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Abstract: Solar geoengineering (SG) is a set of highly controversial
emerging technologies proposed to address climate change by
reflecting sunlight away from the planet to reduce temperatures. SG
may reduce climate risks; however, it also presents novel risks,
uncertainties, and challenges, necessitating broad and inclusive public
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doing so: capacity building workshops, participatory Technology
Assessment, and Deliberative Polling. Part Il presents a briefing book
that provides accessible, balanced, and evidence-based information on
critical topics, including climate science, climate policy, SG science, SG
governance and policy, and SG ethics and justice. This title is also
available as open access on Cambridge Core.
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Building Capacity for Public Engagement on Solar Geoengineering 1

With gratitude, inspiration, and love we dedicate this Element to the
late Dr. Pablo Suarez who had an unparalleled gift for connection and
engagement.

Part | Introduction and Methods

1 Introduction

If we had a reliable way to label our toys good and bad, it would be easy to regulate
technology wisely. But we can rarely see far enough ahead to know which road
leads to damnation. Whoever concerns [them]self with big technology, either to
push it forward or to stop it, is gambling in human lives.

—Freeman Dyson, Disturbing the Universe (1979)

1.1 Setting the Stage

Solar geoengineering (SG) is a highly controversial emerging technology that
might be used to address climate change by reflecting sunlight away from the
planet to reduce global temperatures. There are several technologies that might
achieve this goal, including stratospheric aerosol injection, which proposes to
use high-altitude aircraft to deposit reflective aerosols in the stratosphere; and
marine cloud brightening, which would increase the reflectivity of clouds over
the ocean, among others (Figure 1). In theory, SG could mimic what happens
when a large-scale volcanic eruption deposits sulfur in the atmosphere. For
example, in the fifteen months following the 2001 eruption of Mount Pinatubo
in the Philippines, scientists observed a 1 degree Fahrenheit (0.6 degree C)
reduction in global average surface temperatures (NASA, 2001)." The hypoth-
esis of SG as a climate response is premised on this dynamic. If government
failure to address climate change continues, and climate change impacts con-
tinue to accelerate, could humans mimic what volcanoes do to cool the planet?
It’s a scary proposition. But so is doing nothing.

SG is currently only an idea. Now is the time to shape what SG could be if
ever fully developed. In this Element we offer guidance on how people can
engage SG with an eye toward making research and decision-making more
responsive to the values, concerns, hopes, and knowledge of broad groups of
publics. We explain the controversies, outline why public engagement is so
important, share why capacity building is needed to enable public engagement,

! This Element cites several US government websites throughout. Historical versions of govern-
ment websites that are altered or removed can be found using the GovWayback tool available at:
https://govwayback.com/.
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Figure 1 Overview of solar geoengineering methods. A larger version of the figure is avaialble to view online at www.cambridge.org/jinnah-et-al

Source: The Alliance for Just Deliberation on Solar Geoengineering.
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Building Capacity for Public Engagement on Solar Geoengineering 3

offer three methods for how to do it, and provide briefing materials that can be
adapted for use in a range of different public engagement contexts.”

Our primary contention is that in order for communities, publics, and other
impacted groups to be meaningfully engaged in discussions and decision-
making about SG, they must have sufficient capacity. Capacity is the informa-
tion, skills, practices, and resources required to do something (Khan et al.,
2018). In this case, those seeking to engage in discussion about SG must have
access to information that enables them to understand, at a minimum, what SG
is (Buck et al., 2025). As evidenced in recent attempts to develop governance
mechanisms for SG and in recent multicountry survey research, publics lack
familiarity and access to the foundational knowledge needed to develop posi-
tions on this topic (Baum et al., 2024; Dove et al., 2024a; DSG, 2023; Jinnah
and Nicholson, 2019), and express desire for more information and education
(Buck et al., 2025; Fritz et al., 2024). Where this capacity is insufficient, it must
be built. Capacity building is therefore an essential prerequisite for engagement.

Capacity building is “a sustained process through which individuals, organ-
izations, and societies mobilize and sustain knowledge, skills, tools, and prac-
tices that enable their ability to engage in and implement local, national, and
international forms of ... governance” (DSG, 2023). Like public engagement,
capacity building can come in many different forms. We are primarily interested
in how those who seek to initiate public engagement — scientists and
researchers, policymakers, practitioners, research funders, and others — can
help participants build capacity to engage meaningfully in discussions and
deliberations on SG and other emerging technologies.

We hope this Element will be used by people already thinking about the
importance of public engagement surrounding emerging technologies, and/or
who wish to provide public access to accurate and balanced information about
SG and climate change. Importantly, we aim to support efforts to bring new voices
into ongoing debates and discussions about SG and other emerging technologies.

Toward this end, we provide a comparative overview of three complementary
methods that can be used to engage publics in discussions and governance around
any emerging technology. The methods we selected are capacity building work-
shops, participatory technology assessment (pTA), and Deliberative Polling. In
addition to drawing on the expertise of our team, we selected these methods to
show how multiple methods can be used together or separately within a broader
program to fill several identified engagement needs over time for different
audiences and end users. Whereas capacity building workshops are most useful
with civil society actors when emerging technologies are at their early stages,

2 We are grateful to an anonymous reviewer for suggesting text in this and following paragraphs.
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4 Public Engagement with Science

Deliberative Polling is more useful with policymakers when research and devel-
opment are at a decision point, such as transitioning to field testing, choosing
between deployment alternatives, or deciding whether to cease development
altogether. The pTA approach is most useful somewhere in between with
a plurality of audiences, when capacity is sufficient for informed discussion but
public interests and concerns and ideas are yet underexplored or understood.

After presenting and discussing these methods, we drill down into SG specific-
ally to showcase how briefing materials can be designed to build participants’
engagement capacities across relevant scientific, political, and ethical issues.
These materials are intended as a general model that can be adapted for use across
a range of engagement methods — including, but not limited to the methods we
discuss in this Element. Indeed, the briefing materials have already been utilized to
prepare participants to engage in capacity building workshops facilitated by DSG.
They could also be used to inform participants in pTA and Deliberative Polling.
The Element is designed to be accessible to a broad set of users, including
students, experts from diverse disciplines, policymakers, public engagement
professionals, NGO practitioners, and others seeking a greater understanding of:
SG’s scientific, political, and ethical dimensions; and/or how to engage publics in
research or discussion of SG and other emerging technologies.

Those thinking about how to build capacity for public engagement on other
emerging technologies will find the Element useful. SG sits firmly at the
intersection between cutting-edge scientific investigation, societal deliberation
about appropriate responses to climate change, and widely divergent values
about technological development and deployment. As such, this Element about
SG is also about living in the messy and fast-moving world that faces tremen-
dous challenges and opportunities. It should be of interest not just to people
looking at SG, but to anyone concerned with how public engagement with
science and emerging technologies of all kinds can best be facilitated. Most
importantly, the SG focused briefing material we developed, and our envisioned
process for updating and adapting the material as a living and collaborative
project, provides a model that others can use to build capacity for public
engagement on other emerging technologies and pressing issues.

A broad audience interested in other emerging technologies and issues can also
take lessons from how we have addressed a key challenge that lies at the heart of
our approach to building capacity for public engagement. On one hand, familiarity
and awareness of SG across the world is low and recent research suggests many
publics want more information and education on this issue (e.g., Baum et al., 2024;
Fritz et al., 2024; Buck et al., 2025). On the other hand, information on SG is
incomplete in several ways. First, although scientists and researchers from the
Global South are increasingly involved in SG research, the existing knowledge
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Building Capacity for Public Engagement on Solar Geoengineering 5

base has been primarily built by scientists and researchers from a handful of
countries in the Global North.”> Second, the existing knowledge base on SG has
also been driven by science as a way of producing knowledge about the world.
Other relevant ways of knowing and producing knowledge, such as related to
Indigenous knowledge, Traditional Ecological Knowledge (TEK), and place-
based lay knowledge, have yet to be applied to the issue of SG. Therefore, as
currently written, our briefing materials may not yet reflect the forms of know-
ledge, and the questions, issues, and concerns that may be of greatest importance
to publics and communities outside of the Global North, especially those that may
attach greater importance to forms of Indigenous or place-based knowledge.

This is a fundamental challenge that is likely to apply to many different
emerging technologies, and is not unique to SG: People need to have access to
existing knowledge about emerging technologies to contribute to and shape
discussion; however, as ideas that originate within the minds of scientists and
engineers, sometimes from particular parts of the world, early knowledge of
emerging technologies will likely not reflect of all ways of knowing, nor will it
likely address the concerns, questions, and salient issues for all communities.
This is a primary reason why we think it is so important to expand the
conversation on SG and other emerging technologies to publics and communi-
ties that have yet to be included.

We have developed one possible approach to addressing this challenge
based on a dual process of updating the material to reflect evolving knowledge
and adapting the material to fit local contexts. First, the authors will regularly
update the core briefing materials in response to community feedback and
developments in research and governance activity. We will host updated
materials as well as feedback forms online at https://www.sikinajinnah.org/
geoengineering-briefing-materials.html. Second, we encourage practitioners,
researchers, and others that initiate engagement to use the updated materials as
a model, and tailor and adapt the material to meet the information and format
needs of specific audiences and local contexts. We have made this Element
completely open access to facilitate that process. We therefore envision the
briefing materials to be a living and collaborative project that evolves to
incorporate community feedback and new information and knowledge,
including knowledge generated through the engagement processes that we
hope the materials help enable. Centrally, we offer these materials as a starting
point for bringing new voices, perspectives, and forms of knowledge into
discussion and research of SG.

* Our usage of the terms “Global South” and “Global North” is imperfect and we recognize that
such broad terms lump together many heterogeneous and diverse societies and countries and
obscures internal inequalities that create disparities in climate vulnerability within countries.
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6 Public Engagement with Science

1.2 Why Solar Geoengineering?

SG provides a timely opportunity to model how and why public engagement can
be designed to enhance participation and ultimately more just decision-making.
SG is still relatively unknown by most members of the public, but that is set to
change rapidly as climate impacts worsen, climate policies in key emitting
states are rolled back, and (mis)information campaigns that target the media,
the public, investors, governments, and intergovernmental bodies continue to
grow. Proactively providing detailed, balanced, and evidence-based informa-
tion in advance of important decisions about deployment and regulation of these
technologies is therefore essential for democratic oversight of large-scale cli-
mate change adaptation and mitigation strategies.

We are motivated by the fact that too few people have a voice in conversa-
tions about SG and publicly accessible and digestible information about SG is
limited to enable broader participation. This applies to many other emerging
technologies as well. In this Element, we therefore provide a set of balanced and
publicly accessible briefing materials about SG based on existing evidence that
can be used to build capacity to enable various types of publics to engage in SG
discussions. These materials are targeted to be accessible to the majority of
English-speaking adult laypersons, following the guidelines of science agencies
such as the US National Institutes of Health (National Institutes of Health, n.d.),
and can be readily adapted and translated for various types of audiences, be it
youth, policymakers, local community members, audiences in other countries,
and so on.

1.3 The Importance of Public Engagement on Solar
Geoengineering

The importance of public engagement in science, and more specifically in the
research, development, and governance of emerging technologies, has been
widely recognized by political (see, e.g., European Commission, 2002) and
scientific authorities (see, e.g., NASEM, 2021; see also Potochnik and Jacquart,
2025). In the SG case, high-level and authoritative reports and assessments
routinely call for some form of public engagement in research or governance
(e.g., Chhetri et al., 2018; European Commission, 2024; NASEM, 2021; UNEP,
2023). The stated motivations for public engagement vary, but are often described
in terms of instrumental, substantive, and normative rationales (Fiorino, 1990;
Stirling, 2008). Earlier work has argued that all three motivations are relevant for
SG and in fact engagement is necessary from ethical, political, and technological
perspectives (Carr et al., 2013). The normative rationale recognizes that public
engagement is simply the right thing to do, as affected populations deserve a say
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Building Capacity for Public Engagement on Solar Geoengineering 7

on matters that affect them. Public engagement may also aim to enhance justice,
promote democracy, and fulfill ethical obligations (Hourdequin, 2019). On the
assertion that technical experts and policymakers do not have a monopoly on
relevant knowledge, the substantive rationale for public engagement is to
improve SG research and decision-making through the integration of public
knowledge and through robust deliberation between publics, experts, and policy-
makers. This rationale aims to make SG research and governance better by
engaging with diverse perspectives and by incorporating these into research,
development, and governance processes. Instrumentally, public engagement
aims to achieve predefined ends, such as enhance the legitimacy of SG research
and build public trust in the researchers and institutions that produce and govern
SG research. Other desired outcomes may include minimizing public opposition
to SG research or development and raising public awareness. It may also include
addressing inaccurate beliefs about SG, such as that governments are already
using it, including by “inoculating” others from adopting these beliefs in the first
place (Buck et al., 2025; Lewandowsky and van der Lindin, 2021). We know
from other examples, such as nanotechnology, genetic engineering, and artificial
intelligence, that public engagement, or at least perceived attempts at public
engagement, can be critical to ensuring uptake of novel technologies.

Yet even as the study of SG, including limited real-world tests, is moving
rapidly, publics around the world do not have strong awareness or understand-
ing of this technology (Baum et al., 2024; Carlisle et al., 2020). Further, public
engagement approaches have varied dramatically in the field. There is
a growing trove of social science literature underscoring how critical engage-
ment is for responsible research and innovation and principles of participatory
justice (e.g., Carr et al., 2013; Corner et al., 2012; Grubert, 2024; Lavery, 2018;
Low et al., 2022; NASEM, 2021; Scott-Buechler and Jinnah, 2024; Stilgoe
et al., 2013a). Further, models exist to guide scientists and others on how to
design and carry out public engagement for controversial emerging technolo-
gies to ensure it remains in the public interest (e.g., Jinnah et al., 2024; d’ Angelo
et al., 2021; O’Doherty and Einsiedel, 2013; Wilsdon and Willis, 2004). In the
SG field, some early proposed field experiments, namely the United Kingdom’s
(SPICE) trial, embraced public engagement as part of an overall strategy to
ensure the research was responsible and responsive to public values and con-
cerns (Macnaghten and Owen, 2011; Pidgeon et al., 2013; Stilgoe et al., 2013b).
However, others have eschewed public engagement. Some research teams have
only announced field trials after they have already been initiated out of concern
that critics would try to stop the trial (Flavelle and Bates, 2024). Others have
assumed engagement wasn’t necessary because proposed experiments lacked
physical environmental impacts. In some of those cases, research teams — and

Downloaded from https://www.cambridge.org/core. IP address: 169.224.197.5, on 27 Oct 2026 at 07:48:29, subject to the Cambridge Core terms of
use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781009632836


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781009632836
https://www.cambridge.org/core

8 Public Engagement with Science

those advising them — erroneously determined that normative and ethical
concerns about technologies more broadly were insufficient to trigger public
engagement needs (Jinnah et al., 2024a). In these cases, failure to engage
publics yielded the precise impact that scientists feared engagement itself
would lead to: the slowing and/or cancellation of their experiments.

1.4 Briefing Book Structure and Approach

Our briefing book contains five sections that cover different dimensions of SG
and climate change, each of which is helpful to understand in order to develop
an informed perspective on SG. Those sections address climate science, climate
policy and responses, SG science, SG policy and governance, and SG ethics and
justice. Each can be used independently or holistically, depending on audience
and other engagement needs. The sections devoted to climate science and
climate policy and responses can be used in more general climate change related
engagements as well.” A preface to the briefing book clarifies the intended uses
of the material, explains how we developed it, describes our vision for the
material as a living and collaborative project, and discusses several issues to
consider in adapting the material further to meet specific audience needs.

While our briefing materials are tailored to be accessible to English-speaking
lay adults, different groups of people can have diverse and unique learning and
accessibility needs. Additionally, as explained, different groups of people
around the world may find certain issues, concerns, information, and questions
more relevant than others. To enable effective capacity building, capacity
building providers need to tailor information and communication to meet the
specific needs of engaged audiences. Just as there is no one-size-fits-all solution
to capacity building (Khan et al., 2018), there is no one-size-fits-all solution to
providing broadly accessible information in support of capacity building
efforts. We hope researchers and practitioners will use the materials to support
their capacity building and engagement activities, including by adapting the
material as needed.

We endeavor to present the information in the most accurate and balanced way
possible. This is an incredibly challenging task, as the science is complex and
characterized by deep uncertainties. Unlike other capacity building materials
available for engagements on this topic, we therefore center expertise from the
field of science communication. Two of our coauthors are experts in scientific
communication and, prior to this project, had not worked on SG nor had any

4 Those aiming to use the material for more general engagement on climate change should include
expanded discussion of carbon dioxide removal and adaptation and potentially methane removal
as response options. Our material currently includes only brief discussions of these options to
save space for expanded discussion of SG.
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Building Capacity for Public Engagement on Solar Geoengineering 9

preconceived opinions about it. Expertise in this field enables us to understand the
evolving information landscape and tailor our materials according to emerging
research about how to communicate science effectively (NASEM, 2017).

