.3.3 Two non-cooperative actors 420

The following four scenarios describe two non-cooperative actors.
These actors have different targets and/or injection strategies.423
They do not attempt to synchronize their actions with each other.
Moreover, there is some feedback between the actors as the ac—424
tions 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 doesm
not have a temperature target but wants to stop the monsoon,
precipitation from decreasing due to the intervention of the ﬁrst432
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 rea-ss
sons. 436

A free-riding scenario (labelled Freeride) has been designedssz
whereby both actors initially work towards the same goakss
(GMSTO0) by injecting at the Equator (just like in the experimentsso
Coolglobe). However, at some point in time, one of the actorsao
stops injecting for 20 years and then resumes, resulting in a re-s:
distribution of the injection burden between the two actors. 442

Another type of intermittence may arise from, for example, sit«43
uations where decision-makers change and have contrary opin44+
ions to their predecessors. Decision-makers might also simplyaas
change their opinion on SAI deployment. Perceived failure ofass
SAI*U could lead to an interruption of injections in the case wheresar
it takes too long to detect the effect of SAI. Here, for sake ofiss
easy implementation of random intermittence, we consider thatass
perceived failure occurs when SAI leads to overcooling ("coolingsso
overshoot"). Two final scenarios, described below, address thesess:
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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 inter-
mittence with a certain periodicity.

The other intermittence experiment (Overcool) introduces ir-
regularity 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 (o7 = 0.11 K) that allows for the cool-
ing 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 injections, 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.4l 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 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 iden-
tified by Laakso et al.14 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
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have been necessary to restart them within less than a year to besos
able to maintain the desired cooling. Besides using very differsor
ent types of models (our EBM versus a global climate model and

an Earth System Model), the main difference between the exper--
iments in our study and in the previous study® is that we dy-
namically 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 deployment512
and focused on the possibility to reduce volcanic eruption related
risks with the adjustment of SAI These experiments’® used a con-""*
troller to adjust the SAI injections to keep the global mean tem-""
peratures at 1.5 K above the preindustrial in the SSP2-4.5 sce-"°
nario, but the post-eruption modification of the injection scenarios,,
was prescribed. The authors!® showed that in particular whens,s
the eruption is of the same magnitude as the SAI deployments;,
the post-eruption risks can be efficiently mitigated by injections,,
adjustments. If the eruption is much larger than the SAI injecw.,
tions, stopping injections right after eruption reduces somewhat;,,
the sudden cooling and the changes in precipitation. 523

As our ability to predict volcanic eruptions is very low, we as-s24
sume that SAI reduction as a response to the cooling caused byszs
the eruption can not be anticipated. The SAI could be stoppedszs
after the eruption through a feedforward term of the controllerszz
which we have not implemented. Instead SAI is only adjustedszs
after the eruption automatically by the controller once the tem-s2e
perature impact is detected. The controller detects that an exter-sso
nal forcing is cooling the Earth and it adjusts the injection ratess:
accordingly. Figure [4]shows a clear drop in temperatures follow-ss2
ing 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. s30

540

3.2 Experiments with two actors with similar objectives
541

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

42
543

In the first two-actor experiment (Ownhemi), A cools the NHsaa
with a 15°N injection while B cools the SH with a 15°S injec-sas
tion. The results, shown on Fig. |5} indicate quite a fair outcomesas
as the burden is shared between the two actors. Actor B needs tosaz
inject slightly more than A due to the NH/SH asymmetry in thesas
AOD response (see Fig. [2) and the larger ocean fraction in thesas
SH, but the difference remains small. The hemispheric SRM ra-sso
diative forcings are very close to each other, and the hemispherics.
temperatures reach the target within about 10 years after SAI de-ss=
ployment starts. As the objectives are symmetrical between thesss
two hemispheres, the monsoon is essentially unchanged. This issa
shown by the time series of monsoon variability being the samesss
in both simulations (bottom right panel in Fig[5). Thus in thisse
experiment for this deployment scenario both actors reach theimsz
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target and in addition the monsoon precipitation is not modified
as a result of the SAI deployment.

