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Foreword

Make no mistake: there are no quick fixes to the climate crisis. Increased
and urgent action to slash greenhouse gas emissions and invest in adapting
to the impacts of climate change is immutable. Yet current efforts remain
insufficient. As a result, increasing voices are calling for and preparing
alternative “emergency” options to keep global temperature rise in check.

Among actions under examination is Solar Radiation Modification (SRM),
and in particular Stratospheric Aerosol Injection (SAI) — which aims to

cool the planet by reflecting sunlight back into space. SRM is a complex,
controversial and under-studied group of technologies. Yet some scientists
and companies are accelerating towards deployment: empirical research
and experimentation are being pursued, and technologies and schemes are
being discussed at the highest levels, without a full understanding of the
implications. This is contrary to the precautionary principle, which must be
applied in the case of a technology that would modify the atmosphere.

To gain a better understanding of the potential risks of SRM, the United Nations Environment Programme (UNEP)
convened a multidisciplinary expert panel to undertake a rapid review of the state of scientific research on SRM - keeping
in mind climate, stratospheric ozone, environmental, human health and social aspects. The review outlines a range

of informed views, and includes issues of governance of small-scale outdoor experiments, technology development,
financing and governance of operational deployment.

The review finds that there is little information on the risks of SRM and limited literature on the environmental and social
impacts of these technologies. Even as a temporary response option, large-scale SRM deployment is fraught with
scientific uncertainties and ethical issues. The evidence base is simply not there to make informed decisions.

Critical unresolved issues around equity, ethics and consent are evident. There needs to be significantly more scientific
research into the potential impacts of SRM technologies on low- and middle-income countries, which are on the frontlines
of climate change, should they be considered for deployment. Of particular concern is the issue of consent for indigenous
peoples and local communities. These groups are largely excluded from decision-making and their knowledge is scarcely
reflected in science. They are already bearing the brunt of the triple planetary crisis of climate change, nature and
biodiversity loss and pollution and waste. As a result, their livelihoods and cultures are under threat.

It is therefore essential to establish a robust, equitable and rigorous trans-disciplinary scientific review process to
reduce uncertainties associated with SRM and better inform decision-making. In turn, decision-making must embrace
the precautionary approach and apply it in a manner that is open, informed and democratic, and includes all potentially
affected parties.

Given the levels of current activity, the international community must invest in understanding the potential risks and
uncertainties of SRM technologies. We only have one atmosphere. We cannot risk further damaging it through a poorly
understood shortcut to fixing the damage we already caused.

SRM is currently a speculative technology and is no substitute for emissions reductions, as it does not remove carbon
from the atmosphere. Nor will SRM improve the environment or tackle the root causes of climate change. Our best bet for
a prosperous and equitable future remains putting in the unavoidable hard work to achieve climate stability by reducing
greenhouse gas emissions, to create a pollution-free planet and societies that live in harmony with nature.

Executive Director, UNEP
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Key findings

1. While international efforts must focus on rapid emissions mitigation and adapting to anthropogenically induced
climate change, Solar Radiation Modification (SRM) is being discussed as an additional approach to offset some
impacts and avoid global temperature exceeding the limits set in the Paris Agreement, while the global energy
system is being transformed.

+ Incurrent climate model simulations, well-designed SRM deployments offset some effects of greenhouse
gases (GHG) on global and regional climate change by reflecting more sunlight into space.

+  SRM s the only option that could cool the planet within years. To be effective at limiting global warming, SRM
would need to be maintained for several decades to centuries, depending on the pace of emissions reductions
and carbon removal.

+  The estimated direct costs for deploying SRM, without considering costs of possible adverse impacts, may be
tens of billions of US dollars per year per 1°C of cooling.

+  SRMis not a substitute for mitigation. Impacts from excess carbon dioxide (CO2), such as ocean acidification
and ecological degradation, would continue.

2. An operational SRM deployment would introduce new risks to people and ecosystems.

+  Strong concerns around large-scale SRM deployment include damaging the ozone layer, overcompensating
climate change at regional scales and increasing or redistributing climate change impacts on society and
ecosystems.

+  SRM deployment, if abruptly terminated, would lead to rapid climate change that would increase risks for
humans and ecosystems.

+  SRMresearch could reduce efforts to mitigate GHG emissions by drawing resources away from mitigation
efforts.

+  An SRM deployment could increase power imbalances between nations, spark conflicts and raise ethical,
moral, legal, equity and justice issues.

3. With many unknowns and risks, there is a strong need to establish an international scientific review process to
identify scenarios, consequences, uncertainties and knowledge gaps.

+  The possible consequences of an SRM deployment need to be understood and weighed against the
consequences in a world without SRM.

+ Aninternational assessment may reduce risks to society by identifying in advance the possible negative
consequences of a proposed SRM deployment.

+  This expert panel considers that the scientific, technical, social and environmental aspects of a large-scale
deployment of SRM have not been fully assessed and deployment is not warranted at present.



4. A governance process would be valuable to guide decisions around research activities, including indoor
research, small-scale outdoor experiments and SRM deployments.

+  SRMindoor research, which is mostly theoretical analyses and climate modelling, has been going on for over
50 years. In the interests of academic freedom, it is suggested by this expert panel that norms, guidelines and
voluntary codes of conduct for indoor research could help balance societal concerns with scientific inquiry.

+  The views of the panel on the need to impose governance on small-scale outdoor experimentation and
operational deployment diverge because of differences in perceived risk. Governance of small-scale outdoor
experimentation could limit the potential of a ‘slippery slope’ from experimentation to large-scale deployment.
Governance of large-scale deployment would be valuable given the inherent risks.

+  This panel unanimously suggests a broader framework for the governance of the stratosphere, which would,
amongst other things, address the changes that occur in this layer of the atmosphere from stratospheric
aerosol injection (SAl) experiments or deployment.

5. SRM research and deployment decisions require an equitable, transparent, diverse and inclusive discussion of
the underpinning science, impacts, risks, uncertainties and governance.

+  This process would need to involve discussion with, and more research from, all stakeholders as most
from the global south are not sufficiently engaged in current SRM discussions. The UN is well-positioned to
promote a globally inclusive conversation on SRM.
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Executive summary

We have ‘One Atmosphere’. Everyone is a stakeholder.

Since the beginning of the industrial era, carbon dioxide (CO2) and other greenhouse gases (GHGs) have been
accumulating in the atmosphere due to fossil fuel burning and changes in land use such as deforestation. As a result,
anthropogenic climate change is now affecting every region across the globe. The consequences of continued GHG
emissions will be severe and long-lasting, including exceedance of temperature targets; increases in the frequency,
intensity and persistence of extreme weather and climate events; reductions in sea and land ice, snow cover and
permafrost; and sea level rise.

Through the United Nations Framework Convention on Climate Change (UNFCCC) and other processes, the
international community has been working to reduce GHG emissions. However, action and current commitments are
not yet sufficient to meet the Paris Agreement’s temperature goals.

This situation has led to increased interest in understanding whether an operational large-scale Solar Radiation
Modification (SRM, or sometimes called ‘solar geoengineering’) deployment might be able to help protect humans and
the ecosystems upon which humanity depends.

The expert panel considers that a near and mid-term large-scale SRM deployment is not currently warranted and would
be unwise. This view may change if climate action remains insufficient.

In most proposed SRM approaches (Figure 1; Annex 1), a small amount of sunlight is deliberately reflected to space to
cool the planet. SRM is the only known approach that could be used to cool the Earth within a few years''5', The most
studied method involves the introduction of sub-micron-size reflective particles into the stratosphere (stratospheric
aerosol injection — SAI — Figure 3). Other methods (Figure 1; Annex 1) have also been proposed, including approaches
such as marine cloud brightening (MCB - brightening of low clouds over the ocean). Cirrus cloud thinning (CCT)

is often categorized as an SRM method, although instead of altering the amount of sunlight that enters the Earth’s
system, it allows more infrared radiation from Earth to escape into space.

Climate model simulations consistently show that SRM could offset some of the effects of increasing GHGs on global
and regional climate, including carbon and water cycles, but there could be substantial residual or overcompensating
climate change at the regional scales. The possibility that SRM may be able to reduce climate damage and alleviate
climate change impacts has led to advocacy for research to establish whether SRM deployment could be a viable
option in addition to mitigation and adaptation. Two framings of SRM deployment are envisioned: rapid (i.e. full
deployment within a few years) and phased (i.e. full deployment ramped in over several decades or longer).

If atmospheric CO2 concentrations continue to increase, and an SRM deployment was used to offset warming,

the uncertainties and associated risk could scale with the amount and duration of SRM deployment. Impacts not
compensated by SRM could be exacerbated, and the chance of a devastating impact on ecosystems of a sudden and
sustained cessation of a large SRM deployment (the ‘termination shock’) would be increased. An SRM deployment
does not eliminate the need to decarbonize the energy system or address other GHG emissions. The combined
uncertainties of SRM — including technological maturity, physical understanding, potential impacts, governance,
legality, ethics and potential impacts on sustainable development — could render SRM economically, socially or
institutionally undesirable.

As SRM does not reduce GHG emissions, and it does not address the causes of anthropogenic climate change, other
environmental harms from increased concentrations of CO2 and other GHGs will continue. These risks increase with
the amount of SRM, so there is strong agreement in recent literature that SRM deployment would therefore be at best
a temporary measure that could operate in parallel with mitigation measures designed to achieve sustained net zero or
net negative CO2 emissions globally. Hence, SRM should not be viewed as the main policy response to climate change.