For instance, for many decades, science communication campaigns have
employed a framework called the “deficit model” to try to influence the public
to adopt evidence-based policies (NASEM, 2017; Wynne, 2006). According to
the deficit model, members of the public adopt actions that are not supported by
scientific evidence solely because they lack information about what “the science
says” on issues such as vaccination, climate change policy, and genetic engin-
eering. But recent research and real-world events, such as varying rates of
COVID vaccination uptake among populations with differing political ideolo-
gies, have highlighted how this model fails to account for the many factors that
influence people’s decisions, including their values, sense of identity, attitudes
about science and need for belonging to social groups (Potochnik and Jacquart,
2025). The deficit model also does not deal well with uncertainty, as it presup-
poses that scientific facts have already been established and that there is
therefore a “right” or “wrong” decision to be made.

In contrast, effective science communication starts by understanding that
different audiences have different interests, goals, values, and prior information
about a particular topic. It requires science communicators to define the audience
they are trying to reach and design their products accordingly (Hutchins, 2020).

Of course, the goal of public engagement should not be merely to transfer
scientific knowledge to the public (Wynne, 2006). Rather, public engagement
requires a multidirectional and deliberative exchange of information and know-
ledge between publics, other interested groups, and experts (Potochnik and
Jacquart, 2025). Such an exchange would engage with — and respect — the
knowledge, perspectives, values, and experiences already held by publics and
interested groups. Our goal in providing the briefing material in Part 2 is
therefore not simply to transfer knowledge to publics but rather to empower
people to participate in SG discussion and governance by strengthening their
capacity to understand — and contribute to our understanding of — SG and its
scientific and social dimensions. In this view, effective science communication,
alongside capacity building, is needed to enable robust and meaningful public
engagement.

Drawing on the deep expertise of coauthor Erika Check Haden in science
communication, we have used evidence-based practices to describe these issues
in broadly accessible language to assist researchers and practitioners in adapting
our materials to engage a variety of audiences. We therefore form a model for
future large-scale public engagement on science projects in the realms of
climate, public health, and beyond.
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10 Public Engagement with Science

For instance, we have used techniques to improve readability of our briefing
materials for general audiences, including eliminating jargon, writing shorter,
more active sentences, using concrete subjects and verbs, and eliminating ines-
sential information.

Additionally, most adults are not trained to calculate or interpret statistics and
probabilities, or to read the types of complex figures and tables that normally
accompany scientific texts. We have adapted our materials for audiences with
varying numeracy levels by using comparisons to tangible objects to help
readers contextualize critical statistics, probabilities, and numerical quantities.

Finally, the topic is not only complex but also controversial, and experts are
split on many of the social, political, and ethical issues we explore in the briefing
book. Fundamentally, experts have conflicting perspectives on how society
should approach the prospect of SG. We have tried to cover these debates and
disagreements through a fair and balanced presentation of the different posi-
tions and arguments that characterize much of the expert discussion on SG. We
aim to allow our audience to evaluate the state of the evidence and arguments
supporting various courses of action for themselves, to enable them to develop
their own informed opinions on the topic.

1.5 Element Overview

The coauthors are agnostic on if SG should proceed or not. We are united, however,
in the perspective that enabling more people to engage in that decision is essential
for justice. Recalling Freeman Dyson’s quote that opens this section: “whoever
concerns [them]self with big technology, either to push it forward or to stop it, is
gambling in human lives.” Decisions about SG must involve far more people from
more diverse geographies, ages, and other metrics of positionality. Those who wish
to decide the fate of SG alone may end up with blood on their hands.

The Element is laid out as follows. Part I includes this introduction and
Section 2, which presents three complementary methods for engaging publics
in research governance about SG (and other technologies): capacity building
workshops, participatory technology assessment (pTA), and Deliberative
Polling. The methods can be used longitudinally within a broader program of
engagement to address a range of engagement needs ranging from building
foundational knowledge to informing specific points of decision-making.

Part II (Sections 3-8) contains the briefing materials, developed by all
coauthors and peer-reviewed by leading experts in the field. Sections 3—8 use
SG as a case to model how capacity building materials can be structured for
broad engagement efforts. We hope this briefing book provides a template that
can be used for developing materials for other emerging technologies. Part II
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(Section 3) also provides more detailed information about how we hope these
materials can be updated and improved over time and adapted for specific local
contexts. We also have a companion website, which hosts materials for further
learning and updated versions of the briefing materials (https://www.sikinajin
nah.org/geoengineering-briefing-materials.html).

2 Methods for Engaging Publics
2.1 Introduction

There are a variety of methods that researchers and practitioners can use to
engage publics and other interested groups on emerging technologies, including
solar geoengineering (SG). In this section, we focus on three such methods -
capacity building workshops, participatory technology assessment (pTA), and
Deliberative Polling. These methods were selected based on the author’s
expertise to demonstrate how multiple complementary engagement methods
can be used to build capacities across multiple sectors of society that enable
informed public engagement in decision-making on SG and other emerging
technologies. Importantly, each method is particularly well suited to different
phases in the technological readiness spectrum and different audiences.

Each engagement method — including the ones we discuss here and others —
carries strengths and limitations that make them potentially well-suited for
some engagement purposes and likely poorly suited for others. No method is
a one-size-fits-all solution. Rather, the three methods we selected are designed
to address different sets of needs for different audiences that may arise through-
out different stages of a technology’s research and development trajectory, or
different stages of a governance process. We selected these because they are
complementary, in that each method can produce the conditions that enable the
successful use of another method. Their use can be coordinated within a broader
“program” of engagement to set the stage for meaningful public engagement on
important decisions we may soon face. The methods are mutually reinforcing,
and they address several related critical engagement needs for different audi-
ences. These three methods cannot address all engagement needs, and these are
also not the only available methods to choose from.

Our aim in showcasing the methods in this section is twofold. First, we aim to
give readers an in-depth and structured exploration of several options for
engagement methods from the perspectives of those with experience and
expertise in using the methods. Second, we aim to show how the methods can
relate to each other, and to demonstrate how using multiple methods in a broader
program could enable more just and democratic decision-making on SG and
other emerging technologies.
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12 Public Engagement with Science

Specifically, we imagine a program that includes a sequential process
whereby capacity building workshops build capacity that enables a successful
pTA process, which can be used to guide a Deliberative Poll intended to inform
specific policy-relevant decisions. First, capacity building workshops can help
civil society organizations, policymakers, and experts build foundational know-
ledge about SG in the context of their own local, national, or regional circum-
stances and needs. Building this foundational knowledge is critical for the
successful use of pTA, which requires local capacity and readiness to facilitate
an assessment process that brings together groups that are underrepresented in
scientific and technology assessment and decision-making, such as publics,
interested groups, and affected communities. Foundational knowledge is also
needed to enable impacted communities, interested groups, and experts to shape
the issue framing, question selection, and engagement format of public forums
within a pTA process. Among other possible purposes, pTA can then be used to
understand public values surrounding potential courses of action and to explore
social license for pursuing potential directions of research or development. This
in turn is needed to inform which specific decisions and policy-options should
be on the table for broad and inclusive public deliberation. Of the methods we
discuss here, Deliberative Polling is then best positioned to facilitate broad
public deliberation to inform specific policy-relevant decisions, such as whether
to establish a research program or not, or to adopt a commitment to refrain from
using SG or not. Other methods, such as public comment processes, would then
be better positioned to integrate public views as needed on how decisions will
be implemented, to enable publics to weigh in on, for example, how a regulatory
framework for SG research will be designed. The successful implementation of
those decisions in turn rests on policymakers, interested groups, and experts
having the foundational knowledge and governance capacity that was generated
through earlier capacity building workshops.

We begin with a discussion of capacity building workshops, as developed and
carried out by coauthor Shuchi Talati and her colleagues at The Alliance for Just
Deliberation on Solar Geoengineering (DSG). DSG and indeed all the coauthors
see capacity building as foundational in the SG context in order to facilitate
effective engagement work. We then turn to a discussion of participatory
technology assessment (pTA) as developed by coauthor Mahmud Farooque
and colleagues at Arizona State University. Finally, we discuss Deliberative
Polling as led by coauthor Alice Siu at Stanford’s Deliberative Democracy Lab.
Table 1 provides an overview of these engagement methods and briefly outlines
some of their key differences and commonalities.

Given our interest in including communities that are most vulnerable to
climate change in the Global South in discussions and decision-making about

Downloaded from https://www.cambridge.org/core. IP address: 169.224.197.5, on 27 Oct 2026 at 07:48:29, subject to the Cambridge Core terms of
use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781009632836


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781009632836
https://www.cambridge.org/core

Building Capacity for Public Engagement on Solar Geoengineering 13

Table 1 Comparative overview of engagement methods

Participatory
Capacity building Technology
workshops Assessment (pTA) Deliberative Polling
Aims and Build participants’ Varied: inform policy, Understand what
goals capacity to discuss, decision-making; public opinion
govern; empower improve scientific actually is; inform
participants to access literacy; map public policy and
and understand new values; engage decision-making;
knowledge underrepresented enhance
groups in scientific, democratic
technology legitimacy

assessment and
decision-making

Who is Variable: focus on civil Nonexpert societal Publics; any defined
engaged? society, groups: interested population
policymaking, and groups, publics,
academic sectors in rightsholders, affected
climate vulnerable communities
countries
Who NGO with local Technology assessment University research
facilitates? partners (civil society, agencies; network of  group, network of
governments, academics, science academics, experts,
academic groups) educators and policymakers
Key elements Landscape analysis to Cocreation of issue Random,
of method understand framing and forum representative
geography; Modular  design; representative  sampling;
workshops adapted to  public deliberation preliminary
meet local needs; forum; co-analysis of  polling; creation of
cocreation with long-  results and balanced briefing
term partners dissemination materials; small

group deliberation;
dialogue with
experts; post-
deliberation
polling

SG, readers may be puzzled by our selection of engagement methods designed
in the Global North. After all, the enduring wisdom is that methods that work in
one context may not work in others, and to be most effective, methods must be
tailored to resonate with regional, national, or local sociopolitical contexts (e.g.,
Busch et al., 2025; Carr et al., 2013). Indeed, there are many diverse cultures
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14 Public Engagement with Science

within and across countries in the Global South, some of which may have
diverse understandings of and approaches to, for example, democracy, repre-
sentation, agency, truth and knowledge, and public involvement in decision-
making. However, following DSG’s capacity building model, we do not assume
that all cultures have understandings of these issues that diverge from Western
contexts, and we emphasize the responsibility of engagement initiators and
practitioners in working with local partners to understand local contexts so that
decisions to tailor methods can be made on a case by case basis.

We think our discussion of these methods should be of interest to a broad
readership for two reasons. First, readers can consider how key aspects of these
methods may or may not apply in the contexts they are interested in, and how
broader programs of engagement can include multiple complementary
methods. Second, we also suggest that, with some modifications and tailoring,
these methods can be led by Global South actors, and so should not be dismissed
out of hand.

First and foremost, although it was designed in the United States,
Deliberative Polling has been used successfully in many diverse geographic
and cultural contexts around the world, including dozens of times across South
America, Africa, and Asia (see e.g., Fishkin et al., 2017). Participant evaluation
of these events is consistently positive. For example, 84 percent of participants
in a Deliberative Polling in Brazil in 2009 thought the process was valuable, and
53 percent indicated it was “extremely valuable.” Additionally, DSG’s cap-
acity building program is inspired by a model of capacity building that origin-
ates from the Global South, as articulated by researchers, policymakers, and
practitioners involved in the Least Developed Country (LDC) Initiative for
Effective Adaptation and Resilience (LIFE-AR) and the UNFCCC Capacity
Building Framework (DSG, 2023; Khan et al., 2018; LIFE-AR, 2019). DSG,
launched in 2023, has thus far run multiple capacity building workshops in
partnership with local organizations in different countries across South Asia,
Southern Africa, and Latin America. Finally, pTA is based on the World Wide
Views (WWViews) model of global citizen consultations which was used to
inform negotiations under the UN Convention on Biological Diversity and the
UN Framework Convention for Climate Change (Worthington et al., 2012b).
The method could also be applied in different parts of the world if certain
conditions are met, as we discuss next. Overall, a quick survey of public
participatory processes and innovations in deliberative democracy in the
Global South, for example, in Latin America, suggests that approaches to

5 Secretary-General, Rio Grande do Sul State Government. 2009. 1st Deliberative Polling in Rio
Grande do Sul State — Executive Summary. https:/deliberation.stanford.edu/news/final-report-
Ist-deliberative-pollingr-rio-grande-do-sul-state-public-servants-career-reform.
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engagement and deliberation in this context share both differences and similar-
ities to the methods we discuss here (Pogrebinschi and Ross, 2019). While the
methods have relevance beyond the context of the United States and Europe,
they may need to be tailored and adapted to be effective in other sociopolitical
contexts.® Therefore, we also discuss whether and how these methods may need
to be tailored to meaningfully engage communities in different contexts. Others
have provided helpful guidance for engaging specific climate vulnerable com-
munities, such as Busch et al. (2025) who identify several types of engagement
models that can be “used to progress Indigenous-inclusive engagement across
Canadian Indigenous communities” on SG (p. 4).

Given our focus on building capacity for public engagement, it’s important to
note that these and other methods of engagement have a multifaceted relationship
with capacity building. As explained in Section 1, capacity building is needed to
enable these methods, in part to ensure that engagement is meaningful, which
requires that participants have capacity to participate in the activities and shape any
outcomes on an equitable basis. But these methods can also build the capacities of
the individuals and groups that participate. By participating in the deliberation,
assessment, learning, and other activities and processes within each method,
participants develop vital skills, competencies, and practices that enable them to
be more informed and effective participants in SG discussion and decision-making.
Capacity building is therefore both a prerequisite and an outcome of these methods,
and of engagement with publics and other interested groups more broadly.

2.2 Capacity Building Workshops
2.2.1 Aims and Purpose

The term “capacity building” is imprecise. There is no established or agreed upon
definition, which results in a diverse and wide set of activities (Dove et al., 2024a).
Organizations and institutions have been doing different types of capacity build-
ing on climate, environment and development for several decades now, and in that
time, there have been significant learnings about what works and what doesn’t
work. In the “classic” capacity building model, outside consultants, typically from
private consulting firms in Global North countries, are brought into recipient

© See, e.g., the LATINNO project documenting participatory processes in Latin America: www
Jatinno.net/en/. We are aware of ongoing discussion surrounding the need to learn from experience
and innovations in engagement, participation, and deliberative democracy in the Global South. Our
focus on methods designed in the Global North is not intended to discount this need. See, e.g.,
https://deliberativehub.wordpress.com/2023/04/02/learning-from-participation-and-deliberation-
in-the-global-south/; https://www.publicdeliberation.net/resisting-colonisation-avoiding-tropicali
sation-deliberative-wave-in-the-global-south/; www.idea.int/news/climate-deliberation-global-
south
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16 Public Engagement with Science

countries on a short-term basis to train personnel. This dominant approach to
capacity building is commonly critiqued as short-term, projectized and sectoral,
and led by many different donors, some with deep bias, with little coordination
between them and without sufficient ownership on behalf of targeted countries or
communities (Casado Asensio et al., 2022; Eade, 2007; Khan et al., 2018).

In contrast, the model discussed here is one that the Alliance for Just Deliberation
on Solar Geoengineering (DSG) is trying to implement and is inspired by recent
efforts to rethink this approach to capacity building. These efforts have culminated
in the creation of a new capacity building model that improves upon common
critiques and limitations of the classic model. This model aims to build long-term,
durable, and sustainable capacity systems that enable countries to effectively
address issues and solve goals over time. At the core of this approach are capacity
building workshops based on unbiased information, cocreation, and long-term
partnerships with a potential range of local actors from civil society that understand
the context and needs and that can be focal points for sustaining and strengthening
governance capacity long into the future. Multiple local partners in one region can
also address different groups and sectors across civil society (e.g., think tanks,
advocacy, or community based organizations) to reach a wider audience.

The ultimate goal of any capacity building program should be to empower
participants to have access to and understand new areas of knowledge. Very
little knowledge on SG exists, and without approaches that center unbiased and
sustained knowledge, biased narratives will fill the vacuum. DSG’s goals are to
democratize knowledge in climate vulnerable communities and countries, and
ultimately elevate voices in these regions to develop and represent their per-
spectives in decision-making spaces. These are the populations that are most
vulnerable to both climate change and SG, and the most to gain or lose from
decision-making in the SG space. This is designed in the context of anticolonial
politics, which dictate that these communities and countries from the Global
South are able to and empowered to engage in questions around whether and
how SG should proceed (DSG, 2023).