The second two-actor experiment has both actors A and B aim-
ing 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 forc-
ings 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 interhemispheric
differences in the SAI radiative forcing in the case of equatorial in-
jections versus injections at 15°N/S and the slightly different tar-
gets (global versus hemispheric mean temperatures) causes no-
table deviations in the result, in particular concerning the mon-
In the Coolglobe experiment the temperature target is
reached, but the monsoon presents a negative anomaly in precip-
itation. This reflects the conclusion of our monsoon parametriza-
tion development (section and Eq. (I)): the monsoon re-
acts mainly to the RF (or SAOD) difference between the hemi-
spheres, as seen in the rightmost panels of Fig. [f] On the con-
trary, the Ownhemi experiment results in achieving the desired
cooling with an unperturbed monsoon, since the resulting hemi-
spheric 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.

soon.

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 precipitation
decreases in simulation years 50-80 due to the interhemispheric
temperature and RF gradients resulting from actor A's SAI deploy-
ment. 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 tem-
perature 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 down to the same level
as NH (zero mean hemispheric temperature anomaly) in order to
attain its monsoon goal.

Journal Name, [year], [vol.], 1 |7
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3.4 Scenarios with two actors and SRM intermittence 613

With the last set of scenarios we investigate what happens if an®*4
actor starts, stops and then starts again its climate intervention.®*®
The intermittence could be due to many reasons, such as the ad-**¢
vent of a new government with a contrary opinion on SRM, soci-**”
ety changing its mind, or a public perception of a failure of SRIVP*®
leading to decision-makers interrupting the injections. These ex-**°
periments reveal the potential impacts of uncoordinated deploy-2°
ment by actors who are not committed to maintaining SAI injec-2*
tions and who are unprepared for perceived failure®! leading tof22
doubt and potentially a change in public opinion. We have built®2*
three scenarios of this kind. 624

In the first SRM intermittence scenario (Freeride, Fig. [§), both™*
A and B aim to cool the GMST by injecting at the Equator (im-,,
plemented as two PI controllers with the same parameters). They
share the burden for a while, like in the Coolglobe scenario. Ac-"*
tor A stops SAI between years 100 and 120, and then resumes’
injecting. o2

7

630
As a result of A stopping injections, B ramps up its injections to,
31

its maximum capacity in an attempt to achieve its target. This is532
not fully sufficient and temperatures remain slightly (0.5 K) above533
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 alrnost634
sufficient to achieve their common target. This results in actor A
free-riding at the expense of B. Since there is no direct commu-
nication 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 max- *
imum capacity until the GHG RF starts decreasing (at simulation
year 150). o
642

When A stops the injections, temperatures rise rapidly. This im-, .
pact of stopping SRM is widely known as the termination shock, 615“
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 suddenm
halt of SAI by one of the actors.2

649
The second SRM intermittence scenario (Stopgo, Fig. [9) is sim-s,

ilar 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 parameters,,
for the PI controller). They share the burden for a while (50,5,
years), but then keep changing their mind by stopping injections,s,
for ten years, each at a time, so that when one is not injecting thegg,
other one is, thus changing roles every ten years. This leads tossq
oscillations in the SRM RF and a smaller average RF magnitude,,,
leading to the GMST missing the target by about +1 K. This scegs
nario shows that intermittency is problematic and coordinationgg,
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.q,,

The intermittency stops in simulation year 180. In the end ofses
the simulation a free-riding situation occurs, as actor A is nearlyeses
at its maximum capacity when actor B starts injecting again, theses
latter not needing to inject as much for reaching the target. Hereses
the lack of a feedforward term is seen as in the previous case. ee7
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In the third SRM intermittence scenario (Overcool, Fig.
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 ev-
ery 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).

4  Conclusion and future research

In this study, we have conducted several idealized numerical ex-
periments to investigate the outcomes of uncoordinated SAI de-
ployment by two actors. In particular, intermittent deployment
can lead to severe oscillations of the target parameters and the
actors missing the target. However, if the actors perform contin-
uous deployment, the resulting climate converges (close) to the
desired target(s).