While this document encompasses several SRM approaches (Annex 1), focus is on stratospheric aerosol injection
(SAI; Figures 1 and 3) because it has been the most studied and there is the largest amount of evidence relating to its
potential feasibility and effectiveness. Observations of global cooling after major volcanic eruptions provide strong
evidence that a deliberate injection of large amounts of reflective particles into the stratosphere would cool the Earth
rapidly (Figure 4). However, the extent to which SRM can reduce climate change hazards and alleviate ecological



damage and human suffering has not been robustly established. SRM deployment may also increase climate change
damage or introduce a range of new risks to people and ecosystems, including risks to human health and global
biodiversity. These benefits and risks may not be known fully without an actual SRM deployment. There is now only a
limited set of scientific assessments of the impacts of potential SRM deployments on human and natural systems.

Many of the risks and concerns are associated with:

«  theresponse of Earth’s climate and environmental systems (e.g. air and water quality);
+  how these uncertain changes will impact human health and natural ecosystems;

+  whether decisions would be made in an inclusive, equitable and transparent manner;

+  whether SRM discussions might shift financial, political and intellectual resources from mitigation and adaptation
efforts (the ‘moral hazard’ problem);

. how SRM deployment could lead to societal risks, including international conflicts; and
+  how SRM could raise ethical, moral, legal and justice questions.

There are important distinctions between indoor SRM research investigations, small-scale outdoor SRM experiments
and potential large-scale operational SRM deployments. Indoor SRM research investigations have involved theoretical
analysis, social science research, computer simulations using climate and Earth System models and laboratory
experimentation. Small-scale outdoor experimentation might emit limited quantities of material over a limited time to
examine critical and poorly understood SRM-related processes in the real atmosphere with negligible climatic impact.
Operational SRM deployments would likely be of planetary scale and need to last for decades or more to be effective. It
should, therefore, be possible to define a level beyond which an SRM experiment would no longer be small-scale.

Some scientists recommend that small-scale outdoor SRM experiments be a component of ongoing SRM research.
Specific reasons offered for conducting such small-scale outdoor experiments include:

«  Evaluating the potential for developing a SRM system;

+ Identifying adverse consequences of SRM;

+  Developing a comprehensive scientific foundation to inform policy decisions;

+ Informing decisions on how to respond to possible deployment by ‘rogue’ parties.

An important question is how to balance general principles of freedom of scientific inquiry with the need to manage
risks related to scientific and technical experimentation, especially in environments such as the stratosphere, where
little exists in the way of regulatory or governance structures.

The principal reason offered not to conduct small-scale outdoor SRM experiments is that these experiments could
make an operational SRM deployment more likely, and the decision to conduct experiments or deployments would be
made in a process that is neither inclusive nor representative of the interest of all stakeholders (everyone on Earth).
There is also concern about possible adverse direct environmental consequences of experimental activities. Further,
because research capacity resides primarily in developed countries, asymmetries in SRM expertise and technological
capacity could have adverse effects on the power relationship between nations. These concerns could be addressed
with appropriate governance mechanisms.

It is conceivable that an operational SRM system could be deployed and be successful at reducing some physical
metrics of climate change, thus reducing climate change impacts. However, the possibility of an inequitable
distribution of reduced or increased risks across regions and of the power to control such a system will exacerbate or
create inequities, leading to decreases in certain societal aspects of human welfare.

In anticipating any decision regarding SRM deployment, proper consideration of the interdependence of the climate
system, ecosystems and human society, and the competing interests among nations, will involve resolving thorny
issues. Therefore, there is a need for equitable, transparent and inclusive discussions about the science of SRM and
related governance issues.



The expert panel’s reflections on actions for consideration:

«  Aglobally inclusive, transparent and equitable scientific assessment process for SRM be established. The aim
of the assessment would be to establish the natural and social science basis of SRM to guide research and serve
as a foundation for governance and decision making. An assessment process would help to review evolving SRM
literature and identify key scenarios, environmental and social consequences, uncertainties and knowledge gaps.

+  Exploration of the prospects and possibilities for a multilateral SRM governance framework to evaluate and
address concerns on both SRM research and potential operational deployment. Governance could be helpful to
guide decisions surrounding acceptability of various possible SRM research activities and potential deployment.
Governance of SRM indoor research, small-scale outdoor experiments and large-scale operational deployment
should be differentiated.

*  Creation of a broader framework for the governance of the stratosphere, which would address the changes from
SAl activities. Other activities such as rocket launches may also be considered, as few regulatory or governance
structures currently exist for the stratosphere.

*  Promote inclusivity in the evolution of SRM governance and research. This process needs to be adequately
resourced to enable equitable participation and contribution in discussions on a broad range of issues with all
stakeholders, especially those from developing countries, who are currently much less engaged in SRM discussion
and research. The UN is well positioned to promote a globally inclusive conversation on SRM.

United Nations Climate Conference (COP27) in Sharm el-Sheikh, Egypt, in November 2022 ends with a historic decision
to establish and operationalize a loss and damage fund for nations most vulnerable to the climate crisis.
Photo: ©Theenvironment2022
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Introduction

The global mean surface temperature is about 1.1°C higher in the last decade (2011-2020) than in the pre-industrial
period (1850—1900) as per the Intergovernmental Panel on Climate Change (IPCC) Sixth Assessment Report'. The
report unequivocally attributes this warming to human activities, particularly the burning of fossil fuels, deforestation
and livestock farming. The rate of warming in recent decades is unprecedented in at least the last 2,000 years.
Warming has caused weather and climate extremes, such as heatwaves, heavy precipitation, droughts and more
intense tropical cyclones, across every region of the globe'. Unless drastic cuts in greenhouse gas (GHG) emissions
are implemented immediately, global mean warming is likely to exceed the Paris Agreement target of 1.5°C above the
pre-industrial level within the next 10-15 years. Warming levels of 4-5°C could be reached by 2100. Such warming
would further exacerbate the increases in the frequency and intensity of extreme weather, the melting of polar and
glacial ice, and sea level rise', among other changes in the Earth system.

These physical changes are projected to produce multiple negative, and in some cases irreversible, impacts on

human society and natural ecosystems. These include health impacts from heat stress, biodiversity loss and species
extinctions, decreases in agricultural productivity, more severe and intense wildfires, destruction of infrastructure and
displacement of people. Impacts are likely to fall disproportionately on the world’s poorest, compromising the ability to
meet the UN Sustainable Development Goals (SDGs)>2.

Only reaching net-zero emissions will prevent further carbon dioxide (CO2) concentration increases and substantial
further global warming®. Even after reaching net-zero emissions, however, global warming will persist for many
decades to centuries because of the long lifetime of CO2 in the atmosphere'. Thus, it is impossible to quickly reduce
global mean surface temperatures through emissions reduction alone. To reverse global warming, such as in the case
of an exceedance of the Paris Agreement’s long-term temperature goal, carbon dioxide removal (CDR) approaches will
be needed to reduce atmospheric CO2 levels®. Furthermore, enhancement of adaptation will be necessary to reduce
climate change impacts.

The potential severe consequences of future climate change and weak climate action have led to an interest among
some scientists, non-governmental organisations (NGOs) and policy analysts in understanding if some form or
forms of solar radiation modification deployment (Figure 1; Annex 1) would help to reduce global mean surface
temperature change, reduce adverse climate change impacts and avoid ‘tipping points’ (e.g. decline of tropical
forests and disintegration of the West Antarctic Ice Sheet) while humanity works to bring down atmospheric GHG
concentrations*s.

There is strong agreement in recent literature that SRM deployment is, at best, a temporary measure that could operate
in parallel with mitigation measures designed to achieve sustained net-zero or net-negative CO2 emissions globally.
SRM should not be viewed as the main policy response to climate change®?®. If mitigation is deemed insufficient, SRM
deployment may be the only viable option left to avoid temperature overshoot and ensure the achievement of the Paris
Agreement’s temperature goal'%156,

The term ‘effects of climate change’is used here to describe the changes in physical metrics of the climate system
such as temperature, precipitation, circulation, CO2 concentration, ozone, etc. The definitions of four other key terms
relating to climate change risks are reproduced in Annex 2 from the glossary of the latest IPCC report (2021).

The following six questions and answers, and the conclusions that follow, provide the basis for the key findings,
executive summary and identified actions for consideration in this report.
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Key questions and answers

QUESTION 1

What is SRM and why are SRM modelling research and governance discussions
increasing?

SRM refers to a range of approaches not related to GHG emission reduction or removal that seek to limit or reduce
global warming''. There are two primary reasons for the recent increased interest in SRM research and deployment to
rapidly reduce temperatures in case of severe climate change impacts around the world; SRM deployment is the only
known approach that can (i) cool the planet within a few years'’s, or (ii) limit rates or amounts of temperature increase
(i.e. to meet the Paris Agreement target of well below 2°C, preferably 1.5°C), if insufficient mitigation continues
(emission reduction and GHG removal).

In most proposed SRM approaches, a small additional amount of sunlight is reflected to space, or more of Earth’s
infrared radiation is allowed to escape to space (Figure 1 and Annex 1). Modelling studies indicate how an SRM
deployment could offset some effects of anthropogenic climate change on global and regional scales.