The target sectors of these workshops are largely civil society, policy-
makers, and academia. Civil society is specifically important as it functions
as an arena for societal deliberation, comprised of “a network of groups,
communities, and voluntary associations that is distinct from the state and
that excludes profit-motivated entities,” such as policy research organizations,
advocacy organizations, and community-based groups (DSG, 2023; Edwards,
2011). DSG prioritizes this sector for three overarching reasons :

(1) Whereas states have been reluctant to take steps to govern solar
geoengineering, civil society can play constructive roles in establishing

Downloaded from https://www.cambridge.org/core. IP address: 169.224.197.5, on 27 Oct 2026 at 07:48:29, subject to the Cambridge Core terms of
use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781009632836


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781009632836
https://www.cambridge.org/core

Building Capacity for Public Engagement on Solar Geoengineering 17

inclusive and just forms of governance in the near future. (2) Civil society
can act as a conduit for diverse communities and groups to engage in solar
geoengineering governance, thereby broadening the diversity of perspec-
tives, values, and worldviews that are included in deliberations and
considered in decisions. (3) Governments and political institutions can
be volatile, which can undermine the dedicated and consistent efforts
needed to govern solar geoengineering over long time periods if left to
states alone. (DSG, 2023)

Building off these goals and priorities, DSG developed overarching principles
and high-level objectives to guide this work, listed in Table 2. These were built
based on ideas and knowledge from “the capacity building literature, initiatives
from the Least Developed Countries (LDC) Group including the LDC Initiative
for Effective Adaptation and Resilience (LIFE-AR), and the UNFCCC Capacity
Building Framework” (DSG, 2023; Khan et al., 2018; LIFE-AR, 2019).

Table 2 Overarching principles and objectives of modernized capacity

building workshops
Principle/objective Description
Cocreate with local Cocreate with regional and community partners to
partners lead the way in identifying capacity needs and
designing capacity building projects and
outcomes.
Center local context and ~ Successful capacity building will look different in
innovation different places and that have different capacity

needs. Work with local partners to develop
deliberative methods that are best suited for local
communities, including those that are
unaccustomed to traditional methods involving
printed text and lectures.

Build off of what is Work with partners to identify forms of capacity that
already there exist so we can build off of what our local
partners already do well.
Be holistic A wide breadth of skills and capacity among a wide

range of actors is required to govern SG, and we
build capacities that are often taken-for-granted
and less tangible and visible.

Foster Collaboration Partner and coordinate with other organizations
working on SG and related areas of capacity
building to ensure our efforts align.
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Table 2 (cont.)

Principle/objective

Description

Prioritize procedural
justice

Be anticipatory

Embrace modulatory

Value diverse forms of
knowledge

Foster self-reflection
and assessment

Ensure sustainability

Do not have biases around whether our local
partners decide to support or oppose SG research
or potential deployment; we believe that they
should have the opportunity to form their own
positions and, critically, be able to engage when
these decisions are made.

Anticipate evolving trends in SG research to ensure
that our capacity building prepares local partners
to respond to current developments.

Develop modular learning and projects that can be
deployed in different arrangements and adapted
to local contexts to make it easier for our capacity
building efforts to reach as many people as
possible over a short period of time.

Local partners can develop the most complete
understanding of SG and its implications by
integrating science with other relevant ways of
knowing, such as traditional ecological
knowledge.

Continuously assess and improve how we do
capacity building. We also have forms of capacity
that need to be built and strengthened, such as the
ability to understand local contexts and to provide
education and training in the most effective ways
possible.

Ensure that partners or processes are in place to
continue capacity building work that (1) enables
participants to utilize knowledge and (2) reaches
new participants.

2.2.2 Origins, Broader Context, and Current State of Use

DSG was launched as a nonprofit organization in April 2023 to implement this

model of work. It is in early stages of being able to evaluate its success as it

moves through different phases. This model of work is inherently slow, centered

on trust and long-term processes.

These capacity building workshops are not a novel approach but an attempt to

utilize recommendations for updating traditional capacity building methods in
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climate intervention for the needs and outcomes outlined earlier. There are other
efforts in parallel fields that utilize different aspects of the updated approach that
DSG is also attempting.

As mentioned, previous capacity building scholarship outlines two broad models
of implementation (Khan et al., 2018). An older, “classic” model describes previ-
ous forms of capacity building, which are largely uncoordinated, ad hoc, unsus-
tained, and led by external/nonlocal consultants for training. A “new” model aims
to move beyond these limitations to be more innovative, sustainable, and locally
owned (Dove et al., 2024a). These models are not limited to climate intervention or
even climate broadly; they are expansive across fields. The latter, “new” model is
what DSG attempts to build off of, which is an iterative approach that aims to
continuously learn from itself and improve to achieve the goals described.

2.2.3 Methodology

The critical initial steps of this approach are understanding potential (1) geog-
raphies, (2) partners, and (3) participants to be the leaders and members of
a capacity building process. Identifying these regions and actors requires
a collaborative and thoughtful analysis of the landscape on the ground, includ-
ing scientific, policy, and political considerations. There are major potential
challenges in each of these key steps, limited by access, connections, and
willingness to engage in a controversial field.

Geographies: Determining locations of engagement is a complex process, deter-
mined by both quantitative and qualitative metrics (DSG, 2024). Further landscape
analysis to understand the range of potential stakeholders requires analytical
research and conversations with experts and stakeholders on the ground, resulting
in a set of organizations and experts that merit further discussion and engagement.

Partners: Narrowing down potential partners is not a one-off, but can happen at
multiple different stages as engagement and capacity building continue via
different mechanisms. Multiple local partners in one region can also help address
different sets of participants across communities or sectors. However, initial
dedicated engagement on the ground in a particular country and community,
based on the regional analysis earlier, is necessary. The goals of this process are to
start (1) learning how current organizations and experts are thinking about both
SG, if at all, as well as efforts around capacity building for civil society; (2)
exploring ways that a new organization like DSG can be supportive of locally
driven initiatives and efforts to grow policy capacity in civil society; and (3)
building the groundwork for partnerships and collaborations through which DSG
can help catalyze work. Identifying partners subsequently enables a cocreated
process through which they can suggest a range of potential capacity building
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20 Public Engagement with Science

mechanisms (e.g., workshops to different ends) that DSG can colead with
additional resources (time, expertise, and funding).

Participants: Identifying participants is a coled process with DSG and its
partner. These participants will be determined by the expertise of the partner, the
capacity building mechanism, and the goal of a particular capacity building
project. Participants can vary across sectors (e.g., civil society, academia,
policymakers, private sector), communities, and perspectives.

In designing a capacity building workshop, our method is also focused on
modularity to be able to tailor the design to the needs of a partner and partici-
pants. Different levels of understanding, familiarity, and interest will depend on
their needs, desires, and roles. This includes, but is not limited to the scientific
understanding of climate change and SG as well as a foundational understand-
ing of climate and SG governance and its history.

2.2.4 Strengths and Limitations

Each method discussed in this Element is best suited to accomplish different
outcomes. The outcomes of these capacity building workshops are to increase
the participation of civil society and policymakers for future governance of SG.
This moves beyond building the general knowledge of broad publics and
understanding preferences. There are several advantages to this focus:

» The potential to reach a cross section of mission-driven organizations
(including climate, energy environment, human rights, democracy, and
other types of focus) as well as categories of organizations (advocacy, think
tanks, community-based, etc.).

» The ability to have sustained engagement with partners and participants with
expertise that may be motivated to be engaged in the field.

» The capacity to provide direct input into governance and decision-making
processes.

The main disadvantage of this approach is an inability to reach lay audiences
and nonexpert publics to build high-level understanding about SG and subse-
quently understand public perception. These workshops should therefore not be
used to elicit public perspectives to inform specific points of decision-making.
However, workshops have inherent limitations in the audiences they can reach.
This method is focused on trying to enable a deeper impact on outcomes and
decision-making in SG from this format.

2.2.5 Broader Implications

The potential of this method to strengthen the relationship between SG science,
governance, and democracy will ultimately depend on who is willing to
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participate, the interest and dedication of local partners, and their choices around
continued engagement in the field. Importantly, it will also be deeply dependent
on the funding available to conduct such work, which remains deeply limited.

Democracy and public engagement require an informed set of participants,
and this approach attempts to fulfil this important criteria to achieving legitim-
ate outcomes. Building not only access to knowledge, but mechanisms to build
upon it and use it are absolutely critical to changing the paradigm around the
limited discussions on “public acceptance” and “social license” that we see for
climate intervention technologies today.

2.3 Participatory Technology Assessment

Participatory technology assessment (pTA) refers to a group of methods and
systematic procedures to involve “societal groups — stakeholders, affected
citizens, nonexperts, and the public in general — in assessing technology and
its consequences” (Grunwald, 2018). An explicit aim of pTA is to engage
groups of nonexperts who are representative of the general population but
who — unlike political, academic, industry, nongovernment, and advocacy
organizations — are generally underrepresented if not absent in science and
technology-related discourse and decision-making. The multilayered engage-
ment process involves creating systematic communication and dialogue pro-
cesses within and among groups, from affected people and communities to
stakeholders, rightsholders, and the broader public (Figure 2).

2.3.1 Aims and Purpose

The objective of pTA can be varied: from filling democratic gaps and contrib-
uting to public dialogues to enriching policy advice and supporting institutional
transformations (Grunwald, 2018). To date, federal and philanthropic sponsors
have supported ECAST pTA projects for four specific objectives: (a) informing
policy and decision-making (planetary defense), (b) improving scientific liter-
acy (community climate hazards), (c¢) mapping public values (human gene
editing), and (d) innovating public engagement (nuclear waste siting).

Specific to SG, objectives for conducting a pTA process can be fourfold: (a)
providing social appraisals, (b) mapping public values, (c) filling representation
gaps, and (d) integrating living and lived knowledge. Upstream SG governance
poses a classic post-normal science (PNS) challenge characterized by high
socio technical uncertainties, value conflicts, and urgent decision stakes
(Bellamy et al., 2012; Funtowicz and Ravetz, 1993). Social appraisal of SG
research, testing, and deployment needs to be undertaken at technology govern-
ance relevant scales, often at the same time as their expert appraisals. Second,
empirical social science research on public values of SG is limited to a few
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Figure 2 Publics, technology assessment (TA), and participatory technology

assessment (pTA)

Source: Used with permission of The National Academies Press, from Gene Drives on
the Horizon: Advancing Science, Navigating Uncertainty, and Aligning Research with
Public Values, by the National Academies of Sciences, Engineering, and Medicine,
2016; permission conveyed through Copyright Clearance Center, Inc. This content is
licensed by Taylor & The National Academies Press, and is NOT part of the Gold Open
Access license. Definitions of community, stakeholder, and public expanded by the
author with arrows to illustrate the differences and overlap between technology assess-
ment and participatory technology assessment.

applications and a focus on countries in the Global North (Burns et al., 2016;
Dove et al., 2024b). More dialogic research is needed to map public values and
connect them to SG decisions and policymaking. Third, pTA can systematically
engage those commonly missing in expert SG discourse. By including these
voices in the SG policy and decision-making process, pTA can lead to more
inclusive, useful, effective, fair, just, and equitable outcomes.

For example, in 2017, ECAST conducted a PTA process to map public values
on SG research and democratic governance (Kaplan et al., 2019). It was precipi-
tated by funding, governance, and scaling challenges faced by a few SG research
initiatives. With support from the Sloan Foundation, ECAST worked collabora-
tively with scientists, funders, advisory bodies, and advocacy organizations to
conduct the pTA. Representatively diverse groups of participants in Boston and
Phoenix were engaged in informed and inclusive day-long facilitated deliber-
ations on ethical issues (moral hazard, technological lock-ins, uncertainty, etc.;
see the SG ethics and justice discussion in Section 8), types of geoengineering
(SAI MCB, etc.; see the SG science discussion in Section 6), scale and direction
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(small field experiments, coordinated acceleration, etc.), funding (public, private,
philanthropic, etc.) and research governance (self-governance, advisory bodies,
international negotiations, etc.) preferences. Results from the pTA were shared
widely with scientists, funders, and decision-makers involved in various aspects
of SG research. Materials created to facilitate the pTA process were used to
engage other stakeholders and broaden the societal discourse.

2.3.2 Origins, Background, Current State of Use

Participatory technology assessment originated in Western Europe during the
1980s as a response to social movements around demands for peace, sustain-
ability, and more deliberative democracy by technology assessment (TA) agen-
cies, such as the Danish Board of Technology (DBT) and the Rathenau Institute
(Grunwald, 2018; Joss and Belucchi, 2002). TA agencies are organized bodies
dedicated to providing expert policy advice through systemic assessment of
emerging issues in science and technology. Inspired by the founding of the US
Congressional Office of Technology Assessment (OTA) in 1972, many
European countries began establishing their own TA agencies from the mid-
1980s and onward. In addition to strong analytical capacities, some of the
agencies introduced innovative methods for citizen participation in their assess-
ment processes (Worthington et al., 2012a). In the United States, Loka Institute
was among the early proponents of pTA, particularly following the defunding of
OTA in 1995 and subsequent efforts for revival (Guston, 2023). During the mid-
2000s, public engagement in science (PES) in general and pTA in particular
experienced a period of renewed interest and rapid growth through the US
government’s support of the Nanoscale Informal Science Education Network
(NISENet), coled by the Boston Museum of Science (MOS) and Centers for
Nanotechnology and Society (CNS), coled by the Consortium for Science,
Policy and Outcomes (CSPO) at the Arizona State University.

In 2010, Loka, CSPO, and MOS joined the Science and Technology Innovation
Program at the Woodrow Wilson Center and the citizen science platform SciStarter
to launch the Expert and Citizen Assessment of Science and Technology (ECAST)
Network to develop a pTA capacity in the United States building on European
achievements. ECAST combined nonpartisan policy analysis, social assessments
of emerging technologies, and informal science education and public engagement.
Its goals included continually innovating concepts and practices and integrating the
outcomes in policymaking, technological research and development (R&D), and
wider societal deliberations (Sclove, 2010).

A pilot global citizen consultation project with DBT to inform the 2012 UN
Convention on Biological Diversity paved the way for ECAST’s project with
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NASA on its Asteroid Initiative, a first for a US federal agency. In the decade that
followed, through innovative applications in a variety of areas (i.e., community
resilience, nuclear waste management, climate change, driverless car, and human
gene editing) ECAST developed a reflexive, adaptable, and scalable three-phase
model of pTA that could be applied at the local, national and global levels (Kaplan
et al., 2021). ECAST pTA methodology has been cited in governmental reports
on open innovation (GAO, 2016), methods to assess equity (OMB, 2021), and
federal policy for public engagement (PCAST, 2023). Notable contributions to
date include the planetary defense coordination office at NASA (Farooque and
Kessler, 2023), environmental literacy theory of change at the National Oceanic
and Atmospheric Administration (NOAA), and shared principles for community
collaboration at the Department of Energy (DOE).

2.3.3 Methodology

ECAST pTA unfolds in three phases (Kaplan et al., 2021; Figure 3). First,
a balanced problem framing is achieved by engaging subject matter experts,
stakeholders, and community members (Issue Framing and Design). Public
deliberations, the second step, engage diverse public members on potential
options or considerations for research and development in one or more loca-
tions. The third phase is results integration. Decision-makers and other intended
users interpret deliberative forums’ qualitative and quantitative results and help
integrate those findings with research, decision-making, and other types of
engagement. Participatory technology assessment is a layered and iterative
engagement process between members of the community (specific groups of
interest or people directly impacted), stakeholders (experts, funders, regulators,
professionals, advocates, and organized interests), and the public (broader
democratic voting population). We elaborate on each phase next.

Phase I: Issue Framing and Design

Phase I of a pTA project utilizes a combination of (a) literature review, (b)
stakeholder interviews, and (c) open-frame community dialogues to inform
a (d) forum design workshop with experts and stakeholders. The details and
extent of each are codeveloped in consultation and cooperation with the project
sponsor, target audience, relevant experts, and stakeholders. A review of exist-
ing data, statistics, materials, and literature is conducted to understand the
underlying science, technology, and societal issues and develop a preliminary
expert-stakeholder value map to guide engagement activities such as stake-
holder interviews, community dialogues, and forum design workshops.
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Figure 3 Three-phase pTA process The ECAST engagement model superimposed
on a conceptual model for an ideal transdisciplinary process by author.
Source: Adapted from Figure 1 in D. J. A. Lang, M. Wiek, M. Bergmann, P. Stauffacher,
P. Martens, P. Moll, M. Swilling, and C. J. Thomas, “Transdisciplinary Research in
Sustainability Science: Practice, Principles, and Challenges,” Sustainability Science 7,
no. 1 (2012): 25-43. This content is licensed by Springer Nature Customer Service
Center GmbH, and is NOT part of the Gold Open Access license. Springer Nature has

provided permission to reproduce this material.