We have further shown that two non-cooperative actors implic-
itly learn from each other’s actions through the monitoring 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 re-
sumes while the other actor has already ramped up its deploy-
ment 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 pa-
rameters related to their climate goals (temperature 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 pre-
scribed or defined to happen when a certain condition (overcool-
ing) is met. In our experiments, intermittence produces oscilla-
tions in the predicted temperatures and an increase in monsoon
variability. These examples show that SRM intermittence can lead
to missing the climatic target. This illustrates the need for a long-
term (global) engagement if SRM is to be deployed. These ex-
periments 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 fail-
ures 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 bi-
ases of this model. Such an approach could for instance provide a
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injections.

remp. (" L)

Emi (TgS yr™1)

Emi (TgS yr™1)

10

10

Environmental Science: Atmospheres

Controlling global SAI - A GMST 0.0 - B GMST 0.0

Page 12 of 17

View Article Online
DOI: 10.1039/D5EA00022J

Emissions A eq A 0 — NHSRM g B
EmissionsBeq [ 4 [ L || s SHSRM g
-1
t
-2
2
=
x -3
[TH
o
W\ -4
— -5
0 25 50 75 100 125 150 175 200 0 25 50
—— NH dT w/o SRM C -
----- SH dT w/o SRM
—— NH dT wSRM / 10
----- SH dT w SRM _
2 o
c
o
2 -10
E
Y mrs i 4 -20
LA VS, M
\ y Vgl Na i
\/VWW W —30/ —— monsoon w/o SRM
—— monsoon w SRM
0 25 50 75 100 125 150 175 200 0 25 50 75
Years Years

Controlling global SAI - A GMST 0.0 - B GMST 0.0

Emissions A eq A 0 — NHSRM g B
EmissionsBeq| | }+ { o fF I N/ N |-
-1
A
=2
=
&
w3
o
anans h
0 25 50 75 100 125 150 175 200 0
—— NH dT w/o SRM C 20 p
----- SH dT w/o SRM
—— NH dT w SRM 10
»»»»» SH dT w SRM _
2
= ol l | .
2 ! lyU W ' ’ l U
c
(=}
=10
—+— monsooniw/o
-20
—— monsoon w S|
0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175
Years Years

Fig. 9 Same as Fig. |5 but for the but for the Stopgo experiment.

Journal Name, [year], [VOl.],l |11


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ea00022j

Page 13 of 17

ported Licence.

o o o o o o
N N N N o o
W N H O © ®

Tl]is articleislicensed under a Creative Commons Attribution 3.0 Un
~
»

Open Access Article. Published on 20 January 2026. Downloaded on 1/20/2026 10:36:28 PM.

. {05]

690

691

692

Environmental Science: Atmospheres

View Article Online
DOI: 10.1039/D5EA00022J

Controlling global SAI - A NHST 0.0 - B SHST 0.0

10 Emissions A 15N A O0F — NHSRMg
EmissionsB15s . | | - SH SRM ¢
8 -1
L & )
? ﬂ s
o
Ky =
= 4 x -3
o 2
2 -4
i
0 -5
0 25 50 75 100 125 150 175 200 0 25 50
3.0 D
—— NH dT w/o SRM
2.5] SH dT w/o SRM 20
—— NH dT w SRM
2.0{ - SH dT w SRM 10
) ol
15 c 0
g 8
510 g
o L. =10
= 2
0.5 -20
0.0 —— monsoon' w/olSRM
4 =301 — monsoon w SRM

50 75 100

Years

125 150 175 200

Fig. 10 Same as Fig. [5| but for the Overcool experiment.

more realistic link between regional RF and regional temperature,,,

response.©3

There are also future perspectives for this work, using the®*®
699

same kind of a simple model. We could introduce a time de-
lay 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.2? Finally, a’*®
specific module could be developed to mimic a coalition of actors
and their strategy in using SAI for their climatic goals. i
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