There is a concern that current efforts to reduce GHG emissions, combined with adaptation efforts, are insufficient to
avoid intolerable climate change impacts®'?4. Further, a transition to a net-zero energy system that does not add any
CO2 into the atmosphere is likely to take decades™. Meanwhile, every ton of emitted CO2 will cause additional warming
that will last many centuries’. In the absence of rapid emission reductions and deployment of CDR approaches, some
studies have suggested SRM deployment to reduce global warming, giving humanity more time to take measures to
reduce atmospheric GHG concentrations®® (Figure 2).

Gradual SRM deployment to stabilise the amount of

global mean warming as a complete or partial substitute Gradual SRM deployment to stabilise rates of temperature
for mitigation of GHG emissions change as an adjunct to mitigation efforts
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FIGURE 2: Hypothetical SRM deployment framings. Note that, in the absence of SRM deployment (red solid line), declines in global
mean temperature on the timescale of decades to centuries would require substantial greenhouse gas removals. The orange arrows
show the potential decrease in temperature with SRM deployment which may be able to reduce temperature to a lower level (blue
dashed line) within a few years. Source: Created by the authors of this report
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An operational SRM deployment is the only known approach that could be deliberately implemented to cool the Earth
within a few years'®'5'5, An approximate 2 per cent decrease in the amount of sunlight absorbed by the planet (~4 Wm-2)
would be sufficient to offset the warming from a doubling of CO2*"72, SRM approaches are sometimes referred to using
terms such as ‘climate engineering’, ‘climate intervention’, ‘solar radiation management’ or ‘solar geoengineering'’.

Broadly, two framings of SRM deployment have been envisioned (Figure 2). In one of the framings (Figure 2 — part d),
if global warming at some point produces outcomes widely seen as intolerable (e.g. widespread famines, mass
migration, mass mortality and destruction of infrastructure) an operational SRM deployment as part of a ‘planned’
emergency response might be able to alleviate some of this suffering within a few years". In the other framing, a
phased operational SRM deployment becomes a normal part of climate policy to reduce the amount (Figure 2 — part a)
or rate (Figure 2 - part b) of warming, or to shave a peak (Figure 2 - part c¢) in global warming in overshoot scenarios
with deep mitigation®®. In either case, SRM deployment would not markedly reduce atmospheric CO2 concentrations;
thus, some impacts, such as ocean acidification, would continue to worsen with continued CO2 emissions.

In published modelling studies, SRM deployment is often applied to Representative Concentration Pathway (RCP) or
Shared Socioeconomic Pathway (SSP) scenarios to cool the climate system to specific levels, such as pre-industrial
or 1.5°C levels. Other scenarios have also been considered. In this report, we discuss only the common goals among
these SRM deployment scenarios and strategies (Figure 2) and avoid discussions of the specific background
emission pathways.

If atmospheric CO2 concentrations continue to increase, and an SRM deployment was ramped up to offset warming,
the uncertainties and associated risk exposure could scale with the amount and duration of SRM deployment.
Impacts not compensated by SRM could be exacerbated, and the chance of a devastating impact on ecosystems of
a sudden and sustained cessation of a large SRM deployment (the ‘termination shock’) is increased'®. Therefore,
an SRM deployment does not eliminate the need to decarbonize the energy system or address other sources of

GHG emissions®?°, Furthermore, the combined uncertainties around SRM approaches - including technological
maturity, physical understanding, potential impacts, governance, legality, ethics and potential impacts on sustainable
development - could render SRM economically, socially or institutionally undesirable®.

What are the different SRM approaches? What is the status of indoor SRM research,
small-scale outdoor experiments, technology development and large-scale operational
deployment?

SAl involves injecting highly reflective sub-micron-size particles into the
stratosphere, possibly through releases from aircraft that will need to reach
altitudes of 20-25 km (lower stratosphere). Relevant studies have involved
theoretical analyses, social science research, climate model simulations
and cost estimates. Several groups have proposed small-scale outdoor
Several different SRM experimentation aimed at improving understanding of physical mechanisms
approaches have been proposed or delivery systems, while not producing any detectable climate effect.
(See Annex 1: Figure 1). While However, no such experiments have yet been conducted (Annex 3).

the scope of this document Major volcanic eruptions, which introduce large amounts of sulphate
encompasses all SRM particles into the stratosphere, provide a natural analogue for SRM
deployment (Figure 4). For example, the 1991 Mount Pinatubo eruption?'
caused global annual-mean cooling of about 0.3-0.5°C in the following
the most studied and some two years?2. An SAl deployment would inject aerosols continuously into the
argue the most feasible in stratosphere. It is estimated that continuous injection rates of 8-16 Tg of
sulphur dioxide (S02) per year (approximately equivalent to the estimated
injection amount of Mount Pinatubo in the single year of 1991) would reduce
timeliness*®°. global mean temperature by 1°C. An operational SAl deployment could be
scaled up to produce global cooling of 2-5°C, albeit with diminishing returns
at higher rates of injections.

approaches, SAl (Figure 3) is

terms of effectiveness, cost and

1



While the technology to inject large quantities of aerosol precursors at the required altitude does not exist, no show-
stopping technical hurdles have been identified. It is viewed by some scientists that SAl deployment technology
could be developed in under ten years®24. The lowest cost of SAl deployment is estimated to be in the order of about
20 billion USD per year per 1°C of cooling?®.

] Method inspired by
observed cooling
after large-scale
volcanic eruptions

An aerosol layer is
formed that reflects
... some sunlight

p—

STRATOSPHERE

2 A compound is
- rel d into the
TROPOSPHERE stratosphere

FIGURE 3: lllustration of the most studied SRM approach, and perhaps the most feasible, stratospheric aerosol injection.
Source: Adapted from Edwards 2019%, Lawrence et al 2018%; Caldeira, Bala and Cao 2013%.

Another widely studied SRM approach is marine cloud brightening (MCB), which would increase the amount of sunlight
reflected to space by low clouds in the marine atmosphere. This cooling would be achieved by introducing sea salt
aerosols to produce a larger number of smaller cloud droplets, thus ‘brightening’ clouds. The feasibility of this approach
is supported by observations of ‘ship tracks’ produced by the injection of aerosol particles from ship exhausts into marine
stratocumulus clouds. Relevant studies involve theoretical analyses, climate model simulations and observations of ship
tracks?>®, The ability of MCB to produce detectable cooling on a planetary scale is less well established. Engineering
studies of delivery mechanisms for aerosol spray have taken place in the laboratory®'. Recently, there has been an effort
to cool ocean waters surrounding the Great Barrier Reef using MCB32. However, at the time of this review, there were no
peer-reviewed publications describing or assessing this experiment (Annex 3).

A less studied approach is cirrus cloud thinning (CCT), which aims to decrease the amount of high cirrus clouds that trap
infrared radiation emitted by Earth. The idea is that injecting ice-nucleating particles would increase the sedimentation
rate of the ice crystals that compose these clouds. This would thin the clouds and allow more infrared radiation to escape
to space. The feasibility of CCT is uncertain, in part because of the larger uncertainties associated with the ice nucleation
processes in high clouds®34. This approach has been studied through climate model simulations and theoretical
analyses. No outdoor CCT field experiments have been conducted for this approach, and the expert panel is not aware of
any plans to do so.

Space mirrors also have been suggested as a possible approach®-%. The development timescales and deployment costs
appear prohibitive compared to other approaches. SRM approaches that would provide local or regional cooling also have
been proposed, including regional MCB to save coral reefs or reduce the intensity of hurricanes, the injection of sulphate
or sea salt aerosols into the troposphere and increasing the reflectivity of land or ocean surfaces®*' (Annex 1).
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FIGURE 4: Global cooling in the years
following Mount Pinatubo volcanic
eruption in 1991. While there is
confidence that most of the cooling
in 1992 is a consequence of the
eruption, separation of background
natural variability from the volcano
signal is challenging, especially
because volcanic eruptions affect
natural modes of variability such

as El Nino. The time series shows
the global mean anomalies (using

a 1979-1998 base climatology) in
monthly-mean tropospheric lower
temperature from the microwave
sounding unit observations*?. The
data is smoothed using a 7-month
running mean. The eruption (June
1991) is marked by the dashed blue
line. The observed anomalies are
expressed relative to the pre-eruption
value, defined here as the mean
anomaly for January 1991 to May
1991. Source: Created for this report
using data from Aquila et al. 20274
Mears and Wentz 2017,

Rising plume of brown ash and white steam from an early stage of the eruption of Sarychev Volcano (Kuril Islands, northeast of
Japan) on June 12, 2009. Photo: ©NASA/Goddard
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What contribution could a potential SRM deployment make to cooling the Earth? What is
the time frame and how would an SRM deployment compare with mitigation efforts?

Mitigation (emission reduction plus GHG removal):
Increasing GHG emissions are the primary cause of
dangerous anthropogenic interference in the global
climate system. Reducing emissions decreases this
dangerous interference and reduces risk to people and

There is unanimous agreement by the panel ecosystems.

that international efforts need to focus on The long timescales of energy and infrastructure

rapid mitigation and adaptation. However, transition mean the emission reductions associated
with these transitions could limit warming over several
decades. The long lifetime of CO2 in the atmosphere
means that while a complete cessation of CO2
deployment (Figure 2) have been proposed by emissions (zero emissions) would lead to limiting further
warming it would not lead to substantial cooling in this
century. If a goal were to substantially reverse warming
trends without SRM, this could potentially be achieved
while others warn of the environmental, social through net negative GHG emissions involving large
scale GHG removals over multiple decades, bringing
down the concentrations of GHGs.

if adaptation and mitigation efforts remain

insufficient, both rapid and gradual SRM

some scientists as temporary safety measures

to potentially reduce climate change impacts

and economic consequences of deployment.