Community dialogues usually engage 12-15 participants over two 4-hour
sessions. They are motivated by two recognitions. First, public concerns may
only sometimes align with those of experts, and an expert-designed series of
questions can miss latent issues important to the public. Second, people directly
impacted by a proposed field experiment, demonstration project, or mass deploy-
ment have unique experiences and perspectives that may differ from the broader
democratic public. The community dialogues thus begin with an “open frame”
designed to meet the participants where they are rather than where the experts
would like them to be. They seek to elicit both open-ended general hopes and
concerns about their communities and the science and technology issues of interest.

The forum design workshop convenes 20-25 diverse subject matter experts
and stakeholders over 1 % to 2 days to discuss and review the literature review
outcomes, stakeholder interviews, and community dialogues. It has two object-
ives. First, to guide the topics, questions, content, participants, and useful
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outcomes of the public forums. Second, to help populate a balanced expert panel
to review the deliberation materials, protocols, and preliminary results.
Workshop participants are engaged through lightning talks, small and large
group discussions about technological opportunities and uncertainties, societal
implications, governance options, and deliberation design.

Phase II: Public Deliberations

The second phase of a PTA project entails (a) the design and development of
content and protocols for the public forums, (b) the selection of forum locations,
partners, and target public participants, and (c) the convening of deliberations in
one or more geographies of interest.

Public deliberation forums are structured, informed, and facilitated day-long
deliberations among a group of lay participants selected through an open appli-
cation process to represent diversity in demography, ideology, and lived experi-
ences relevant to the topic. Four criteria guide the design choices for the forums:
diverse representation, informed participants, deliberative multidirectional learn-
ing, and transparent, comparable, and usable outputs and outcomes. Between 80
and 100 lay participants are recruited through an open application process to be
representative of the diversity of the geographic areas of interest and provided
aflat stipend for their participation. All participants receive informational briefing
packets featuring the technical aspects, salient issues, questions, and areas of
uncertainty related to the topic a week before the deliberation.

The forum day is usually divided into thematic discussion sessions.
Participants sit in groups of 5-6 and are guided by a trained lead and group
facilitators. Each session includes a presentation of background information,
usually through a short video, a facilitated group discussion involving materials
such as cards, boards, and workbooks, and a mediated question and answer
period with subject matter experts. At the end of each session, participants
provide individual and group responses to deliberation prompts and questions.

A detailed minute-by-minute facilitation protocol is developed to train group
facilitators, support staff, and optional note-takers. A parallel data collection
protocol is designed to match the pTA objectives. In addition to the participants’
demographic data and written responses, the protocol may include pre and post
surveys, table observations, and post-forum interviews of participants and
facilitators.

Phase Ill: Results and Integration

The final phase of the pTA uses a series of post-deliberation activities, including (a)
preliminary analysis, (b) results workshop, and (c) reports and briefings to inform
and integrate the pTA outputs and outcomes into research, policy, education, and
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stimulate broader societal engagement. A multisite pTA process generates volumin-
ous quantitative and qualitative data on public values collected through individual
written rationales, group written rationales, table observer notes, audio recordings,
and transcriptions. A preliminary analysis is conducted based on the review and
guidance of the external reviewers for presentation at the results workshop.

Results and Integration Workshop convenes 20-25 diverse experts and
stakeholders, usually for a day, many of whom participated in the forum design
workshop. The objectives are to (a) review the preliminary results, (b) provide
feedback and guidance about interesting and relevant findings, (c) identify areas
for deeper analysis, and (d) recommend opportunities for sharing them with
different audience groups.

The guidance and recommendations received at the results workshop are
used to conduct detailed analyses using qualitative social science methods.
These analyses generate reports, briefings, policy memos, and other publica-
tions for different target audience groups. Learning and engagement materials
are distributed to engage public audiences at schools, libraries, and museums.

2.3.4 Strengths and Limitations

Built on DBT’s World Wide Views (WWViews) model of global citizen
consultations (Worthington et al., 2012b), the three-phase pTA methodology
(Kaplan et al., 2021) is an established, evidence-based and relatively inexpen-
sive, reflexive, adaptable, and scalable public engagement methodology. It can
assess public values, help manage sociotechnical uncertainties, integrate living
and lived knowledge, and bridge democratic gaps in SG research and govern-
ance. DBT developed WWViews as a “cheap and easy” (Worthington et al.,
2012) public participation method for informing UN negotiations.

The model offers economies of scale. For example, ECAST’s public engage-
ment project on community resilience to climate hazards was piloted at eight
museums with a US$500,000 budget. A similarly sized grant helped expand it to
twenty-eight museums in the subsequent funding cycle. The three-phase model
is flexible. It can be applied as a whole or in parts for different objectives. It is
adaptable. The model can be adjusted and calibrated to meet changing public
value priorities such as equity and procedural, distributive, intergenerational,
and distributive justice. The three-phase PTA’s adaptability extends to other
deliberative approaches, such as consensus conferences, citizen juries, or citi-
zen assemblies, which can be applied sequentially (substituting phase II) or in
parallel. The Global Citizen Assembly project on gene editing was designed to
leverage the ECAST pTA project on human gene editing in the United States
and citizen jury projects in Australia and other countries (Dryzek et al., 2020).
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The adaptability feature and distributed nature of the three-phase pTA meth-
odology, while a strength in its recent growth in application, is also a limitation
in terms of standardization, scaling, and diffusion. Much burden is placed on
a small team of experienced practitioners to maintain, add, and apply the lessons
learned across different application contexts and domains. Moreover, while pTA
excels at gauging social perspectives on whether and how to pursue research or
development of certain technologies, it should not be used to make specific
decisions in isolation, for example, to allow an outdoor experiment to proceed
or not. A successful pTA process also requires informed expert and civil society
groups and project partners to help design and host the process, so it is most
effective when local organizational infrastructure for engagement is available.

2.3.5 Broader Implications

Since its launch in 2010, ECAST has successfully socialized the three-phase
methodology within the United States through opportunistic and continuous
innovations one project at a time while maintaining active collaborations with
European efforts. Within Western democracies, its two principal challenges are
(a) institutionalization and (b) scaling the current efforts to be functional from
the community scale to the regional and global scales. While daunting,
a solution can come through two near-term interventions. First, within govern-
ments, a dedicated unit could be established focused specifically on pTA
implementation, training, and capacity building (Weller et al., 2025). To com-
plement and empower the mission of the governmental pTA units, a dedicated
research unit focused on experimentation, evaluation, integration, and best
practices on SG and other climate intervention technology applications could
be established. In other contexts, pTA could be used if funding is available and
local partners and interested groups are ready to support a pTA process for one
or more of the four suitable objectives.

2.4 Deliberative Polling

Conventional opinion polling are traditional methods of measuring public
opinion on various issues, policies, or candidates through structured surveys
conducted with a representative sample of the population (Bradburn et al.,
2004). These polls rely on established methodologies, including random or
stratified sampling, to ensure diverse and accurate representation. The questions
are generally carefully designed to minimize bias and often include multiple-
choice or scaled responses. While these polls provide valuable snapshots of
public sentiment and track trends over time, they are not without limitations.
Challenges like nonresponse bias, the influence of question wording, and high
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costs can affect their accuracy and efficiency (Prosser and Mellon, 2018). As
such, the method of Deliberative Polling has become an innovative way of
gathering the public’s opinion to provide a more in-depth understanding of what
the people would think if they were informed (Mansbridge, 2010). The method
of Deliberative Polling presents an opportunity for the public to engage with
their fellow participants to learn and discuss important policy issues together.

2.4.1 Aims and Purpose

The method of Deliberative Polling aims to bring to light what “would” people
think if they had the opportunity to engage in discussions with diverse others
with vetted briefing materials and time to pose questions to balanced panels of
experts and policymakers (Fishkin, 2009). Conventional ways of gathering the
public only captures “what” people are thinking, and often “what” people are
thinking come merely from soundbites and headlines (Fishkin, 2009).

The aim of Deliberative Polling is to overcome three major problems with
conventional public opinion polling (Fishkin, 2009). First, rational ignorance.
This concept refers to making a conscious choice to avoid learning something
because the effort of gaining that knowledge is simply not worth the time
(Downs, 1957). It implies that, in some cases, it can be entirely reasonable to
opt for staying uninformed. For example, many argue that any given voter only
has one vote, and therefore, what real impact can one single vote have on the
outcome of an election? According to this perspective, the time and effort spent
voting, let alone researching who or what to vote for, is simply not worth the
benefit of making a slightly more informed vote.

Second, phantom opinions. This concept refers to people giving answers to
questions even though they really don’t have an answer. The best example of
phantom opinions is the survey experiment run by George Bishop regarding the
Public Affairs Act of 1975 (Bishop et al., 1980). The punchline is this Act
doesn’t exist. But, the survey results showed respondents offered their opinions
to a fictitious Act. Put simply, respondents lied about knowing and having an
opinion about this Act. These two problems of rational ignorance and phantom
opinions call into question just how reliable conventional public opinion polls
are, when the public often choose not to pay attention to politics and policies
and, worse, will lie about their knowledge when asked.

And, third, communication with the like-minded. Through technology, the
ability to only see the information we want to see, communicate with people we
want to communicate with, and block out any information or people we don’t
want, has placed individuals into their own silos and many have argued that
these technologies have made individuals in our society more polarized and
extreme as a result (Kubin and von Sikorski, 2021; Sunstein, 2017).
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These three problems — rationally choosing to not engage in politics, lying
about knowing or having opinions toward politics, and being in information
silos — are making it more and more difficult to understand how people think
about pressing issues. Because conventional surveys are unable to provide
reliable information, the method of Deliberative Polling serves to fill this void
(Fishkin, 2009). Deliberative Polling not only provides participants the oppor-
tunity to engage with diverse others in conversation, but does so where partici-
pants have access to the same set of balanced and vetted materials, so that there
is a basis of discussion. The purpose of Deliberative Polling is to provide the
space for participants to form considered opinions. When doing so not only do
participants become more informed and thoughtful, but they also walk away
with the skills necessary to continue engaging with those that may disagree with
them (Fishkin et al., 2021).

2.4.2 Origins, Background, Current State of Use

The method of Deliberative Polling was developed by James Fishkin in 1988.
Fishkin saw the limitations of conventional public opinion and wanted to design a
method that would pave the path for a more informed public. Deliberative Polling
is aregistered trademark of James Fishkin to ensure the quality and consistency of
the methodology during implementation. Any funds generated from the trade-
mark are used for research for the Stanford Deliberative Democracy Lab.

As of 2024, Deliberative Polling has been conducted in more than 50
countries, implemented over 150 projects. The method of Deliberative
Polling has had significant policy impact in numerous countries and jurisdic-
tions globally. For example, in 2017, the country of Mongolia passed the Law
on Deliberative Polling, which required the Parliament to convene a national
Deliberative Poll in order to make any amendments to the country’s consti-
tution (Stanford Deliberative Democracy Lab, 2017a). Since the Law, the
country has convened two national Deliberative Polls and as required by law,
the Parliament reviewed the Deliberative Polling results and amended parts of
the constitution. On a global scale, DDL, in partnership with Meta and the
Behavioral Insights Team, conducted an online global Deliberative Poll
called the Meta Community Forum, which included 32 countries, 19 lan-
guages, and over 6500 participants and a comparable size control group that
did not deliberate, totaling 14,000 participants (Stanford Deliberative
Democracy Lab, 2023). The topic of deliberation was policies toward bully-
ing and harassment in the Metaverse. This project demonstrated how the
public can provide input into the governance of new technologies, where
Meta used the results as a part of their product and governance policies. As
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a further example, in 2024, in collaboration with the Trinity Challenge at
Cambridge University, DDL conducted six national online Deliberative Polls
on resistance to antibiotics and the policies toward antimicrobial resistance
(Stanford Deliberative Democracy Lab, 2024). This project selected six
global south countries to deliberate on critical policies for this pressing public
health crisis. The results of this Deliberative Poll contributed to the Trinity
Challenge’s presentation at the UN General Assembly in 2024. Over the last
few decades, there have been numerous Deliberative Polls with significant
policy impact on the topic of climate and environment.

Deliberative Polling is often best used for topics that lack salience in the
public. Even though discussions about climate and the environment are some-
times top of mind for the general public, the topic of SG, or even the term, is
unheard of, let alone understood (Carlisle et al., 2020). For a topic that has little
visibility among the public, the process of Deliberative Polling provides the
time and resources for participants to learn and engage with their peers, so that
they can discuss the trade offs and form their own considered opinions. Without
dedicated time and space to do so, the general public is unlikely to engage and
learn about SG, especially because of the reasons stated earlier regarding the
problems of conventional public opinion.

Further, a critical component of the Deliberative Polling process are the
balanced and vetted briefing materials and briefing videos (Fishkin, 2009).
The briefing materials are developed by a working group and vetted by an
advisory committee that consists of persons that represent positions from
across the spectrum, whether from political party or range of opinions on the
discussion topics. The list of advisory committee members are also listed
visibility on the briefing materials so that participants are aware of who
vetted and signed off on the materials. Having such balanced and vetted
materials, allow participants to have a basic understanding of the back-
ground information on the discussion topics and also the pros and cons of
the policy proposals being discussed. They may also be less likely to believe
false information about SG, such as that chemtrails exist or SG is already
being deployed (Buck et al., 2025).

2.4.3 Methodology

The method of Deliberative Polling includes six steps:

(1) A random, representative sample is first polled on the targeted issues.
(2) After this baseline poll, members of the sample are invited to gather at
a single place (whether online or in-person) for at least one day (sometimes
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a weekend, over several days over the course of a few weeks) in order to
discuss the issues.

(3) Carefully balanced briefing materials are sent to the participants and are
also made publicly available after the deliberations. The materials are
vetted by an advisory committee for balance and accuracy. Briefing videos
are also produced to assist participants in understanding the materials.

(4) The participants are randomly assigned to small groups (about 8—10 per-
sons) and deliberate on the issues. They alternate between small group
discussions and plenary sessions with experts and policymakers throughout
deliberative events.

(5) The participants engage in a Q&A dialogue with competing experts based
on questions they developed in their small group discussions.

(6) After the deliberations, the sample is again asked the original questions in
a confidential questionnaire. The resulting opinion changes represent the
conclusions the public would reach, if people had the opportunity to
become informed and engaged by the issues. The results are released to
the public and through media outlets.

In Figure 4, the image for small group deliberations is from the national 2015
Deliberative Poll in Tanzania about resource management. The image for expert
plenary sessions is from the first national 2017 Deliberative Poll in North
Macedonia about ascension to the EU.

In addition to in-person Deliberative Polls, the Deliberative Democracy Lab
(DDL) at Stanford started convening online Deliberative Polls in the early
2000s. In those early events, the deliberations were synchronous but voice-
only. In 2017, in collaboration with the Stanford Crowdsourced Democracy

Poll 1

Balanced
‘l' Recruitment : . |-.lJ Briefing
Materials

Pall 2 Bxpest Plorary Suesiona Small Group Deliberations

Figure 4 The Deliberative Polling process
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Team, led by Ashish Goel, DDL put forth the Al-assisted Stanford Online
Deliberation Platform (Figure 5). This deliberation platform features an auto-
mated moderator, which means the platform does not require a human moder-
ator to conduct small group discussions. The platform is designed based on the
decades of experience from Deliberative Polling and training of moderators.
The platform features includes a speaking queue, agenda management, real-
time transcriptions, and nudging of participants to join the conversations. As of
fall 2024, the platform has logged over 100,000 hours of deliberation in over
thirty-five countries, using more than twenty languages (Figure 6).

Though there is an effort made to standardize Deliberative Polling to
ensure high-quality results, certain aspects of the model are tailored to
enable success in diverse contexts. Local partners collaborate to ensure the
briefing materials and survey instrument will effectively inform participants
and enable meaningful deliberation. Most importantly, briefing materials and
videos are designed for each Deliberative Poll to be accessible and applic-
able for the specific context. For example, examples are selected to be
culturally appropriate and written text is tailored to match national reading
levels.

2.4.4 Strengths and Limitations

Deliberative Polling represents one of several methods to engage the public in
decision-making. Traditional approaches, such as town meetings and public
hearings, allow for in-person gatherings where the community can come
together periodically. More recently, deliberative events like citizens’ assem-
blies have been organized by governments, civil society organizations, and
nonprofits to foster structured public discussions. Additionally, asynchronous
methods such as online forums and social media platforms enable broader
public participation by allowing people to share their views at their
convenience.

Each methodology has its strengths and limitations, serving distinct purposes
in the engagement process. For instance, during the ideation phase, asynchron-
ous platforms are highly effective for gathering a wide range of ideas and
perspectives from a diverse population. This inclusivity ensures that all possible
viewpoints are considered. However, after this initial stage, the results must be
synthesized to focus on specific topics requiring in-depth discussion.

When deliberation is the goal, synchronous methods — such as Deliberative
Polling — may be more appropriate. These approaches allow participants to
engage in real-time dialogue, fostering a deeper understanding of complex
issues through interaction and discussion. However, synchronous deliberation
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can be time-intensive, may limit participation due to scheduling constraints, and
often requires skilled facilitation to ensure constructive engagement.

Furthermore, on Deliberative Polling specifically, the time, effort, and
resources required to implement a Deliberative Poll is not trivial. A 2007
European-wide Deliberative Poll sponsored by the European Commission
costs over 1 million euros. This event brought together 362 participants from
27 EU countries for a 4-day deliberation together in Brussels. The majority of
the costs were dedicated to the travel and accommodation costs for the partici-
pants. In contrast, using the Stanford Online Deliberation Platform, the Stanford
Deliberative Democracy Lab has hosted deliberations at significantly lower
costs, where a few hours of deliberations could be several thousand dollars,
excluding the incentives that are given to participants as a gesture of our
appreciation for their participation.

Given the time and costs involved, Deliberative Polling is valuable when it
can have a tangible impact on decision-making or other courses of action,
especially when interested groups or decision-makers are prepared to act on
the results. If Deliberative Polling is used for purely academic purposes, that is,
to understand public views and not to inform decision-making, it’s important to
manage participant expectations of the impact of their participation.

Though Deliberative Polling does rely on expert knowledge to design the
briefing material and questions for deliberation, it can be paired with a
method like pTA that builds in a process for broader participation in the
framing of the issue and relevant expertise and design of questions and
deliberation process.

2.4.5 Broader Implications

This method of Deliberative Polling has significant broader implications for
democratic processes, policymaking, social cohesion, and governance world-
wide. One of its key contributions is enhancing democratic legitimacy (Fishkin,
2009). By equipping participants with reliable information and encouraging
thoughtful deliberation, the method helps form opinions based on substantive
understanding rather than superficial or partisan influences. For policymakers,
Deliberative Polling provides an opportunity to gauge informed public prefer-
ences, enabling decisions that better reflect societal values. It also facilitates
mutual understanding by addressing polarized views in a constructive and
structured manner, promoting common ground on contentious issues.
Globally, Deliberative Polling has been successfully implemented across dif-
ferent cultural contexts, tackling issues such as climate change, education
reform, and healthcare.
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Beyond governance, Deliberative Polling offers significant educational bene-
fits. Participants not only gain insights into specific issues but also develop
critical thinking and communication skills that enhance their civic engagement.
This learning often extends beyond the individual, as participants share their
newfound understanding within their communities, influencing broader public
discourse. The method challenges traditional governance by exposing the
limitations of conventional representative democracy, particularly the gap
between uninformed public opinion and policymaking. The methodology sug-
gests pathways into integrating deliberative mechanisms into formal political
systems to improve democratic outcomes.

As technology evolves, Deliberative Polling has leveraged digital platforms,
specifically the Al-assisted Stanford Online Deliberation Platform, to engage
larger populations simultaneously. The deliberation platform underscores the
method’s scalability and potential to address complex, multi-stakeholder chal-
lenges in an increasingly interconnected world. Overall, Deliberative Polling
represents a transformative approach to decision-making, fostering a more
informed and inclusive public sphere.

2.5 Conclusion

No single method can address every need for engagement on emerging technolo-
gies. The engagement methods discussed in this section have diverse aims and
goals, participant audiences, facilitation requirements, and methodologies. Each
method also has strengths and limitations, which may make each method more or
less applicable in different contexts, depending on the purpose of the engagement,
the audience, time and funding availability, and more. They also have divergent
theoretical and conceptual underpinnings, and they emerged in different contexts
to address a different set of problems. At the same time, all three methods also
emerged in response to limitations of prior methods: DSG’s capacity building
workshops aim to transcend limitations of the “classic” capacity building model;
participatory technology assessment was developed to fill representation gaps in
traditional forms of technology assessment; and Deliberative Polling aims to
overcome problems with conventional polling efforts. When used together within
a broader program of engagement, these methods can complement each other by
creating the conditions that enable the successful use of other methods. Their
combined use can fill multiple engagement needs related to building foundational
knowledge in civil society, including marginalized groups in technology assess-
ment, and facilitating broad deliberation to inform specific decisions. Readers
should consider how other methods they may be familiar with can also be
combined to accomplish similar aims.
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Part Il Briefing Book for Engagement

3 How to Use This Briefing Book
3.1 Goals of the Briefing Book

This briefing book provides accessible, evidence-based, and balanced informa-
tion on solar geoengineering (SG). It can be used to support efforts to build
capacity for various types of publics to discuss this increasingly important and
complex topic. The briefing book can be used to ensure participants, across
a variety of engagement methods, are equipped to discuss SG’s scientific,
political, and ethical dimensions. Crucially, while it is essential to make infor-
mation on SG available to these groups, the briefing book does not aim to tell
people how or what to think about SG; this Element aims to provide engage-
ment participants with information that may help them develop their own
perspectives on SG. Coauthor Erika Check Haden is an expert in scientific
communication and led our efforts to ensure we provided information that was
not leading but rather balanced and accessible.

We also created a companion website that contains an extended list of public
resources for further learning, including authoritative assessment reports of
SG, high-level governance reports and proposals, public educational sources
created by others, and other important documents for readers to continue
their learning on this critical topic. All material associated with the briefing
material, including the list of resources for further learning, can be found at
https://www.sikinajinnah.org/geoengineering-briefing-materials.html.

To ensure the briefing book remains relevant and effective over time and
across diverse contexts, we intend for the briefing book to be a collaborative
living project. Specifically, we hope the materials will evolve through two
processes. First, we will periodically revise the briefing materials in response
to submitted feedback from users and participants and evolving scientific and
governance developments in the field. Second, we encourage others to adapt the
most current version of the briefing book to meet the needs of diverse audiences
across different contexts. The briefing book is a model that can be adapted to
meet the specific accessibility needs of particular audiences, rather than a one-
size-fits-all solution, wherein one set of materials is intended to meet the unique
learning needs of many different groups of people. To that end, the briefing book
is fully open access and aims to be accessible to an audience of English-
speaking laypersons. We encourage NGO practitioners, public engagement
professionals, academics, journalists, and others involved in SG public engage-
ment efforts to adapt this briefing book as needed to fit the accessibility and
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information needs of diverse audiences, such as youth, students, local commu-
nities, national or global publics, and more.

We suggest this dual adaptive process as a model that others can use to create
briefing materials that can build capacity for public engagement across other
issues related to emerging technologies, scientific issues, or environmental
challenges. We explain our vision for each process in more detail next after
first describing our process for developing the briefing book.

3.2 Briefing Book Development Process

The briefing book was developed through an iterative two year process.

First, coauthor Sikina Jinnah funded and cohosted, with coauthor Shuchi
Talati (DSG), an invited workshop with the Deliberative Democracy Lab at
Stanford University in May 2023 to explore issues related to SG and justice
within the context of a research project aiming to explore global perspectives on
SG. The workshop was attended by most of the coauthors of this Element, in
addition to several other experts in SG and related fields and several under-
graduate and graduate students. One of the goals of the workshop was to
develop science communication skills and to create a framework for the devel-
opment of a set of informational materials that could be used to inform public
participants in a global perspectives research study. Participants of the work-
shop collaboratively developed a set of “buckets” outlining the areas of know-
ledge that would help enable informed participation in SG discussions. These
buckets formed the basis for the sections of the briefing book.

Following the workshop, this Element’s coauthors collaboratively outlined in
greater detail the content that would be included in each section of the briefing
book. Coauthor Zachary Dove then worked with an undergraduate student
researcher to create drafts of the briefing book sections, which were iteratively
reviewed by the briefing book coauthors and subsequently revised. Multiple
rounds of internal revision were completed before sections of the briefing book
were sent to several SG experts, including some who were in attendance at the
Stanford Workshop for peer review, and then subsequently revised in line with
reviewer feedback. Some sections, such as the SG science section, underwent
multiple rounds of peer review with several reviewers.

Subsequent to peer review, coauthor and science communication expert Erika
Check Hayden deployed evidence-based techniques to “translate” the material
to be accessible for English-speaking laypersons. These techniques aim to adapt
the material so that it can be understood at the average reading level for adults,
and incorporate methods such as using shorter, simpler sentences and para-
graphs, selecting active verbs, and eschewing or defining technical language
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and acronyms. All authors worked collaboratively in a final round of revision
to ensure the final briefing book met standards of accuracy, balance, and
accessibility.

3.3 Updating the Briefing Book

The first process we are implementing to ensure the briefing book remains
relevant and effective is to update the briefing materials over time in response
to submitted feedback and new developments in the field. The research and
governance landscape of SG is rapidly evolving. Research publications are
increasing, new research programs are on the horizon, and subnational and
national governments and intergovernmental organizations are increasingly
engaging in SG discussion, negotiation, and policymaking. The briefing book
reflects the current state of knowledge on SG and its current governance
landscape as of 2025; both of which will change as new knowledge and
governance activity develop. We therefore envision updating and revising the
briefing book periodically as needed to capture an evolving research and
governance landscape. We also encourage feedback or suggestions for additions
or revisions from a community of users, including researchers, practitioners,
and others that are knowledgeable of current developments in the climate or SG
field or who have used the briefing material in engagement activities.” Updates
and revisions to the briefing materials and forms for feedback from users and
participants can be found at www.sikinajinnah.org/geoengineering-briefing-
materials.html.

3.4 Adapting the Briefing Book

We also invite scholars and practitioners to use and adapt the current version of
the briefing book to ensure the material is relevant for different audiences.
Adapting this briefing book to meet specific audiences’ needs may entail
translation, editing, reformatting, adding or removing content, or even changing
the medium. For example, information from these briefing materials can be
pulled to create media content fit for consumption on social media, where many
people, including younger generations, now obtain most of their information
and news (Gottfried, 2024). We discuss possibilities for adapting material for
the briefing book for youth audiences in further detail next.

Additionally, the briefing materials may be more effective in certain contexts
when integrated with other forms of relevant knowledge and information on

7 Other topics may be included in future expanded versions of the briefing materials, such as related
to the history and politics of both climate science and solar geoengineering.
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issues related to climate, environment, and technology. For example, some
communities may want to understand the issues and challenges related to
climate change and SG through the lens of Traditional Ecological Knowledge
(TEK), other forms of Indigenous knowledge as well as place-based lay know-
ledge (e.g., Busch et al., 2025). We take the relevance and validity of these
forms of knowledge seriously. An inclusive and robust assessment and deliber-
ation process for SG would facilitate interaction and learning across different
ways of knowing. Currently the knowledge in the briefing book does come from
existing expert research and discussion, which has been largely conducted in the
Global North, and as such it is not intended to be exhaustive, nor to provide the
authoritative and final say on these issues. Future iterations of the briefing book,
as a living and collaborative document, can and should incorporate lay know-
ledge, Indigenous knowledge, and TEK. We also encourage the development of
briefing materials designed to provide focused explorations of SG from these
perspectives.

The possibility of adapting the briefing book material to fit audience needs
can enable practitioners to effectively reach diverse audiences. At the same
time, adapting the material raises the challenge of ensuring that the accuracy
of the information is not lost through adaptation. The briefing book was
designed to accurately present and characterize areas of scientific knowledge
and uncertainty on an issue with a limited but evolving knowledge base.
Additionally, the topic is controversial, and many of the social, political, and
cthical issues that are explored have split experts. We have tried to cover these
debates and disagreements through a fair and balanced presentation of the
different positions and arguments that characterize much of the expert discus-
sion on SG. We encourage those wishing to adapt the material to approach this
in a similar way. To that end, those adapting the briefing book should endeavor
to conduct a peer review of any adapted material, and follow other relevant
procedures to ensure the information is valid. Integrating lay knowledge into
these materials should not include misinformation or falsehoods about SG and
chemtrails, for example.

We suggest that those wishing to use our briefing materials should first test
the effectiveness and relevancy of the material through a “pilot” engagement
prior to initiating engagement activities. The pilot engagement could be used to
test how well the briefing materials enable informed discussion within a sample
from a specific audience, and it can help researchers or practitioners learn what
information, issues, questions, or knowledge is missing, how certain framings
of SG shape discussion, and how the materials need to be adapted to be most
effective for use in specific contexts.
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3.5 Translating for Youth Audience

Project collaborators hope that the briefing book can be used to inform,
educate, and engage youth audiences. Best practices for reaching youth
audiences should include developing campaigns to reach youth in specific
cultural settings. Different parts of these materials will likely resonate with
youth of different ages, geographic locations, and sociocultural contexts.
Local partners who work with youth will be best positioned to decide which
parts of these materials will be most relevant and relatable to their youth
audiences, and to adapt them to the needs and interests of the youth popula-
tions that they serve.

Reaching youth will require communicating with youth where they are,
whether that comes in the form of in-person activities in schools, after-school
activities or community centers, or through social media, which is one of the main
vehicles that youth use to communicate. It’s also critical to adapt any communi-
cation campaign based on the learnings gleaned from these campaigns, as there
have been few direct outreach efforts focused on measuring youth engagement
with the science, justice, ethics, and governance issues related to geoengineering.

4 Climate Science
4.1 Introduction

Has the weather where you lived changed recently? Your seasons may feel
different. Your summers may be hotter and your winters may be colder. Or you
might have less snow in the winter. You may also have had droughts, wildfires,
or storms.

Some of these things are happening because the Earth’s global weather
patterns are changing through a process called climate change. The planet’s
climate, or overall average weather conditions, is not the same as it was 100
years ago. Earth’s surface is warming. And rainfall patterns are changing.
Severe and extreme weather have hit many communities hard.

Human activities are causing this global climate change. By driving cars,
farming, and producing electricity, we release chemicals called greenhouse gasses
into the air. (Watch this video https://www.youtube.com/watch?v=wzPUm-Ytpz4
from NASA on how we know the climate is changing.) Released greenhouse
gasses are called greenhouse gas emissions.

The world’s climate experts agree that people are causing climate change,
and if steps are not taken immediately, the world will face severe impacts. These
experts meet in a group called The Intergovernmental Panel on Climate
Change (IPCC).
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This section explains how greenhouse gasses are causing climate change and
how that could impact our world.

4.2 How Does the Climate Work?

Two main factors control the Earth’s climate: the amount of incoming sunlight
that is absorbed or reflected, and the heat trapping effect of various gasses in the
Earth’s atmosphere, which is the layer of gasses that surrounds the Earth and
separates its surface from space. Sunlight absorbed in the atmosphere or at the
surface is converted into heat. That heat eventually escapes into space. But
certain gasses, called greenhouse gasses, trap the heat as it passes through the
atmosphere. The most common of these greenhouse gasses are called carbon
dioxide and methane, but others are important too. They are called greenhouse
gasses because they act like the glass in a gardener’s greenhouse, trapping heat
before it can escape.

4.3 Where Does Climate Change Come From?

The amount of carbon dioxide in the Earth’s atmosphere has varied with the same
range for the past 2.5 million years. However, starting with the Industrial
Revolution in the 1800s, the amount of carbon dioxide in the atmosphere began
to increase above these levels. Carbon dioxide is a greenhouse gas, so the Earth’s
climate began to warm as more heat was trapped. In 2011-2020, the global
surface temperature increased 1.1°C (2°F) since the last half of the nineteenth
century.® In 2024, the warmest year on record, global temperatures rose 1.5°C
above preindustrial levels, approaching a threshold that global leaders have
pledged to avoid.’

What changed? Starting in the 1800s, inventors created new ways to use
energy to make our lives easier. For instance, they made light bulbs and car
engines. They began making fertilizer in factories to help crops grow.

These inventions need energy to work. To make this energy, people burned
materials including coal, oil, and natural gas. These materials are called fossil
fuels, because they come from the breakdown of ancient life forms underground
in the form of fossils. Most of our energy still comes from fossil fuels today.

When we burn fossil fuels, we release energy to power everyday things like
refrigerators and mobile phone batteries. Fossil fuels also power many of our cars,
ships, trains, and planes that we use to transport products and travel, and it powers
the manufacturing and industrial operations that provide us with products we use.
However, burning fossil fuels also releases greenhouse gasses into the air.

& Calvin etal. (2023)  ° United Nations (2025)
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Other human activities also contribute to climate change. For example, we
raise large numbers of cattle for dairy and meat. However, cattle release methane
as they digest food.'” Also, when we cut down trees, such as to create more land
for growing food, we release the carbon dioxide the trees stored as they grew.

Greenhouse gasses are also released through natural processes. However,
experts agree the large amounts of greenhouse gasses released by humans are
mainly responsible for causing climate change.'’