SRM deployment: In contrast to the longer timescales of mitigation, an SRM deployment could produce a substantial
reduction in radiative forcing in as little as one year. Climate model results indicate that an operational SRM
deployment could fully or partially offset the global mean warming caused by anthropogenic GHG emissions and
reduce some climate change hazards in most regions (Figures 5 and 6). There could be substantial residual or possible
overcompensating climate change at regional scales and seasonal timescales™.

As indicated by climate model results, a well-designed SRM deployment that ramps in over time may reduce rates or
amounts of surface temperature increase, and reduce some changes to the hydrological cycle associated with climate
change across most regions*>*¢ (Figures 5 and 6).

Should the effects of climate change become broadly perceived to be unbearable, and the political pressure for
governments to cool the Earth rapidly become intense, an SRM deployment, at that point and given the science
today, is the only known means available for governments that might feasibly cool the Earth on politically relevant
time scales™ .

An operational SRM deployment would be distinct from weather modification. While an operational SRM deployment
would potentially change the climate everywhere, weather modification typically aims to produce limited regional-scale
effects (i.e. a local increase in precipitation). The intent of an operational SRM deployment would be to produce a
measurable change in the planetary radiation budget and global mean surface temperature. In contrast, local weather
modification has a negligible effect on the planetary radiation budget and climate.

The cooling effects of proposed SRM options would start to diminish as soon as the SRM deployment is halted. The
aerosols released by SRM deployments would persist in the stratosphere for 1-3 years for SAI*’. Tropospheric aerosols
would persist for about ten days in the case of MCB. Upon SRM termination, atmospheric temperatures would adjust to
higher values in the order of years. In contrast, the effects of past GHG mitigation efforts last for centuries even after
mitigation efforts cease.

Annex 4 provides a summary of the key qualitative differences between mitigation and an operational SRM
deployment.

14



Photo: Getty Images

QUESTION 4

Why are there concerns about SRM? What is known about the potential impacts on
human and natural systems? What are the societal risks?

SRM would be a new and intentional interference in the climate system with potentially
dangerous side-effects and risks to human society and ecosystems. This damage could be

a consequence of adverse biophysical impacts, or adverse consequences related to social

or political dynamics. These damages would likely be unevenly distributed across nations.

The extent to which these adverse consequences might manifest and to which they might be
mitigated or avoided is largely unknown. Research is valuable to further understand the dangers,
risks and possible benefits of SRM and assess those relative to the dangers and risks from

climate change without SRM.

Concerns exist around both small-scale outdoor SRM experiments and potential large-scale operational SRM
deployment.

There is limited scientific research of the impacts of potential SRM deployments on human and natural systems*®.
Published assessments for crop yields and terrestrial ecosystem productivity are few. Because of the divergence

in results from the studies, including change in crop yields and plant productivity, overall confidence is low .
Comprehensive assessments on the impacts of SRM deployment on human health (e.g. UV exposure, the transmission
of vector-borne disease, acid rain and air pollution) are also lacking.

Critically, integrated assessments of many impacts, both positive and negative, remain limited in scientific literature; for
example, mortality and morbidity from heat stress, water resources, flood risk, storm damage, vector-borne diseases,
biodiversity, food security, ocean ecosystems and fisheries. However, a recent modelling study on human health indicates
that cooling in the tropics caused by SRM deployment could redistribute malaria risk among developing countries,
potentially increasing the number of people at risk of malaria compared to scenarios without SRM*.

Potential climate impacts

An operational SRM deployment would at best imperfectly offset some or all GHG-induced climate change: a
deployment that aims to offset all anthropogenic global warming may result in some regions with residual warming
and others with overcompensated changes''. For instance, SAl deployments that aim to offset global mean warming
fully with a uniform aerosol layer could lead to overcompensated regional cooling in the tropics and residual warming
in the polar regions (Figure 5).
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FIGURE 5: Climate model showing simulated annual mean changes in surface temperature, precipitation, evapotranspiration

and precipitation minus evapotranspiration for a doubling of atmospheric CO2 concentration (from the current 410 ppm) with and
without prescribed stratospheric sulphate aerosols (SSA). The slab ocean configuration of NCAR CAM4 is used for the equilibrium
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simulations presented here. In the simulations with SSA, volcanic sulphate aerosols are prescribed uniformly around the planet
at a height of ~22 km. The total mass of aerosols is 22.5 megatons of volcanic sulphate aerosols which have an effective radius
of ~0.4 microns and are composed of 75 per cent sulphuric acid and 25 per cent water. The global and annual mean changes are
shown above the top right corner of each panel. The hatching indicates the regions where the changes are not significant at 95
per cent confidence level, estimated using student’s t-test. In the climate model, simulated SSA offset most of the changes in key
climate metrics in nearly all regions. There are substantial uncertainties associated with these climate model results. A scientific
assessment process that includes SRM modelling approaches would lead to reductions in these uncertainties.

Source: Created by the authors for this report.

An operational SRM deployment that would offset only a fraction of anthropogenic global warming may avoid
overcompensated climate changes®5'. More sophisticated stratospheric aerosol injection strategies that have multiple
injection latitudes could create larger aerosol concentrations at higher latitudes, reducing the residual warming in

the polar regions#¢5253, although risks to people and ecosystems may remain, such as the risk of redistribution of the
geography of vector-borne disease transmission“°.

Other examples of poorly planned SAI deployments include deployments that produce north-south hemispheric
temperature asymmetries, which could have negative consequences for tropical monsoons®#% and North Atlantic
hurricanes.

An SAl deployment is expected to interfere with some of the natural modes of climate variability, such as the El

Nino Southern Oscillation (ENSO), North Atlantic Oscillation (NAO), the Quasi-biennial oscillation (QBO), polar vortex
and the Brewer Dobson Circulation (BDC)%¢%8. Model results indicate that an SAl deployment using highly reflective
sulphates (which also absorb substantial amount of shortwave radiation) could cause a more positive phase of the
NAO, with more precipitation and devastating floods in parts of Northern Europe and severe droughts over parts of
the Mediterranean®®. The negative impacts of SAl on the NAO can be reduced by using reflective aerosols of chemical
composition that would not absorb substantial amounts of solar radiation.

An aerial view of devastation caused by the impacts of severe floods in the city of Usta Muhammad, Islamic Republic of Pakistan.
Photo: UN/Eskinder Debebe
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Other environmental harms

To be effective, SRM deployment would need to be continuously maintained for decades or longer. A sustained
large-scale operational SAl deployment could be highly disruptive to the lower and middle stratosphere with unknown
consequences for the environment on and near Earth’s surface.

If an SAI deployment were to use sulphate aerosols, rather than alternatives, there could be consequences for acid
rain. Relative to anthropogenic aerosol emissions into the troposphere, which are often in populous regions on

land, more of the sulphate from sulphate-aerosol SAl deployment would fall in the ocean or less-populated regions,
where it would be expected to have less of an adverse effect’®. Some recent studies indicate that even in the highest
conceivable sulphate-aerosol SAl scenarios, global sulphate deposition is projected to be very similar between 2020
and 2100 because of the projected declines in anthropogenic emissions of aerosols into the troposphere in all future
emission scenarios®.

The deployment of SAl would affect stratospheric chemistry and dynamics. SAl impacts on stratospheric ozone

are driven by increases in aerosol surface area in the stratosphere, which influences stratospheric ozone chemistry,
and aerosol-induced heating of the stratosphere, which changes stratospheric dynamics and surface cooling.

Recent studies considering sulphate aerosols indicate that stratospheric ozone depletion would be increased in the
polar stratosphere, the Antarctic ozone hole recovery could be delayed by a couple of decades and the ozone hole
could become deeper in the first decade of SAl deployment*5¢'%2, Decreases in stratospheric ozone would cause an
increase in surface UV radiation and a decrease in tropospheric ozone®”%3-%5, with consequences for human health and
ecosystems. It has been suggested that SAl using calcite aerosols instead of sulphate aerosols could increase or only
marginally decrease stratospheric ozone concentrations®:5’.

Modelling studies indicate that if SAl was deployed at a scale sufficient to prevent sea level rise or preserve the large
ice sheets in Antarctica and Greenland, the adverse effects described above would be pronounced* (Figure 4).

The moral hazard

There is also concern that SRM research could reduce incentives to mitigate GHG emissions, either by creating expectations
that an SRM deployment could reduce adverse consequences of high GHG concentrations, or by drawing financial, political
or intellectual resources away from mitigation and adaptation efforts (the so-called ‘moral hazard’ problem).

In essence, the effects of SRM serve only to mask temperature increases and other effects of anthropogenic climate
change without markedly reducing levels of GHGs. Impacts associated with elevated levels of CO2, such as ocean
acidification, would continue. Modelling studies indicate that an SAl deployment would decrease excess atmospheric
COz2 slightly (by up to 10 per cent in some scenarios) through enhanced land and ocean uptake and would leave the
chemical effects of high CO2 content on land and ocean ecosystems largely unchanged.

The dangers of halting SRM

If an SAI deployment was to be suddenly halted, the previously masked warming would manifest within a few years.
If the deployment were of sufficient scale, this could produce severe adverse effects on ecosystems and biodiversity,
increasing risks of extinction for thousands of species'”92051-54,

A gradual phase-out of SRM is likely to avoid the large warming rates from sudden SRM termination?®. Typical
responses to such concerns in other domains involves constructing distributed systems with redundancy’.