Not all humans contribute the same amount to climate change — some countries
have released much more carbon dioxide than others, and within countries, some
wealthier people emit much more carbon dioxide than poor people.

4.4 Why Are Greenhouse Gasses Important?

When the sun shines down through the glass walls and ceiling of a greenhouse,
the glass traps heat from the sun’s rays inside the greenhouse. So it’s warmer
inside the greenhouse than outside.

Similarly, greenhouse gasses such as carbon dioxide and methane trap heat in
the Earth’s atmosphere As greenhouse gasses trap heat in the atmosphere, this
creates what scientists call the greenhouse effect. (Watch this video https://
www.youtube.com/watch?v=SN5-DnOHQmE from NASA on the greenhouse
effect.) Greenhouse gasses act as a blanket around the Earth, trapping heat that
would normally escape into space. This raises Earth’s average temperature. This
causes climate change. As more greenhouse gasses are released into the atmos-
phere, more heat is trapped in the atmosphere, and the more the climate changes.
Figure 7 shows how the Earth’s rising surface temperature is directly linked to
increasing amounts of carbon dioxide in the atmosphere. Red and blue bars
indicate differences in temperatures for each year from long-term averages. Red
bars show temperatures above the long-term average and blue lines indicate
temperatures below the long-term average. The gray line charts the amount of
carbon dioxide in the atmosphere in parts per million (ppm). Scientists are
confident that temperatures will continue to rise for many decades.

4.5 How Is the Climate Changing?

As more heat is trapped in the atmosphere, weather patterns become
more extreme and change in different ways, including in precipitation
(such as prolonged drought and heavy rain seasons) and rising surface
temperatures. Climate change affects every place differently. Temperature
and rainfall will change more in some areas than in others. (Watch this video

10 Grossi etal. (2019) ' Calvin et al. (2023)
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Figure 7 Rising surface temperatures are directly linked to the amount of
carbon dioxide in the atmosphere.

Source: NOAA climate.gov

https://www.youtube.com/watch?v=G4HIN yXBiA from National Geographic
on the causes and impacts of climate change.) Here are some examples of climate
change impacts around the world:

Extreme heat has become more common almost everywhere. Extreme heat
means a series of days with very high temperatures and humidity — for instance,
more than two to three days of temperatures above 32°C. Extreme heat is deadly.
In 2022, for example, extreme heat killed more than 60,000 people in Europe.'?
(Watch this NASA video https://www.youtube.com/watch?v=8ZdDWQTgP2Y
on record high temperatures in summer 2023.)

Heavy rainfall has caused flooding around the world, especially in Europe
and Asia. For instance, flooding caused the deaths of 152,753 infants in
Bangladesh from 1988 to 2017, one study estimated.'® Scientists predict that
flooding will be the leading cause'* of deaths linked to climate change by 2050.

Higher temperatures are causing more serious, longer droughts in Africa,
southern Europe, and North and South America. Droughts happen when there
isn’t enough rain for a long time. They kill crops and dry up water sources that
people and animals need to survive. For instance, droughts killed'> 43,000
people in Somalia in 2022, more than half of them children. Droughts also
contribute to disasters such as wildfires.

As the climate warms, drier regions can typically anticipate overall less rain
leading to increased drought, and regions with more rainfall can typically
anticipate even more rain leading to increases of flooding and related issues.

12 Ballester et al. (2023) > Rerolle et al. (2023)  '* Eitelwein et al. (2024)
'S WHO and UNICEF (2023)
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Extreme weather events like droughts, hurricanes, cold fronts, and heat
waves won’t behave like they have in the past. They might happen more often or
be stronger. When these kinds of weather events get worse, they can hurt people
and damage the environment.

Additionally, oceans absorb carbon dioxide. As we release more carbon
dioxide into the atmosphere, the oceans absorb more, causing oceans to
become more acidic, killing sea life such as coral reefs.

Sea level rise also occurs as sea ice and glaciers melt and add water to the
ocean, and as ocean water expands due to warmer ocean temperatures. As the
sea level rises, more land along the coast is swallowed by the ocean. This causes
flooding, erosion of the land, and more danger from storms. Entire areas and
even some low-lying islands will become entirely uninhabitable.

Overall, climate change will have widespread and damaging impacts across
the world. However, the impacts will depend on how much greenhouse gasses
we continue to release into the atmosphere. While some impacts are now
unavoidable, we may be able to avoid some of the worst impacts by reducing
our emissions.

4.6 How Does Climate Change Affect Plants and Animals?

Climate change will damage biodiversity. Biodiversity means the variety of
different plants, animals, and bugs living in different places, and also the food
chain that connects these living organisms. As the Earth and oceans get warmer,
many living things are feeling the effects already.

Many living things only survive in certain conditions, such as specific
temperatures and humidity levels. They live in places that have just the right
environment for them. But climate change is disrupting this balance. Now,
some living things can’t survive in the places where they have thrived for
thousands of years due to changes in temperature or precipitation in the area.
Some species are trying to move to find better homes, but not all of them can.
This means many species are going extinct, disappearing forever because of
climate change.

Coral reefs are a good example of this. Ocean water is getting hotter and more
acidic. This has caused coral bleaching, when coral turns white and dies. It’s
happening in many places around the world, most notably in the Great Barrier
Reef off the coast of Australia. Lots of coral species might disappear com-
pletely, which also harms the many species that use coral as habitat.

4.7 How Does Climate Change Affect People’s Health?
Climate change affects people’s health and how they feel. For instance, when
extreme weather like heatwaves, storms, and wildfires happen more often and
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become more intense, they hurt people and can even cause many deaths.'®
Higher outdoor temperatures are already causing more people to die from hot
weather.'” These kinds of disasters can also make it harder to get food and
water, because the weather changes how well crops grow and can lead to
droughts, when people can’t get enough water. Access to food and water is
vital for good health. Parasites and pathogens are also expected to travel to new
areas as habitats break down, exposing more humans to dangerous disease.

Climate change doesn’t just affect our bodies; it can also make us feel
stressed and worried about the future. This can lead to something called climate
anxiety, where people feel really anxious because of climate change.'® Younger
people might feel this more because they know they’ll have to deal with the
effects of climate change for longer.

The heat that comes with climate change can also make people more cranky
and aggressive, which isn’t good for anyone’s mental health. So, climate change
isn’t just about the weather — it’s also about how it makes us feel and how it
affects our health.

4.8 How Does Climate Change Affect Human Society?

Climate change disrupts important systems that keep our world running. For
instance, the power could go out because people are using more heat or air
conditioning than usual. Intense storms could knock out water pumps that
prevent flooding. Extreme weather could damage roads, railroads, ports, and
transportation hubs. Damage to infrastructure including transportation, water,
sanitation, and energy leads to economic losses, disruptions of essential ser-
vices, and harmful impacts on well-being.

Anything that is near the coast — roads, factories, farms, and houses —is at risk
of being damaged due to sea level rise. Billions of people live near the coast, and
eight of the ten largest cities in the world are built along the coast.'” The sea
level has risen on average 8-9 inches since 1880 and will continue to rise
depending on how much climate change worsens.

Climate change can also cause human conflict and suffering. For instance,
people must flee their homes to get away from problems, including drought and
sea level rise. People in other countries may not want to help these climate
refugees. People may also fight over increasingly scarce resources.

Climate change is also expected to create large economic losses and damages
including in certain sectors such as agriculture. This will impact people’s
livelihoods and their ability to meet their basic needs.

1 Loucks (2021) 7 Vicedo-Cabrera et al. (2021) '8 Clayton (2020)
19 UN Atlas of the Ocean. n.d.
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Climate change may also have harmful impacts on human culture as people
face loss of ecosystems or are forced to migrate away from ancestral territories.
This is particularly true for Indigenous peoples and local communities who
depend on ecosystems to meet basic needs.

4.8.1 Climate Change Could Worsen Inequality

Climate change doesn’t impact everyone the same way. The harmful impacts
discussed earlier are generally concentrated among people who are poorer and
have historically and currently faced discrimination because of their gender,
race, ethnicity, or for other reasons. These groups are most vulnerable to climate
change, which means that they are most at risk of being harmed by it. For
instance, some people can’t afford to pay for air conditioning to cool their
homes during heat waves. Others may not be able to move to safer locations, or
they may be more likely to lose access to shelter, food, and water.

4.9 How Do We Know What We Know about Climate Change?

A lot of what we know about the future impacts of climate change comes from
something called climate models. These aren’t the same kinds of toy models
that you might buy and build, like model airplanes or cars. Instead, these models
are complex computer programs that scientists use to understand how climate
change works. We also know a lot about historical changes in the climate by
studying the natural world, such as by looking at ice in Antarctica, and also from
our understanding of basic physics, such as the laws of thermodynamics.

Scientists use climate models to predict what might happen because of
climate change and what might happen if people do — or don’t do — different
things to stop it. This helps us see how we’ve changed the climate already and
how the climate could continue to change in the future. (Watch this PBS video
https://www.youtube.com/watch?v=dGF4-JyHh 8 on climate models.)

But these models aren’t perfect. They can’t include every detail of how the
Earth’s climate works, so it’s hard to make exact predictions about what will
happen and when.

Scientists have used climate models and other models called integrated assess-
ment models to show that the world is on track to warm well above levels that are
considered manageable. In 2015, 196 countries set a target in what is called the
United Nations’ Paris Agreement on climate change. They agreed to work together
to prevent dangerous climate changes by taking action to limit warming to well
below 2°C (3.8°F) above preindustrial levels. Even this rise in temperature will
still cause a huge amount of damage. (Watch this PBS video: https://www.youtube
.com/watch?v=6cRCbgTA 78 “What’s the Big Deal with a Few Degrees?”)
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But scientists have shown that we’re not doing nearly enough to meet that
goal. As temperatures rise, the costs and consequences of climate change
become worse. If we want to have a reasonable chance of preventing some of
the worst impacts of climate change, we’re going to need to do much more.

5 Climate Policy
5.1 Introduction

There are different ways of tackling climate change, called climate action.
Scientists and policymakers have until recently mostly discussed two main
forms of climate action: mitigation and adaptation.

We can mitigate, or lessen, climate change by cutting greenhouse gas
emissions. We can also adapt to climate change by making changes to our
infrastructure, economy, agriculture, cities, or countries to better handle the
impacts of climate change. While mitigation aims at preventing climate change
from occurring or worsening, adaptation aims to improve our ability to cope
with climate impacts that arise from previous emissions. Climate policy refers
to laws, rules, and legislation that address climate change, for example by
requiring or encouraging various forms of mitigation or adaptation.

Recently, scientists and policymakers embraced a third form of climate
action. Carbon dioxide removal (CDR), also called negative emission technolo-
gies (NETs), would aim to remove previously released carbon dioxide from the
atmosphere. Scientists are also exploring a potential fourth form of climate
action, called solar geoengineering.”’ This method would involve deflecting
sunlight away from the planet to lower the planet’s temperature thereby redu-
cing some climate impacts (Section 6).

Today, climate policy is increasingly important. Many countries, local gov-
ernments, businesses, and other organizations are becoming involved in plan-
ning and taking climate action. Many people agree that we need to work hard to
stop releasing so much climate change causing greenhouse gasses and help
people adapt to climate change. This section explains how people are working
right now to prevent and respond to climate change.

5.2 Mitigation: Reducing Greenhouse Gas Emissions

Mitigation means cutting greenhouse gas emissions. This reduces the harmful
effects of climate change by preventing more carbon dioxide from being
released into the atmosphere.

20 MacMartin et al. (2018)
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Mitigation actions can come in different forms. They can include policies to
promote reductions in greenhouse gas emissions by offering tax benefits for
people, businesses, and governments to shift away from fossil fuels. They can
also include supporting cleaner technology and infrastructure, such as investing
in building more solar power plants, which do not contribute to climate change.
Electrifying transportation options and decreasing how much energy products
or vehicles use can also cut emissions. And mitigation can also mean changing
the way people use land, such as slowing or preventing the destruction of
forests.

Governments sometimes require these steps. But businesses and individuals
can also take part voluntarily. For instance, businesses can choose to reduce the
amount of energy they use to produce their products. And people can choose to
buy a compact car rather than a large truck, or they can buy an electric or hybrid
vehicle instead of one that runs on gasoline. Most climate policies are designed
to encourage businesses and individuals to take mitigation action on their own,
often through providing tax benefits and other incentives, subsidies, or
information.

5.3 Adaptation: Helping People Live with Climate Change

Adaptation involves making changes to infrastructure, economies, agriculture,
and other areas of society to improve how we deal with the impacts from climate
change.

The climate is already changing, and many people are already experiencing
harmful impacts from climate change. And we continue to release more climate
change-causing gasses into the air every day, meaning climate impacts will
continue to get worse. So it’s becoming increasingly important to help people
cope with the impacts of climate change that are already happening, and will
continue to get worse.”'

Adaptation can take many forms, including building seawalls to address sea
level rise, restoring wetlands to lessen storm damage to coastlines, changing
what crops we grow and how we grow them to produce more food, and creating
green spaces in cities to manage heat.””

Humans have a long history of adapting to our environment. At the same
time, there are limits to adaptation. Some experts worry that climate change may
be so severe or may happen so quickly that adaptation to some impacts may no
longer be possible.

2! Calvin et al. (2023)  ?* Calvin et al. (2023)
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5.4 Global Action: Countries Work Together
to Fight Climate Change

Climate action occurs at different levels around the world, including by indi-
viduals, local communities, state or provincial governments, national govern-
ments, and all the way to international organizations such as the United Nations.
Some forms of climate action, such as adaptation, mostly happen at a local level.

At the same time, climate change is a global issue. Everyone in the world, in
every nation, is affected by climate change. And no country or person can solve
this problem alone.

This means that countries must work together to combat climate change. To
do so, countries create international climate policy, which are agreements or
treaties that are negotiated between countries. These international legal agree-
ments are supposed to guide how countries cooperate to fight climate change.

The United Nations Framework Convention on Climate Change
(UNFCCC), which involves all United Nations member countries, is an import-
ant agreement that aims to avoid dangerous impacts of climate change by limiting
the amount of greenhouse gasses that countries release into the atmosphere.

The UNFCCC created a process for countries to determine how they will
achieve this goal. The members of the agreement meet each year to discuss
progress and sometimes negotiate new agreements. The UNFCCC also estab-
lished that countries have “common but differentiated responsibilities,” which
means that although all states have some responsibility to address climate
change, richer countries have more responsibility, because they have historic-
ally released far more greenhouse gasses into the atmosphere. Richer countries
then should be first to reduce their emissions and they should also provide
funding, technology, knowledge, and other forms of assistance to poorer
countries.

At the annual meeting in Paris in 2015, countries negotiated a major agree-
ment called the Paris Agreement. They agreed to keep global temperature
increases to well below 2°C above preindustrial levels, and ideally to keep the
increase to 1.5°C above preindustrial levels. (Preindustrial means the time
before humans started releasing greenhouse gasses into the atmosphere.)

Previous treaties negotiated within the UNFCCC, such as the Kyoto Protocol,
set requirements for how much each country needed to reduce their greenhouse
gas emissions. Richer countries were required to reduce their emissions sooner
and more drastically. However, under the Paris Agreement, each country must
submit their own plan, or pledge, for how they will contribute to achieving the
temperature goals. While this allows countries the flexibility to decide what
climate actions are best for their own circumstances, these plans don’t go far
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enough. Even if every country takes every step outlined in its plans, the world is
still not doing nearly enough to keep climate change below 1.5°C.

In fact, the world is now on track to warm by almost 3°C and possibly more
by the end of this century.”® That’s a lot more than the 1.5 degree Celsius goal
set by the Paris Agreement. And it will expose the planet to dangerous and
severe impacts.”* This means that countries must make and carry out plans that
are far more ambitious than they are currently to have a reasonable chance of
meeting our temperature targets.

5.5 Translating International Commitments into Action

After countries agreed to limit warming in international agreements, each
country must then take action within their own country. How will this happen?

National policies that address climate change manage how people, busi-
nesses, cities, and other important entities carry out actions to mitigate or
adapt to climate change. Many examples of national climate policies are
discussed earlier in the sections on mitigation and adaptation.

In the past decade, various regions, cities, community groups, businesses, and
nongovernmental organizations have also taken steps to promote climate
action.”” They have done so even when they are not required to. Efforts such
as certifying and labeling products that do not release greenhouse gasses,
creating rules that businesses adopt to reduce their emissions, sharing policies,

and reporting emissions reductions all contribute to climate action.”®

5.6 Portfolios of Climate Responses

There are many different ways to address climate change. The steps countries
take to manage climate action often look different. The combination of ways
that each country uses to address climate change are called portfolios of
climate responses. Every country’s climate response portfolio is unique,
depending on each country’s interests and ability to devote time, resources,
money, and energy to different mixes of policies and responses.

It’s important to remember this when we think about new forms of climate
action. For instance, earlier in this section, we discussed the idea of solar
geoengineering, which aims to cool the planet by reflecting sunlight. One
important thing to think about when considering solar geoengineering is how
it will fit together with mitigation (cutting emissions of greenhouse gasses),
adaptation (learning how to better deal with climate impacts), and carbon

2 Calvinetal. (2023)  2* Calvin etal. (2023). %> Hale et al. (2021)
26 Gordon and Johnson (2018)
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dioxide removal (removing carbon dioxide from the atmosphere). Carbon
dioxide removal includes strategies that enhance the ability of agricultural
land, soils, wetlands, marshes, mangroves, and forests to absorb carbon dioxide
from the air and store it in biomass or organic material, and it also includes
technology-based strategies. Examples of technology-based carbon dioxide
removal strategies include bioenergy with carbon capture and sequestration
(BECCS) which removes carbon dioxide in the atmosphere by burning plants
that capture carbon dioxide to grow, capturing the released carbon dioxide, and
then storing it underground where it cannot contribute to climate change. Direct
air capture and sequestration (DACS) would use chemical reactions to filter
carbon dioxide out of the atmosphere and then store the carbon dioxide
underground.

While some believe that solar geoengineering could complement these
other forms of climate action (Section 6), others are worried that paying
attention to solar geoengineering will mean less mitigation action will take
place (Section 7).

Solar geoengineering might be a useful tool that helps the world achieve its
temperature targets, but it has its own risks.”” Research on solar geoengineering
is at an early stage, and there is still a lot we don’t know.

6 Solar Geoengineering Science
6.1 Introduction

Some scientists, policymakers, and others interested in how to respond to
climate change have proposed to use a method called solar geoengineering
to address climate change. The term “solar geoengineering” includes a variety
of possible ways to cool the planet down by reflecting sunlight away from Earth.
Greenhouse gasses released by humans reduce the amount of energy radiated to
space, causing warming (Section 4). The idea behind solar geoengineering is to
lessen some of the impacts of warming caused by greenhouse gasses by
reflecting sunlight (and therefore heat) away from the Earth. Because the
world is on track to warm beyond internationally agreed temperature goals
(Section 5), some scientists suggest that we should study different methods of
solar geoengineering to better understand how it might work.

This section describes what we know and don’t know about the science of
solar geoengineering, and how some scientists propose to study it. Solar geoen-
gineering is a new technology, and we don’t fully understand yet how it could
reduce climate change, or how it might also affect the planet and the plants,

27 MacMartin et al. (2018)
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animals, and people that live here.”® Further research could help us answer these
questions and inform decisions about whether and how to use solar geoengi-
neering. Scientists working on this issue generally agree that we need to
understand this technology more before we consider whether to use it or not.

6.2 Proposed Solar Geoengineering Methods

While there are many different ideas for solar geoengineering technologies, this
section focuses on two methods: stratospheric aerosol injection (SAI) and
marine cloud brightening (MCB). The idea behind both of these concepts is
that they could reflect enough sunlight to cool the Earth. But each method has
its own possible risks and benefits, as we explain next. See Figure 8 for an
illustration of these methods.

6.2.1 Stratospheric Aerosol Injection

Stratospheric aerosol injection (SAI) is a proposed method for cooling the planet
by placing small particles, or aerosols, in the air far above Earth. This would
involve releasing these small particles into a layer of the planet’s atmosphere
called the stratosphere, which extends from about 10-50 kilometers above the
ground at different areas around the world. (For reference, the San Francisco Bay
Bridge is just under 10 kilometers long (7.18 kilometers), while San Francisco is
just about 50 kilometers from Palo Alto (53 kilometers).) The aerosols would
reflect a small amount of incoming sunlight back into space. That’s why this
technology is called stratospheric aerosol injection because it involves injecting
small particles (aerosols) very high in the sky (into the stratosphere). The idea
behind this technique is that each small particle injected into the sky would act
like a tiny mirror that reflects incoming sunlight back into space. Balloons or
airplanes could deliver the particles high into the sky, where the particles would
remain for 1-2 years before falling back to the ground in raindrops.

Why do scientists think that injecting small particles high in the sky could
cool the Earth? Because we already know that this happens after very large
volcanic eruptions. These large eruptions release sulfur dioxide (SO,) into the
stratosphere, where it forms into sulfate particles that reflect sunlight away from
Earth, and cool the planet. For example, scientists estimate that the 1991
eruption of Mt. Pinatubo in the Philippines lowered global average temperatures
by about 0.5°C for at least a year.”’

2% National Academies of Sciences, Engineering, and Medicine (2021). This section relies exten-
sively on NASEM 2021 for factual information about SG and its research. Other sources are
cited where used.

29 IPCC (2014)
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Figure 8 Illustration of proposed solar geoengineering methods. A larger version of this figure is available to view online at www.cambridge
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Scientists say that stratospheric aerosol injection could be used to produce
this cooling effect on purpose by placing sulfur or other particles high above
Earth, where strong winds would blow the particles around, spreading the
cooling effect far from the area where the particles were injected.

The effects of stratospheric aerosol injection would depend on how it is used,
including which aerosol particles are used, how much is used, and where and
when they are delivered into the sky. Different choices would create different
temperature and precipitation changes in different regions of the world. For
example, some scientists have explored the possibility that injecting aerosols
closer to the Arctic would create greater cooling in the Arctic than elsewhere,
which would slow ice loss in the Arctic and limit sea level rise.””

Researchers have estimated that this technology could cost several billion US
dollars to upward of US$15 billion per year.’' For instance, it would cost more
to use the technology to achieve more cooling. But we would also likely need to
spend several billion US dollars to build the technology.”® This is because our
existing aircraft could only release aerosol particles at about 13 kilometers
above the surface, so we would need to develop new aircraft that can fly higher.
Only a handful of countries have the time, money, and mature aerospace
industry required to do this.”>* The full costs of a solar geoengineering deploy-
ment may be much higher when accounting for other costs, such as compensat-
ing people who are harmed by a deployment’s side effects.

Scientists are studying using sulfates as a reflective material because we
know more about how these particles would affect the climate, thanks to
observations of sulfates and their effects following volcanic eruptions.
However, sulfates also have other side effects; they would lead to a small
increase in acid rain in some regions, and they could have an effect on the
ozone layer that shields Earth’s surface from harmful ultraviolet radiation.”* As
a result, some scientists are also considering the use of other particles, such as
calcite. However, scientists don’t know how these particles would interact with
other gasses and material in the stratosphere, and they cannot use natural
processes, such as volcanoes, to learn more about these particles’ effects.

6.2.2 Marine Cloud Brightening

The other solar geoengineering method we will discuss here is marine cloud
brightening (MCB). This is a proposed strategy for cooling the planet by
increasing the amount of sunlight reflected by low-lying clouds over the

30 E.g., Tilmes et al. (2014); Jackson et al. (2015)  *' E.g., Smith and Wagner (2018).
32 Smith and Wagner (2018); Janssens et al. (2020)  ** Horton et al. (2025)
3% Eastham et al. (2018)

Downloaded from https://www.cambridge.org/core. IP address: 169.224.197.5, on 27 Oct 2026 at 07:48:29, subject to the Cambridge Core terms of
use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781009632836


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781009632836
https://www.cambridge.org/core

Building Capacity for Public Engagement on Solar Geoengineering 57

ocean. This is one key difference between stratospheric aerosol injection and
marine cloud brightening: In stratospheric aerosol injection, planes or balloons
would inject small particles very high into the sky; but in marine cloud bright-
ening, scientists aim to alter clouds that are much closer to the Earth’s surface.

Clouds naturally contain small particles, or aerosols, such as dust, salt
crystals, or dirt. Clouds form when water sticks to these tiny particles to form
a cloud droplet. The number and size of these cloud droplets affects how much
sunlight a cloud reflects. If two clouds contain the same amount of water, the
cloud with more small droplets usually reflects more sunlight than the cloud
with fewer large droplets. Smaller cloud droplets also prevent rain from form-
ing, which may cause clouds to last longer and appear thicker.

Scientists have proposed the possibility that adding sea salt or other particles
into the air just above the ocean could increase the amount of small cloud
droplets, creating more reflective clouds. People may create this effect using
a boat to spray sea water mist into the lower sky. This technology would in some
ways mimic “ship tracks,” which are narrow lines of clouds that sometimes
form around the small particles present in ships’ engine exhaust.

This raises another key difference between stratospheric aerosol injection and
marine cloud brightening: the former could cool the entire world, while the
latter could theoretically target specific regions for cooling. For example,
researchers in Australia are exploring whether cloud brightening can cool the
waters around the Great Barrier Reef off the coast of Australia. They hope this
would reduce mass bleaching events, which are driving coral reefs to
extinction.*

Marine cloud brightening could work only where there are already low-lying
marine clouds, meaning would only work well in certain areas of the ocean. But
even if it is only aimed at cooling specific regions, other areas could also be
affected as the atmosphere redistributes heat. If marine cloud brightening were
used to try to cool the entire planet, it would also cause temperatures and rain or
snowfall to change a lot more in some regions of the world than under strato-
spheric aerosol injection.

Scientists know that adding aerosols to marine clouds can, under the right
conditions, increase clouds’ reflectivity. However, under other conditions,
adding aerosols could make clouds evaporate more quickly, or could lower
reflectivity nearby. We don’t fully understand how aerosols and clouds interact,
and it’s difficult for scientists to answer these questions using large computer
programs, or climate models, on their own. So if we really want to better

35 Condie et al. (2021)
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understand where, when, and how much marine clouds can be brightened,
proponents say we must run experiments outside, in the real world.

Scientists and engineers must also create the right tools to brighten clouds.
They’ll need to spray large amounts of tiny particles, probably from a ship or
a low-flying airplane, to create the effect. The challenge would be to create
a system for spraying large amounts of small enough particles. They have tested
some prototype spray nozzles in laboratories, and in small outdoor experiments

*¢ and the San Francisco Bay in the United States.?” Further research

in Australia
and development would be needed to scale up these systems. And no one
has thoroughly estimated how much it would cost to deploy marine cloud

brightening.

6.3 Solar Geoengineering Cannot Solve Climate
Change on Its Own

Solar geoengineering is not a substitute for mitigation, which is the act of reducing
greenhouse gasses, and it cannot reverse all of the risks of climate change. It is
also not a substitute for adaptation, which involves making changes to society and
infrastructure to better deal with the consequences of climate change. To under-
stand why, it’s important to remember what causes climate change. Climate
change is happening because humans are releasing large amounts of certain
gasses into the air, via activities such as burning gasoline in our cars and raising
animals to eat. These gasses — the greenhouse gasses, including carbon dioxide —
trap energy from the sun’s rays. This trapped energy cannot escape back into
space, and it stays near Earth, heating up our land and oceans.

Solar geoengineering does not stop humans from producing greenhouse
gasses, and it also does not decrease the amount of these gasses in the air.
Remember, some greenhouse gasses stay in the atmosphere for hundreds of
years. So as long as people keep producing greenhouse gasses, climate change
will keep getting worse. If emissions don’t stop, then the amount of solar
geoengineering needed to overcome the warming effects of more and more
carbon dioxide in the atmosphere would have to increase, taking the climate
farther and farther into unknown and riskier conditions.

This also means that solar geoengineering would not eliminate all of the
harmful impacts of climate change. For instance, because it does not decrease
greenhouse gas levels, solar geoengineering would not lessen climate impacts
that are directly related to how much greenhouse gas we have in the atmosphere.
For example, the most important greenhouse gas released by humans, carbon
dioxide, dissolves in the ocean and makes the ocean more acidic, a process

36 Nelson (2020) 37 Flavelle and Bates (2024)
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called ocean acidification (Section 4). Together with higher temperatures, ocean
acidification causes the death of coral reefs worldwide. Even if people use solar
geoengineering to cool the ocean, this would not stop ocean acidification
because it does not remove carbon dioxide from the ocean.

Moreover, if people ever use or test solar geoengineering on a large scale, it could
also create new risks to the Earth and its climate, such as affecting the ozone layer
that shields Earth from harmful ultraviolet radiation.”® It may also cause other
unintended consequences. For example, solar geoengineering would not exactly
reverse regional weather shifts due to climate change. Instead, it would produce
a new climate, not return us to the previous one. Additionally, if people start and
then stop using the technology suddenly, it could trigger a sharp rise in temperat-
ures, called a termination shock. To avoid a termination shock, people would have
to keep using solar geoengineering for long periods of time, until the amount of
carbon dioxide and other greenhouse gasses in the atmosphere return to safe levels.

For all these reasons, proponents of solar geoengineering research agree that
solar geoengineering cannot solve climate change on its own and should never
be a substitute for other climate responses. It should only be used as a temporary
measure, and only if people are working at the same time to reduce the amount
of greenhouse gasses emitted into the air, remove carbon dioxide from the
atmosphere, and take steps to adapt to the impacts of climate change.

6.4 Why Consider Solar Geoengineering
as a Climate Response Option?

If solar geoengineering cannot solve climate change on its own, why do some
scientists, policymakers, and others say we should consider it as an option?
Let’s start by understanding that countries have agreed to attempt to limit global
warming to a certain amount (1.5°C above preindustrial levels) to avoid the
most severe impacts of climate change. Reaching this target would require
countries to immediately and drastically reduce greenhouse gas emissions and
also use technologies that aim to remove carbon dioxide from the atmosphere,
called carbon dioxide removal.”’

But right now, the world is already on track to overshoot, or surpass the
internationally agreed-upon targets for slowing climate change. This is because
countries are not taking enough steps to reduce greenhouse gas emissions. The
world is still increasing the amount of carbon dioxide in the atmosphere.

Also, removing enough carbon dioxide from the atmosphere is expected to be
challenging and costly. Some carbon dioxide removal approaches are only ideas
currently, while others are in early stages of development. We still don’t know

3% Tilmes et al. (2022) 3 Calvin et al. (2023).
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whether, and how quickly, carbon dioxide removal technologies will be able to
remove large amounts of carbon dioxide from the atmosphere — enough to
reduce climate impacts over this century. It is extremely unlikely that carbon
dioxide removal technologies will be able to remove enough carbon dioxide in
time to help the Earth avoid surpassing the 1.5°C goal.*’

As aresult, scientists expect the planet will warm above our intended target in
this decade.*’ The more global temperatures increase, the more exposed
humans and other life on the planet are to dire risk of harm.

In this context, proponents argue that we need to explore whether SG could
be used to help avoid the worst consequences of climate change.”” Some of
these proponents also argue that though solar geoengineering carries risks, those
risks might be less than the risks of not using or researching this technology in
a world with severe climate change impacts.*

Current research shows that SG could reduce some of the risks posed by
climate change if used responsibly.** Scientists estimate that using solar geoen-
gineering to reflect about 1 percent of all incoming sunlight would offset all of
the warming caused so far by elevated carbon dioxide levels.*” Reflecting less
sunlight may still significantly reduce climate impacts.

As already discussed, solar geoengineering cannot solve climate change alone.
So proponents envision using solar geoengineering along with other strategies to
help stave off the worst effects of climate change. One widely discussed scenario
would be to use SG temporarily to reduce climate impacts while states ramp up
emission reductions and CDR.*® Under this proposal, SG is used as a stopgap
measure, which is a tool that does not fully resolve a problem but is proposed as
a way to buy time for the development of solutions that would.*’

You can see how this might help in Figure 9. This diagram shows how SG
could be deployed for a limited period of time to prevent climate impacts from
worsening, buying time for countries to reduce greenhouse gas emissions and
remove carbon dioxide from the atmosphere. The “business as usual” line shows
how climate impacts will worsen if we continue to fail to respond to climate
change. The “cut emissions aggressively” line shows how sharp emission reduc-
tions would prevent climate impacts from rising further; however, this cannot
reduce them because concentrations of greenhouse gasses remain too high. The

40 Wieners et al. (2023)  *' Hansen et al. 2023.; Calvin et al. (2023)

42 «An Open Letter Regarding Research on Reflecting Sunlight to Reduce the Risks of Climate
Change.” n.d. Climate Intervention Research Letter. Accessed May 30, 2024. https://climate-
intervention-research-letter.org/.

43 Wieners et al. (2023)

4 Keith and Irvine (2016); Irvine et al. (2019); Parson and Keith (2024)

4 TIrvine et al. (2019); NASEM (2021).  *® MacMartin et al. (2018) %7 Buck et al. (2020)

o
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Figure 9 The use of solar geoengineering as a stopgap measure in an overshoot
scenario

Source: Used with permission of The Royal Society (UK), from Solar geoengineering as

part of an overall strategy for meeting the 1.5°C Paris target, by Keith, David W;

MacMartin, Douglas G; Ricke, Katharine L, Volume 376, 2018. Permission conveyed

through Copyright Clearance Center, Inc. This content is licensed by The Royal Society

(UK), and is NOT part of the Gold Open Access license.