The slippery slope of experimentation

Small-scale outdoor SRM experiments have been proposed to gain knowledge that is not available through modelling or
laboratory experiments. The concerns raised are that these experiments could make an operational SRM deployment
more likely and the decision to conduct experiments or deployments would be made in a process that is neither inclusive
nor representative of the interest of all stakeholders, which, because we have ‘One Atmosphere’, means everyone on
Earth. There are also concerns over potential direct environmental consequences of experiments. Furthermore, because
research capacity resides primarily in developed countries, asymmetries in expertise and technological capacity would be
produced that could potentially have adverse effects on the power relationship between nations.

* Moore et al. Efficacy of geoengineering to limit 21st century sea-level rise. Proceedings of the National Academy of Sciences, 2010;
107(36), 15699-15703. www.pnas.org/cgi/doi/10.1073/pnas.1008153107

18


http://www.pnas.org/cgi/doi/10.1073/pnas.1008153107

Geopolitical and societal concerns

A key concern is that decisions over SRM experimentation and deployment would not be made in a globally inclusive,
equitable and transparent manner, and that this would shift the power relationships between nations further in

favour of already powerful nations. Related to this concern are questions regarding who would finance and control
the development and deployment of SRM technologies. SRM could create societal risks including the potential

for international conflicts (because of transboundary effects), unilateral SRM (‘rogue’ parties may opt for SRM
deployment) and counter and countervailing SRM deployments. SRM deployment would therefore raise ethical, moral,
legal, equity and justice questions.

The lower cost estimate of an SRM deployment (about 20 billion USD per year per 1°C of cooling)? puts the cost of
an SRM deployment within the reach of many states and perhaps non-state actors, raising concern over how a ‘rogue
deployment’ might be avoided or responded to.

There are also concerns that differences of opinion over whether, what kind or how much SRM to deploy could
generate political and possibly even military conflict. One can assume that there will never be universal consensus

in the broader community on an SRM deployment, which means that communities, nations and societies opposed

to SRM deployment would be exposed to its effects against their wishes, raising ethical and legal concerns.
Anthropogenic climate change has raised a similar concern, given the global north’s role in historical climate change.
SRM deployment would complicate considerations of loss and damage associated with climate change impacts by
introducing an additional major influence on the climate system’. This could make it difficult to disentangle loss and
damage attributable to climate change from that attributable to SRM-related changes.




Photo: Getty Images

QUESTION 5

What are the risks of SRM relative to the risks of climate change? Can SRM risks be
identified, characterized, and quantified? Can the identified SRM risks be mitigated and
managed, and, if so, how?

Decisions about SRM
deployment can be
conceptualized, in part, as a
risk-risk trade-off, balancing
risks of an SRM deployment
against risks of what might
happen in the absence

of an SRM deployment”2.
Insufficient information
exists to make this risk-risk
trade-off assessment with
confidence for conceivable

scenarios.

Anthropogenic climate change is already causing many weather and climate
extremes, such as heatwaves, heavy precipitation, droughts and intense
tropical cyclones across the globe, resulting in widespread, pervasive impacts
on ecosystems, people, settlements and infrastructure’. The pervasiveness
of climate change impacts in recent decades, and the severity of projected
impacts in the absence of rapid emission reductions and deployment of CDR
approaches, have led to increased interest in SRM deployment.

Modelling studies have consistently shown that climate change (in terms of
temperature and hydrological metrics) in nearly all regions is much smaller
with a carefully designed SRM deployment than in a world with continued
climate change and without an SRM deployment (Figure 5 and 6)*54¢. The
most dangerous situation would be one in which climate modelling studies
indicated that an SRM deployment would reduce human suffering but an
actual SRM deployment caused large unanticipated negative impacts.

The risks of SRM, outlined in question four, are likely very different depending
on the scenario (Figure 2). For instance, an SRM deployment that occurs
suddenly to rapidly offset most or all global warming, a deployment that is
gradually ramped up or a deployment that is used to shave off some fraction
of global warming as part of an integrated approach of SRM deployment,
mitigation and adaptation.

An SRM deployment to offset only a fraction of global warming could reduce
temperature and hydrological changes in many regions®®®'. A large SRM
deployment to offset most or all global warming could cause adverse impacts
in some regions, depending on the deployment design and scenario.
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FIGURE 6: Simulated annual land-mean anomalies for 26 Giorgi regions, evaluated between the historical period (1986-2005) and
2070-2099*. Red symbols show the changes in three RCP scenarios, and the same scenarios with SAl are shown by blue symbols.
Horizontal black lines denote +1 standard deviation of the interannual precipitation/temperature in the historical period. The fully
coupled atmosphere-ocean model HadGEM2-ES is used for the simulations. For the model simulations considered here, in all cases
for temperature, and most cases for precipitation minus evaporation, the high CO2 world with SAl is more similar to the historical
period than is the high CO2 world in the absence of SAI. There are substantial uncertainties associated with these climate model
results. A scientific assessment process that includes SRM modelling approaches would lead to reductions in these uncertainties.
Source: Jones et al. 2018%°

Because of internal variability in the climate system, detection and attribution of cooling associated with an
operational SRM deployment could be challenging. The effect of a gradual SRM deployment on regional temperature
and precipitation may be detectable only after a decade while the effects of an abrupt SRM deployment could be
detectable within a few years’. However, SAl deployment and its environmental consequences may be detectable in
stratospheric chemistry observations, and MCB in tropospheric cloud observations. The operational aspects of an
SRM deployment (e.g. planes and ships) would be of a scale to be immediately detectable through many pathways
such as observation from satellites in space, tracking of financial transactions, and interception of telecommunication.

Risks could be minimized through a globally inclusive, transparent and equitable scientific assessment process for
SRM. International scientific assessments that evaluate ongoing SRM research, including both the natural and social

* Giorgi, F. and Francisco, R.: Uncertainties in regional climate change prediction: a regional analysis of ensemble simulations with the HADCM2
coupled AOGCM, Climate Dynamics. 2000; 16:169-182.
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sciences, could provide an important framework to evaluate the risks and benefits of SRM scenarios. The assessed
risks associated with an SRM deployment may cause the implementation of SRM to be limited or avoided altogether,
leaving mitigation and adaptation as the only approaches to reduce both short- and long-term climate risks.

Not assessing SRM as an additional option that could reduce global warming thereby increases the challenge of
dealing with the impacts of global warming. Decisions on SRM deployment therefore must be made in a climate
context in which the risks are weighed against the risks of climate change in the absence of deployment. This
unavoidably requires an international governance framework that is currently not in place.

What frameworks exist to inform and manage SRM indoor research, small-scale
process-oriented outdoor experiments, and large-scale SRM deployment?

Governance could apply to SRM indoor research, small-scale process-oriented outdoor experiments, and large-scale
SRM deployment. No such frameworks exist for these SRM activities’>®" (Box 1). SRM indoor research has been going
on for over 50 years®. In the past two decades, most of this research has taken the form of theoretical analyses and
climate modelling using the same climate models that are used to project climate change under global warming
scenarios, although there has been some experimental work on possible deployment technologies®'. Continued
knowledge generation of SRM approaches through indoor modelling research is important to understand the potential
benefits, risks, uncertainties and impacts of operational SRM deployments. In the interests of academic freedom, it is
suggested that no formal governance framework for SRM indoor research is required at this time. However, it would
be advantageous to develop a set of norms or voluntary code of conduct that would promote reporting, transparency,
inclusiveness and data-sharing®.

To govern small-scale outdoor SRM experiments or operational deployment of SRM systems, several existing
frameworks could be relevant (Annex 5). While it may be premature to develop a formal governance framework given
there are no known activities or plans to deploy SRM in the next few years, discussions could be initiated regarding
whether it might be needed and what form that governance framework might take®3#4. It should be noted that other
measures, not specific to SRM, might complement SRM-specific governance and contribute to the goal of reducing
SRM deployment risks. For example, a broader framework that regulates the introduction of materials into the
stratosphere might be helpful. Such a broader framework for the stratosphere does not exist.

There is general agreement among this group of experts that governance of large-scale SAl deployment is valuable
given the inherent risks associated with changing stratospheric conditions caused by large-scale interventions over
long time periods (i.e. multiple decades). A broader framework for the governance of the stratosphere would address
the changes that occur in the stratosphere from SAl experiments or deployment, and by other activities such as rocket
launches, but might not address other concerns that are specific to SRM.

There are no formal governance frameworks to govern scientific or engineering SRM research beyond the national
frameworks that govern other forms of scientific or engineering research®. These frameworks are usually designed to
address direct environmental effects of experimental activities, and do not consider issues unique to SRM research.
Discussions could be initiated whether formal governance of some or all SRM outdoor experiments might be needed
now or in the near future, and what form that governance might take. Outdoor SRM research could be formally
governed by frameworks that are specific to SRM research, or it could be formally governed by frameworks that
regulate the introduction of materials into the atmosphere or specifically into the stratosphere.

International and authoritative guidance on the governance of responsible small-scale outdoor SRM experiments

and SRM technology development (and if warranted governance of SRM deployments) might be the product of a
process of coevolution of governance considerations and scientific assessment®. An inclusive process would involve
discussion on a broad range of issues with all stakeholders as most, especially from the global south, are not currently
engaged in the SRM discussion. The UN is well-positioned to promote a responsible global conversation on SRM (i.e.
without detracting from mitigation and adaptation priorities) that could help produce this coevolution of governance
consideration and SRM scientific assessment that uphold the highest standards of balance, rigour and accuracy.

The development of a voluntary code of conduct for SRM research would be another possible outcome of these

discussions. Such an effort was made at a meeting in 2010 in Asilomar, California, USA involving 200 scientists®, and
such forms of governance are discussed extensively in NASEM (2021)*
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To date, the principal frameworks that have been used to inform and assess the development of research are the
reporting production processes of several institutions. Existing efforts to assess and inform include limited sections of
IPCC reports®-8 These reports, however, were not focused on an assessment of SRM. More focused assessments of
SRM appear in other reports*5°.

Several collaborative networks have provided informal frameworks for the development of SRM research. These
include the Geoengineering Model Intercomparison Project (GeoMIP), which is a loose collaboration between global
modelling groups. This network which has no specific funding is endorsed by the Climate Model Intercomparison
Project (CMIP) of the World Climate Research Programme (WCRP). The WCRP is sponsored by the World
Meteorological Organization, the International Oceanographic Commission (I0C) of UNESCO and the International
Science Council (ISC). The Exeter NCAR collaborative development (EXTEND) project is a model comparison effort
that is a collaboration between researchers at Exeter University, the UK Met Office and the U.S. National Center

for Atmospheric Research, and funded by the UK's National Environment Research Council and Silver Lining, a

private philanthropic funder of SRM research. Further, data from initial-condition ensemble simulations such as
Geoengineering Large Ensemble Simulations (GLENS)® and Assessing Responses and Impacts of Solar climate
intervention on the Earth system (ARISE)®? are freely made available for the assessment of the uncertainty arising
from internal (or unforced) climate variability in a modelled SRM world. DECIMALS Fund (Developing Country Impacts
Modelling Analysis for SRM) is the first international SRM modelling fund aimed exclusively at supporting scientists in
developing countries.
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Three types of SRM activities and their governance

In this report, the following three distinct SRM activities are discussed and considered
for a governance framework that currently does not exist.

Indoor SRM research refers to research activities such as theoretical analyses, estimates of SRM effectiveness
and costs, climate model simulations of SRM approaches, assessments of the impacts of SRM approaches,
model evaluation using volcanic and ship-track analogies, laboratory studies of potential injection materials and
their reactivities, injector development and social science and humanities research.

Small scale outdoor SRM experiments refer to field experiments conducted outdoors to study SRM climate
processes such as aerosol microphysics, chemistry, aerosol-cloud interaction and transport. The typical spatial
and temporal scale of experiments proposed to date are meters to 100 km and minutes to about 10 days and the
amount of material introduced into the atmosphere would be on the order of a kilogram to a ton. These small-
scale outdoor experiments would be designed to prevent detectable climate effect and could help to improve
understanding of physical mechanisms or delivery system engineering. Several groups have proposed small-
scale outdoor field experiments, but no such experiments have yet been reported in the peer-reviewed literature
(Annex 3). There have been press reports of a Marine Cloud Brightening experiment (MCB) in Australia.

Large-scale operational SRM deployment refers to the implementation of an SRM approach at spatial and
temporal scales large enough to have an observable cooling influence on the Earth. Such deployments would

be of a planetary scale, last for many years to decades and produce a detectable climate effect. In the case of
stratospheric aerosol injection (SAl), the injection of a few megatons of sulphates per year into the stratosphere
for two or more decades might be considered the threshold for deployment as sporadic explosive volcanic
eruptions release megatons of sulphur dioxide (SO2) into the stratosphere and cool the planet by a few tenths of
1°C. The technology for delivery at this scale does not exist now. Because of the internal variability in the climate
system, an SRM experiment (testing) of this scale cannot always be differentiated from an actual deployment —
the near-term climate response to an SAl experiment (testing) and initial deployment would be the same.

A continuum of spatial and temporal scales exists between small-scale outdoor SRM experiments and large-scale
SRM deployments. Outdoor experiments at the intermediate scales are also possible. While there may be little
distinction between an outdoor SRM experiment that is large enough to produce detectable climate effects and an
operational SRM deployment, it should be possible to create a boundary between small-scale SRM experimentation
and large-scale operational SRM deployment through definitions of amounts of material released, duration of release
or other properties of the proposed activity or its consequences.

Continued knowledge generation on SRM through indoor research is important for evaluating SRM risks and benefits,
and increases confidence that an SRM deployment could theoretically achieve its stated goal of cooling the planet. In
the interests of academic freedom for scientific inquiry, no formal governance framework beyond normal responsible
research principles for SRM indoor research like climate modeling is suggested. The views on the need to impose
governance on small-scale outdoor experimentation and operational deployment diverge because of differences in
perceived risk. Governance of small-scale outdoor experimentation could limit the potential of a ‘slippery slope’ from
small-scale experimentation to large-scale deployment. There is a general agreement that governance of large-scale
deployment would be valuable given the inherent risks associated with changing the Earth’s climate system with such
a deployment over long periods. The group unanimously suggests a broader framework for the governance of the
stratosphere which would address the changes that occur in the stratosphere from SAl experiments or deployment.
Few regulatory or governance structures currently exist for the stratosphere. Any governance framework would be
partly informed by a rigorous scientific and technical assessment process.

In the case of small-scale outdoor field experiments, there could be an overlap between climate science experiments
and SRM experiments. In these cases, ‘intent’ is the key that distinguishes climate science experiments and SRM
experiments. Intent can differ among participants in a research effort, and it is unclear whose intent matters and how
this intent would be determined. The overlap between climate science and SRM experiments is exemplified by the
National Oceanic and Atmospheric Administration (NOAA) Earth Radiation Budget (ERB) program which is dedicated to
understanding stratospheric chemistry, composition, radiation and dynamics related to understanding SRM processes.
The program conducts indoor research and makes new atmospheric observations in the background atmosphere

and volcanic eruptions using small balloons and stratospheric aircraft. The outdoor observations are climate science
research activities and are not SRM experiments, but these observations could be relevant to SRM research.
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Conclusions and course of action

Having undertaken a rapid review of the state of scientific research on SRM, the expert
panel recommends four priority actions:

1. Arobust scientific review processes for SRM by a global body

International focus needs to remain on the mitigation of greenhouse gas emissions and adaptation to whatever climate
change cannot be avoided through emissions reduction. This panel further recognizes that SRM, like the climate
change crisis, is a global commons problem, and hence emphasises ‘One Atmosphere’ that is shared by all.

A multi-dimensional periodic scientific review that compares the risks of an SRM deployment with climate change risks
without SRM deployment requires the participation of a broad array of relevant stakeholders with diverse backgrounds,
values, perspectives and interests. Proposed scenarios for SRM deployment (Figure 2) could be comprehensively
evaluated for intended and unintended consequences, based on models, observations and theoretical understanding.
Even if an SRM deployment were successful at reducing climate change risks, it could introduce or exacerbate
environmental and societal risks. Uncertainties in physical processes of central importance to SRM approaches, the
effectiveness of SRM in offsetting climate change and SRM impacts on humans and natural ecosystems need to be
better understood. If a robust, equitable and rigorous trans-disciplinary scientific review demonstrates that an SRM
deployment would lead to negative consequences and impacts, consideration of deployment could be taken off the table
and mitigation and adaptation would become the only approaches to reduce both short- and long-term climate risks.

The panel anticipates that periodic scientific assessments, including both the natural and social sciences, would

be valuable for guiding future research and for defining the foundation for decision processes associated with an
international discussion about SRM issues such as governance of small-scale outdoor experiments, technology
development, financing, deployment options and governance of large-scale operational deployment. Therefore, this
panel suggests the establishment of a globally inclusive, transparent and equitable scientific review process for SRM.

2. A governance framework (or frameworks) for possible small-scale outdoor SRM
experiments and large-scale operational SRM deployments

Governance could be helpful to guide decisions surrounding the acceptability of possible SRM research activities and
SRM deployment strategies. Governance options range from voluntary norms to legal requirements. Any governance
framework would be partly informed by a rigorous scientific and technical assessment process.

Governance of SRM indoor research, small-scale outdoor experiments and large-scale operational deployment
should be differentiated. Continued knowledge generation of SRM approaches through indoor theoretical, numerical
modelling, experiments and social science and humanities research is important to reduce uncertainty and to ensure
that SRM could achieve stated goals. In the interests of academic freedom for scientific inquiry, this group suggests
no governance framework beyond normal responsible research principles for SRM indoor research such as climate
modelling. The development of norms, guidelines and codes of conduct could help balance perceived societal risks
with principles of freedom of scientific inquiry.

The views in this expert panel on the need to impose governance frameworks on small-scale outdoor experimentation
and operational deployment diverge because of differences in perceived risk. Governance of small-scale outdoor
experimentation could limit the potential of a ‘slippery slope’ from small-scale experimentation to large-scale
deployment. There is a general agreement that governance of large-scale deployment of SRM would be valuable given
the risks inherent in conducting large-scale interventions in Earth’s climate system over long time periods.

In the case of small-scale outdoor field experiments, there could be an overlap between climate science experiments
and SRM experiments. In these cases, “intent” is the key distinguishing feature.
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In summary, this panel suggests the prospects and possibilities for a multilateral SRM governance framework be
explored to evaluate and address concerns on both small-scale outdoor SRM experimentation and potential large-
scale operational SRM deployment.

3. A broader framework for the governance of the stratosphere

As a complement to other SRM-specific governance, this group unanimously suggests SAl be considered within a
new broader framework for the governance of the stratosphere. This framework would address the changes that
occur in the stratosphere from SAl experiments or deployment. Other activities such as rocket launches may also be
considered as little regulatory or governance structures presently exist for the stratosphere.

4. A globally inclusive conversation of SRM be promoted

The conversation process on SRM needs to involve discussion on a broad range of issues with all stakeholders, as
many, especially from the global south, are not currently engaged in SRM discussion and research. In this conversation,
an important decision will be whether the process of scientific assessment of SRM should precede the establishment
of a governance framework for experiments and deployment. This panel suggests a process of coevolution of
governance considerations and a rigorous, ongoing scientific assessment process for SRM approaches.

Credit: Getty Images
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Annexes

ANNEX 1

Some of the proposed SRM approaches and their features

SRM option

Scale

Proposed
mechanism

Effectiveness

in terms of the
magnitude of the
global mean negative

radiative forcing (for
reference, a doubling
of CO2 causes a
radiative forcing of

Potential climate
effects (other
than cooling

the surface
temperature)

Potential
impacts

on human
and natural
systems

Estimates of
deployment
time,
lifetime of
effect and
cost*?3

roofs of urban
buildings41,104,105

roof of buildings
to increase the
reflectivity.

radiative forcing of
about -0.1 W m-2 highly
localized radiative
forcing.

to urban climate
and local
circulations.

~4 W m-2)
Stratospheric Global Injection of -1to-8 Wm-2, Changes in regional | Changes in ~10 years;
Aerosol aerosols or depending on the type precipitation crop yields; 1-3 years;
Injection their precursors | and amount of material | pattern; changesin ~18 billion
(SALI)83.6591-96 into the injected; forcingwould | gecrease in direct | land and ocean | USD per year
stratosphere also depend on aerosol | gnjight and ecosystem per 10C of
whlqh scatter mlcrophys!cs, transport | jncrease in diffuse prgduc.tlv[ty; globgl mean
sunlight back and the latitude, altitude | g njight at the acid rain (if cooling®.
to space; and season of injection; | gy rface: using sulphate);
sulphates, forcing could be nearly o reduced risk of
calcium uniform for equatorial or | Stratospheric heat stress to
carbonate, global implementation; | Warming and corals.
carbonyl large uncertainties Increase in -
sulphide, and | associated with aerosol | Stratospheric water
titanium oxide | microphysics, radiative | YaPOU"s
have been properties, injection changes to
proposed. location and transport. | stratospheric
circulation and
chemistry;
potential delay
in ozone hole
recovery and
increase in surface
UV radiation.
Marine cloud Regional | Injection of sea |-1to-5Wm-%, Large changes Changes in ~10 years;
brightening salt aerosols depending on the in regional regional ocean | ~ 1-7 days:
(McCB)97-102 to increase scale and amount circulations; productivity; on the order
the albedo of sea salt injection; increase in land- changesin crop | of 1-2 billion
of marine radiative forcingwould | g4 contrast: yields; reduced | USD per year
stratocumulus | be heterogeneous; ) " heat stress for | per Wm-?
clouds. large uncertainties uncertain regional | ora1s: changes | of negative
associated with cloud | changesin in ecosystem | radiative
microphysics and precipitation productivity on | forcing™?*
aerosol—cloud-radiation | Patterns; the land.
interactions. sea salt deposition
on land.
Whitening the Local Painting the Maximum potential Potential changes Unresearched ~10 years; ~10

years; ~300
billion USD
per year for
a few tenths
of a Wm-2
of negative
radiative
forcing.
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SRM option

Scale

Proposed
mechanism

Effectiveness

in terms of the
magnitude of the
global mean negative

radiative forcing (for
reference, a doubling
of CO2 causes a
radiative forcing of

Potential climate
effects (other
than cooling

the surface
temperature)

Potential
impacts

on human
and natural
systems

Estimates of
deployment
time,
lifetime of
effect and
cost*?3

Earth to reflect
sunlight back to
space.

forcing.

~4 W m-2)
More reflective | Regional | Genetically Maximum potential Changes to regional | Reduction in ~ 10 years;
crops*!106 modify the radiative forcing of precipitation photosynthetic | ~1 year; cost
colour of crops | about-0.5W m-% and circulation activity and estimates are
to increase heterogeneous radiative | patterns. changesin not available.
sunlight forcing; May help crop yields and
reflection. reduce heating in urban biodiversity.
environments.
Desert albedo Regional | Covering 2-3 W m-?; highly Decrease in land- Major ~ 10 years;
increase*! deserts with localized regional sea contrast; environmental | <10 years;
areflective radiative forcing. Changes to regional | @nd ecological | several trillion
material such precipitation effects USD per year
as polyethylene- and circulation on desert for producing
aluminium patterns. ecosystems; ~2 Wm-f
surface to Changes in of negative
increase the photosynthetic | radiative
mean albedo activity, forcing.
from 0.36 to land carbon
0.8. uptake and
biodiversity.
Ocean albedo Regional | Add reflecting Radiative forcing Large changes in Unresearched ~ 10 years;
increase'’" particles on the | of several Wm-2is ocean circulations; <1 year; cost
ocean surface achievable; Increase in land- estimate is
or.cregtebbl heterogeneous radiative | sea contrast; not available.
puerosubbEs  forcing; land-sea Regional changes
by stirring the contrast in radiative ; Fibati
ocean surface. forcing in precipitation
: patterns.
Cirrus cloud Regional | Injectice nuclei | 1-2 W m-2, depending Changes in regional | Altered ~ 10 years;
thinning in the upper on cirrus microphysical | temperature and photosynthesis | ~10 days; cost
(CCT)33m2-117 troposphere response and seeding precipitation and carbon estimates are
to reduce the strategy; patterns; uptake. not available.
amount of heterogeneous radiative | Increase in solar
f(:'"lllls clouds forcing; radiation reaching
lgnagx:(/;nore loss in cirrus clouds surface.
radiation to cpu[d also cause
escape to S|gn.|ﬂcant §hortwave
space. forcing regionally;
risk of overseeding and
consequent warming.
Space Global Placement Blocking of about 2% Less intense global | Decrease in >20 years;
sunshades3%% of mirrors of the incoming solar hydrological cycle | sunlight for ~ 20 years;
or reflecting radiation would yield in the tropics; photosynthesis. | a few trillion
particles in a negative radiative amplitude of the USD for the
space between | forcing of ~4 W m-2; seasonal cycle is launch.
the Sun and nearly uniform radiative | reduced.
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Key terms relating to risk associated with climate change. The definitions are
reproduced from the glossary of the latest IPCC report (2021).

Climatic impact-drivers (CIDs)

CIDs are physical climate system conditions (e.g. means, events and extremes) that affect an element of society
or ecosystems. Depending on system tolerance, CIDs and their changes can be detrimental, beneficial, neutral or a
mixture of each across interacting system elements and regions.

Hazard

The potential occurrence of a natural or human-induced physical event or trend that may cause loss of life, injury or
other health impacts, as well as damage and loss to property, infrastructure, livelihoods, service provision, ecosystems
and environmental resources.

Impacts

The consequences of realized risks on natural and human systems, where risks result from the interactions of climate-
related hazards (including extreme weather/climate events), exposure and vulnerability. Impacts generally refer to
effects on lives, livelihoods, health and well-being, ecosystems and species, economic, social and cultural assets,
services (including ecosystem services) and infrastructure. Impacts may be referred to as consequences or outcomes
and can be adverse or beneficial.

Risk

The potential for adverse consequences for human or ecological systems, recognizing the diversity of values and
objectives associated with such systems. In the context of climate change, risks can arise from potential impacts

of climate change as well as human responses to climate change. Relevant adverse consequences include those on
lives, livelihoods, health and well-being, economic, social and cultural assets and investments, infrastructure, services
(including ecosystem services), ecosystems and species. In the context of climate change impacts, risks result from
dynamic interactions between climate-related hazards with the exposure and vulnerability of the affected human or
ecological system to the hazards. Hazards, exposure and vulnerability may each be subject to uncertainty in terms of
magnitude and likelihood of occurrence, and each may change over time and space due to socio-economic changes
and human decision-making.
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ANNEX 3

SRM field experiments

Experiment Name /
Country

SRM
option

Objective

Current status

Stratospheric Particle SAl Demonstration of carrying Experimental deployment was
Injection for Climate materials to the stratosphere halted in 2012 because of a
Engineering (SPICE) through a 1km long hose. patent row and the lack of rules
project, UK™8.119 The experiment attempted to that govern geoengineering
carry 150L of water through experiments'
a hosepipe connected to a
balloon.
Project has three parts:
evaluating candidate particles;
delivery systems; climate and
impacts modelling.
Stratospheric Controlled SAl Small-scale experiments to After several unsuccessful
Perturbation Experiment quantify the risks posed by SAIl plans to conduct field tests,
(SCoPEX) to activation of halogen species the field test flight to release
Advisory committee for and subsequent erosion of calcium carbonate particles
SCoPEx is exclusively stratospheric ozone. into the stratosphere SCoPEXx
US-based was scheduled for June 2021
Harvard University'?-125 in Sweden, bu'f aggin halted
because of objections from local
communities.
The Marine Cloud MCB Quantify how the addition of Field tests were initially planned
Brightening Project’2412 sea salt particles changes the for 2016 but have been delayed.
number of droplets in marine low
clouds, and study how clouds
behave when they have more
droplets.
Reef Restoration and MCB To cool the ocean waters Experiments (injection of
Adaptation program®? near the Great Barrier Reef to seawater) were conducted in
save the Corals. MCB is one March 2020 and March 2021.
component of the broader effort Results are not published yet.
“Reef restoration and adaption The Principal investigator argues
program”. The project is about that the project is more akin to
local adaptation and not global cloud-seeding operations that
geoengineering. are designed to promote rain
and that are not considered to be
geoengineering.
ICE 91126 Surface Deployment of millions of glass The ICE 911 experiment that
albedo microspheres over the Arctic ice covered 17,500 square metres
increase to reflect sunlight in the summer of ice was conducted in 2017
overice months and delay melting of ice. in Alaska. Results are not

published.




ANNEX 4

A qualitative comparison of SRM and mitigation

Feature

Mechanism

Reduce climate change by reflection of more
sunlight to space, thereby reducing the amount of
sunlight absorbed by the planet.

Mitigation (Emission reduction

+ removal of GHGSs)

Reduce climate change by preventing
the accumulation of GHGs in the
atmosphere via reduced emissions or
increased removal of GHGs from the
atmosphere.

Duration of the
surface cooling
effect

As long as deployment is maintained (1-3 years
for SAl and ~10 days for MCB).

Effect is nearly permanent.

Level of GHGs in
the atmosphere

High levels of GHGs would persist in the
atmosphere. Hence, the root cause of climate
change which is the accumulation of GHGs in the
atmosphere is not addressed.

Accumulation of GHGs in the
atmosphere would be prevented.

Timescale to Can rapidly reduce global within a few years with Potential feasible pathways take

cool abrupt introduction. at least several decades to reduce
global warming.

Ocean Ocean acidification would not be addressed Ocean acidification would be

Acidification as high levels of CO2 would persist in the addressed.

atmosphere.

Technology SRM approaches are conceptual now. SRM Some technologies for emission

readiness technologies at scale do not exist. reduction exist (e.g. solar and wind
energy). GHG removal technologies
at scale do not exist.

Termination Sudden and sustained termination would produce

shock rapid temperature increases proportional to the

aerosol radiative forcing at the end of the SAI
deployment.

Cost estimates

Estimates of direct costs range from billions to
tens of billions of USD per year per degree cooling
for most of the options (except whitening roofs
and space sunshades which are more costly).

Hundreds of billions to trillions of
USD per year are estimated.

New physical
hazards

Altered precipitation patterns, depletion of
stratospheric ozone, increase in surface UV
radiation, enhanced air pollution and acid rain, sea
salt deposition on terrestrial ecosystems (MCB).

Possible societal

International conflicts, moral hazard, free driving

consequences unilateral SRM, counter and countervailing SRM,
ethical, moral, legal, equity and justice issues.
UN process UN process for governing research, field The UN meetings of the Conference

experiments, deployment and maintenance does
not exist now.

of Parties review, develop and
implement the UNFCCC, Kyoto
Protocol and Paris Agreement.
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ANNEX 5

Existing international treaties and UN Resolutions relevant to SRM

Convention /

Treaty

Outer Space Treaty

Liability Convention

1967

1972

The Treaty on Principles Governing the Activities of States in the Exploration
and Use of Outer Space, including the Moon and Other Celestial Bodies (Outer
Space Treaty) and the associated 1972 Convention on International Liability
for Damage Caused by Space Objects; Liability Convention provides that a
launching State shall be absolutely liable to pay compensation for damage
caused by its space objects on the surface of the Earth or to aircraft, and
liable for damage due to its faults in space. The Convention also provides for
procedures for the settlement of claims for damages. https://www.unoosa.
org/oosa/en/ourwork/spacelaw/treaties/introliability-convention.html

ENMOD Convention

1977

The Convention on the Prohibition of Military or any other Hostile Use of
Environmental Modification Techniques (ENMOD Convention) is an instrument
of international disarmament law specifically intended to protect the
environment in the event of armed conflict. It prohibits hostile action to modify
the environment as a means of warfare. Although SRM may have benevolent
motivations, it could be that reckless disregard of the countervailing risks of
SRM might rise to the type of actions addressed by the ENMOD Convention.
The provisions of Protocol of 1977 additional to the Geneva Conventions

of 1949 form an essential complement to those of the ENMOD Convention,

as they directly prohibit damage to the environment during armed conflict.
https://treaties.un.org/doc/Treaties/1978/10/19781005%2000-39%20AM/
Ch_XXVI_01p.pdf

Vienna Convention
/ Montreal Protocol

1985

Parties agree to adopt measures to reduce or prevent human activities that
have or are likely to have adverse effects resulting from modification of the
ozone layer.

Convention on
Environmental
Impact Assessment
in a Transboundary
Context (UNECE)

1991

The UN Convention on Environmental Impact Assessment in a Transboundary
Context (under the UN Economic Commission for Europe 1991) calls for
parties to undertake environmental impact assessment, potentially including
for SRM activities. https://unece.org/fileadmin/DAM/env/eia/documents/
legaltexts/Espoo_Convention_authentic_ENG.pdf

UNFCCC Article 3.3

1992

The Parties should take precautionary measures to anticipate, prevent or
minimize the causes of climate change and mitigate its adverse effects.

Where there are threats of serious or irreversible damage, lack of full scientific
certainty should not be used as a reason for postponing such measures, taking
into account that policies and measures to deal with climate change should be
cost-effective so as to ensure global benefits at the lowest possible cost.

UN Resolutions, d

raft resolutions, MEA/ COP decisions

CBD - Decision
X/33

2010

“Ensure. . . in the absence of science-based, global, transparent and effective
control and regulatory mechanisms for geo-engineering. . . that no climate-
related geoengineering activities that may affect biodiversity take place, until
there is an adequate scientific basis on which to justify such activities and
appropriate consideration of the associated risks for the environment and
biodiversity and associated social, economic and cultural impacts, except
for small scale scientific research studies that would be conducted in a
controlled setting. . .”
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UNEP/CBD/ 2012 Impact of Climate-related Geoengineering on Biological Diversity.

SBSTTA/16/INF/28 Note by the Executive Secretary — Chapter 4: Potential impacts on biodiversity
of generic SRM that causes uniform dimming.
https://sustainabledevelopment.un.org/content/documents/1740cbd2.pdf

London Protocol 2013 Contracting Parties’ concern about the potential impacts of ocean fertilization

Amendment and other marine geoengineering activities on the marine environment, and

on Marine their ‘determination’ to put in place ‘a science based, global, transparent, and

Geoengineering effective control and regulatory mechanism for such activities’.

The London Protocol amendment on marine geoengineering seeks to
establish a stable, legally-binding framework for the regulation of marine
geoengineering, while also allowing for regulatory flexibility and adaptability
to respond to new scientific and technological proposals that may adversely
affect the marine environment in the future based on a precautionary
approach. ‘Marine geoengineering’ is defined in the amendment as a
deliberate intervention in the marine environment to manipulate natural
processes, including to counteract anthropogenic climate change and its
impacts, and that have the potential to result in deleterious effects, especially
where those effects may be widespread, long-lasting or severe.

Draft resolution on 2019 Draft Resolution for consideration for the 4th United Nations Environment

Geoengineering for Assembly.

UNEA-4 (This draft resolution was put forward by Burkina Faso, Federated States of
Micronesia, Georgia, Liechtenstein, Mali, Mexico, Montenegro, Niger, Republic
of Korea, Senegal and Switzerland but was not tabled)

The Montreal 2021 Potential areas of focus for the 2022 quadrennial reports of the Scientific

Protocol Decision Assessment Panel, the Environmental Effects Assessment Panel and

XXXI1/2: Area the Technology and Economic Assessment Panel: “..An assessment of

of focus for information and research related to solar radiation management and its

2022 Scientific potential effect on the stratospheric ozone layer”.

Assessment Panel

Security Council Dec Security Council Fails to Adopt Resolution Integrating Climate-Related

SC/14732 2021 Security Risk into Conflict-Prevention Strategies.

(Draft resolution) The Security Council today, in a contentious meeting, rejected a draft
resolution that would have integrated climate-related security risk as a central
component of United Nations conflict prevention strategies aiming to help
counter the risk of conflict relapse.

General Assembly 2021 76/112. Protection of the atmosphere — Resolution adopted by the General

Resolution Assembly on 9 December 2021 [on the report of the Sixth Committee

A/76/473, para. 12 (A/76/473, para. 12)].

Guideline 7 - Intentional large-scale modification of the atmosphere Activities
aimed at intentional large-scale modification of the atmosphere should

only be conducted with prudence and caution, and subject to any applicable
rules of international law, including those relating to environmental impact
assessment.

Human Rights 2022 48/14. Mandate of the Special Rapporteur on the promotion and protection

Council
A/HRC/RES/48/14,
para. 6

of human rights in the context of climate change [Resolution adopted by the
Human Rights Council on 8 October 2021]

Paragraph 6 — Requests the Advisory Committee of the Human Rights
Council to conduct a study and to prepare a report, in close cooperation
with the Special Rapporteur, on the impact of new technologies for climate
protection on the enjoyment of human rights, and to submit the report to the
Council at its fifty-fourth session.
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