“CO, removal” line shows how removing carbon dioxide alongside aggressive
emissions cuts can reduce climate impacts over time because concentrations of
greenhouse gasses eventually are lowered. While this would lead to a return to
a safe climate in the long term, temperatures are still likely to surpass temperature
targets for a period of time, called the overshoot period. The gray shaded shape
and blue arrow show how solar geoengineering could temporarily reduce severe
climate impacts during the overshoot period.

Most scientists agree that we do not currently know whether the benefits of
such an approach would outweigh its risks and harms, leading some to advocate
for more research to help us make informed decisions.*® Opponents of further
research argue that devoting time and resources to this research would take
momentum away from efforts to reduce greenhouse gas emissions, and that
decisions about this technology would not be made in ways that are democratic
and include developing countries.*’

Many people who advocate for solar geoengineering research share these
concerns, but generally believe the benefits of pursuing research outweigh the
risk of harm, and that it could be possible to include developing countries in
research and decision-making (Section 7).

8 Wieners et al. (2023)  *° Biermann et al. (2022)
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6.5 What Do We Know about Solar Geoengineering,
and What Do We Not Know?

In this section, we explain what researchers who study solar geoengineering have
found. But it’s important to note that these studies still leave many questions
unanswered. Research on volcanic eruptions and marine clouds goes back several
decades, and the past two decades have seen a large increase in the use of climate
and atmospheric modeling research to study the potential impacts of SG.
However, our efforts to understand how the climate would respond to SG and
in turn how these climate impacts would affect people and the environment have
been very limited. Moreover, the exact climate impact for each method would
depend on how it is used and where it is deployed. This makes it difficult to make
broad statements about SG impacts that are always true.

Scientists are confident that research will help reduce some of these uncer-
tainties, and provide valuable knowledge that can help society make informed
decisions about solar geoengineering.

Resolving some uncertainties would require scientists and others to study
solar geoengineering outside of a lab, in the real world, in what experts usually
refer to as “outdoor experiments.” For some uncertainties, outdoor experiments
would need to be conducted on a large scale and over a long period of time —
making such an activity indistinguishable from a deployment, where the tech-
nology is used to cool the planet or a region, rather than just for research.””

In effect, this means that it is impossible to have full certainty about the global
impacts of a solar geoengineering deployment before deployment takes place.”’
Any decisions related to whether and how to deploy the technology; to maintain
or modify an existing solar geoengineering deployment; and to end a deploy-
ment would all involve risks and uncertainties. Deciding not to deploy the
technology involves risks too. These decisions may be made in the future
when the impacts of climate change are even worse than they are now.

6.5.1 Atmospheric Impacts and Climate Response

Solar geoengineering would decrease global average temperatures.’” This
means that, according to existing research, the technology would likely reduce
many, if not most, climate impacts and risks for many people.”

However, the cooling effect would not be the same across the world, and solar
geoengineering would not exactly reverse climate change, meaning some
changes in temperature and precipitation would remain relative to a world

30 MacMartin et al. (2016)  >' MacMartin et al. (2016)  >* E.g., Irvine et al. (2016)
33 Keith and Irvine (2016)
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that had neither increased greenhouse gasses nor solar geoengineering.”* How
large these remaining changes in temperature and precipitation are depends on
which geoengineering method is used and how it is used. Solar geoengineering
may also change how much temperatures rise and lower with the seasons.
Regions closer to poles, for example, may experience warmer winters and
cooler summers.

Just as SG would not fully reverse all the temperature changes caused by
climate change, it would not reverse all the precipitation changes, or changes to
events such as rainfall and snowfall. SG would alter the hydrological cycle, or
water cycle, which refers to how water moves from the atmosphere to the
Earth’s surface and then back again through processes of evaporation, conden-
sation, precipitation, transpiration, and runoff. Even if SG were used to restore
global temperatures to 1990 levels, it would create a new climate with slightly
different precipitation patterns.”> On a global level, scientists know that SG
using stratospheric aerosol injection or marine cloud brightening would lower
global precipitation levels in proportion with temperature, meaning that more
cooling would lead to lower levels of precipitation. However on a regional level,
impacts on the water cycle are more difficult to predict. Regional impacts on the
water cycle depend on which solar geoengineering technology is used and how,
making it difficult to say whether those changes would be harmful or
beneficial.”®

The Indian and East Asian monsoons are expected to gain intensity under
climate change, meaning they are expected to deliver much larger amounts of
rain than they do today. Monsoons are seasonal shifts in wind directions that
often cause a very rainy or dry season. Several studies suggest some deploy-
ments of SAI could weaken the Indian and East Asian monsoons relative to
today.”” Some MCB studies show more complex results, showing that the
technology would increase precipitation over India.”® Overall, research sug-
gests that, in comparison to a planet that is warmed by greenhouse gasses, SAI
would generally reduce precipitation on land, and also decrease extreme wea-
ther events, such as heavy rainfall, flooding, and drought.sg Otherwise, the
impacts of solar geoengineering on the hydrological cycle appear to depend
heavily on the SG method used and the region studied.

Some aerosols, including sulfate, also absorb longwave radiation, which
cause warming in the lower stratosphere in tropical regions. This small heating
effect slightly offsets some of the cooling effects of acrosols resulting from their
reflectivity, requiring the addition of more aerosol material to compensate for

> Ricke et al. (2010)  °° Irvine etal. (2016)  ® Ricke et al. (2023)
57 Tilmes et al. (2013); Ricke et al. (2023); Bal et al. (2019); Bhowmick et al. (2021)
8 Jones et al. (2009)  >° Tilmes et al. (2013)
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the warming. However, scientists do not currently know how much warming
would occur.

SG might also impact the atmosphere in other ways. For example, SAI using
sulfate material might impact the ozone in the stratosphere, which shields the
planet from harmful ultraviolet radiation. Scientists are trying to better under-
stand whether and how much SAI would impact this ozone.

Additionally, stratospheric aerosols scatter sunlight. This causes more sun-
light to hit the planet’s surface at angles rather than directly, which may impact
plant growth. It would also very slightly “whiten” the appearance of the sky.

6.5.2 Environmental and Ecological Impacts

Because solar geoengineering would change Earth’s temperature and precipita-
tion, it could also affect a wide range of natural systems that sustain life on the
planet. More research is needed to better understand the potential impacts of SG
on, for example, biodiversity, the health of biological communities, plant
growth, crop production, fishery production, ice loss and sea level rise, wildfire
risks, predator—prey dynamics, and more.

For instance, researchers don’t yet know how solar geoengineering could
affect vegetation, or plant life. This is important because plants also provide
homes for most animals and provide food and other resources for humans. Solar
geoengineering could alter how much sunlight and water are available to plants
to help them grow. For stratospheric aerosol injection using sulfur, plants
may also be impacted by more acidic soils in some regions due to increased
acid rain.*’

Some studies also show that solar geoengineering could alter how the mol-
ecule carbon moves throughout the planet and all living things. Solar geoengi-
neering would likely raise the amount of carbon absorbed by ecosystems on
land and in the ocean and slightly reduce the amount of carbon that exists in the
air in the form of carbon dioxide.®' But if the ocean absorbs more carbon, it may
make ocean acidification worse (Section 4).

Scientists expect that solar geoengineering would also affect the ocean in
several other ways, including impacts on its chemistry, nutrients, and oxygen.
Some studies show that (relative to a warmer world without SG) SG could
decrease what scientists call net primary productivity in the ocean, which is
the production of organic matter by small plants called phytoplankton, and
which is a critical part of the ocean food chain.®

Scientists also don’t know how much solar geoengineering could lower sea
levels worldwide. Climate change causes sea level to rise in two ways: by

0 Visioni et al. (2020) ¢! Cao and Jiang (2017) > Lauvset et al. (2017)
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melting ice sheets, and by causing seawater to expand as it heats up (thermal
expansion). By reducing surface temperatures, SG would likely reduce sea
level rise by slowing thermal expansion of seawater and also likely by slowing
the melting of ice sheets. However, many factors affect ice sheet loss, and ice
sheets may start disappearing much more quickly than they are today as the
planet warms. So scientists cannot yet predict whether solar geoengineering
could actually reduce sea level very much.

Researchers also don’t yet know how solar geoengineering could affect
where plants and animals are able to live. Climate change is already causing
some species to go extinct and others to leave their homes in search of new
places where they can survive. One study found that solar geoengineering could
stop or even reverse this climate-driven migration.®® But it also found that if we
then suddenly stopped using solar geoengineering, species might be forced to
migrate even faster than under climate change alone. Overall, much more
research is needed to understand how SG would impact species’ migration
and extinction.

6.5.3 Human Society and Health

Solar geoengineering could affect humans and our well-being, and it carries
both risks and potential benefits for people. For instance, solar geoengineering
could trigger changes that directly affect human health, and it could also alter
environmental systems that we depend on for our survival, including agricul-
ture, water availability, and biological communities that include plants, animals
and other life forms.®* But researchers haven’t studied these issues very much,
and therefore do not thoroughly understand how solar geoengineering would
impact our lives overall.®”

For instance, solar geoengineering could have complex effects on our health.
Climate change has harmful impacts on human health and mortality due to more
frequent and intense heat waves, increased spread of some types of infectious
diseases, and worse air pollution due to higher temperatures.’® Since solar
geoengineering would reduce temperatures and heatwaves, deaths associated
with higher temperatures would decline.®” But if we inject sulfur, for example,
into the atmosphere to cool the planet, this sulfur would eventually fall to the
Earth’s surface, creating potential health hazards from exposure to the
material.®® Fallen sulfur aerosol material would slightly worsen air quality

69

and cause increases in respiratory disease rates.” And sulfate material might

also impact the protective ozone layer, which could lead to more exposure to the

% Trisosetal. (2018)  ®* Irvineetal. (2017) % TIrvineetal. (2017) % USGCRP (2018)
7 Eastham et al. (2018); Harding et al. (2024)  °® Eastham (2015)  ®° Eastham et al. (2018)
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harmful ultraviolet radiation that causes skin cancer.’”’ However, some
researchers think that these health risks are small compared to the number of
lives that solar geoengineering could save by slowing climate change.”

Solar geoengineering may also change how people in different regions are
exposed to infectious diseases, each of which thrives under certain temperat-
ures. People in some regions could become more vulnerable to diseases such as
malaria, whereas others could become less vulnerable, depending on how solar
geoengineering changes local temperatures.’”

As for climate change, SG may also change how people in different regions
are exposed to infectious diseases, each of which thrives under certain temper-
atures. People in some regions could become more vulnerable to diseases such
as malaria, whereas others become less vulnerable, depending on how much
cooling is achieved and where.”

Finally, solar geoengineering could affect the crops that we grow for food.
But we also do not know how exactly the technology would impact our global
food supply. Crop production is sensitive to many factors related to temperature
and rainfall that solar geoengineering would likely alter, and its impacts are
likely to vary by crop and region.”*

Overall, we have a limited understanding of SG impacts on human society
and health, and more research would be needed to better understand how SG
would affect people, our livelihoods, and our well-being.

6.6 Types of SG Research in the Near Term

Scientists have proposed using several types of research to better understand the
potential impacts of SG. These include modeling, laboratory experiments,
small-scale outdoor experiments, and observational studies. All types of
research have different advantages and disadvantages for enhancing under-
standing, and they also carry different benefits, risks, and costs.

6.6.1 Atmospheric and Climate Models

Most of the existing research about SG uses computer models to understand how
SG would impact the climate. These computer models use information about how
the climate works to simulate what would happen if we do something to alter it. But
for several reasons, computer models cannot precisely predict the effects of solar
geoengineering. This is in part because models simplify important parts of the
climate that work at smaller spatial and time scales than models normally simulate.

70 Eastham et al. (2018) 7' Eastham et al. (2018); Harding et al. (2024)
2 Carlson et al. (2022) 7 Carlson et al. (2022)
" E.g., Parkes et al. (2015); Yang et al. (2016); Grant et al. 2025.
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Still, these models will always be a vital and important tool for studying SG.
Crucially, they are the only way we can estimate how using solar geoengineering
would create changes in our climate on a large scale. Scientists use data from
laboratory settings, small scale-outdoor experiments, and observational studies to
help make these models more accurate.

6.6.2 Laboratory Experiments

Scientists use laboratory experiments to study physical processes in a controlled
environment. These experiments take place in specialized scientific facilities, and
not outdoors. Laboratory experiments help to build better computer models by, for
example, allowing scientists to learn about the chemistry of potential materials
used for SAI, including how they interact with other gasses and material. Unlike in
the outdoors, laboratory studies enable scientists to control certain conditions,
which makes these experiments more useful. Laboratory experiments could also
be used to conduct engineering tests of equipment that could be used to release
aerosols. However, while laboratory experiments can provide measurements that
inform computer models, the laboratory cannot fully capture the complexity of the
Earth. For example, it is impossible to recreate the conditions of the stratosphere —
the area where we would perform stratospheric aerosol injection — for more than
a few minutes. So we cannot use laboratory experiments to learn about how this
intervention might evolve over months.

6.6.3 Small-scale Outdoor Experiments

Studies of how SG would work in the real world, where SG would actually be
used, would help provide even more confidence in the accuracy of model and
laboratory studies. Outdoor experiments, also called field experiments, include
scientific research activity that occurs outside of the confines of a computer or
a laboratory. Scientists and some private sector actors have proposed several
different forms of outdoor experiments, including some for testing devices that
could be used to spray sulfur or sea salt into the air, and others for testing how
well these particles reflect sunlight in the real world. Some experiments might
aim to create and study a cooling effect whereas others would not. Some
experiments proposed so far would occur on a small scale, by impacting an
area no larger than a sports field. In contrast to large-scale experiments, which
aim to test the climate effects of solar geoengineering on certain regions or even
on the entire planet, small-scale experiments would not have any physical
impact on regional or global climate.

Some experiments could study the physics and chemistry of aerosols. For
example, the Stratospheric Controlled Perturbation Experiment (SCoPEx)
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proposed by a team of researchers at Harvard University would have measured
how a small amount of mineral dust (calcium carbonate), injected into the air
interacts with other particles in the atmosphere.’”” A specialized balloon would
have released a small amount of material into the air and measurement equip-
ment on the balloon would have measured how these materials moved through
the air, affected the chemistry of the air, and scattered light. The experiment
would not have achieved any climate impact. Scientists have previously con-
ducted environmental science experiments unrelated to solar geoengineering
that also release materials outdoors.

6.6.4 Observational Studies

Studies that compare model results to observations of similar processes in the
real world, such as volcanic eruptions or the impact of ship exhaust on marine
clouds, can also help provide confidence in the accuracy of climate models.
Observational studies can gather data using various forms of measurement
equipment, sometimes using specialized balloon platforms and satellites. If
a model predicts impacts that are in line with what occurred in the real world,
and it does so for the right reasons, we can feel more confident that the model
can usefully predict important physical processes.

Observational studies can also be used to better understand natural and
physical processes that SG would alter. For instance, scientists might conduct
an observational study to examine how many small particles already exist in the
stratosphere, or how existing aerosols in the lower atmosphere interact with
clouds. They could use information from these studies to improve computer
models.

Importantly, observational studies do not aim to introduce new aerosol
material into the atmosphere, nor do they aim to achieve any climate impact.
For example, the United States National Oceanic and Atmospheric
Administration (NOAA) is currently using a high-altitude airplane equipped
with scientific measurement equipment to study what aerosols are currently in
different parts of the atmosphere, how they are transported around the globe,
and how they reflect sunlight.

Overall, a combination of modeling, laboratory and field experiments, and
observational studies is likely to provide the best approach to gaining confi-
dence in our ability to predict the impacts of any proposed use of solar
geoengineering. Scientists can use laboratory and outdoor experiments and
observational studies to verify and improve models, which are then used to

75 “Keutsch Group at Harvard — SCoPEx.” n.d. Accessed February 7, 2024. www.keutschgroup
.com/scopex.
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understand and assess how SG might affect the climate, the environment, and
people. Some social scientists suggest that other forms of research, including
methods that collect information from people, such as interviews and surveys,
would also be needed to fully understand the potential impact of solar geoengi-
neering on people, their well-being, and their livelihoods.”® Some argue that
other ways of knowing and producing knowledge about the world, such as those
used by Indigenous Peoples, would be needed as well.

7 Solar Geoengineering Governance and Policy
7.1 Introduction

As solar geoengineering (SG) has been increasingly researched and discussed
as a potential climate response option, much of this discussion and research has
focused on governance and policy. Governance is a broad term that refers to all
the activities, processes, and rules that guide behavior and decision-making in
a particular issue area.”” Governance includes both formal regional, national,
and international laws and policies imposed by governments and international
organizations, as well as informal rules or guidelines that influence people’s
actions and behavior, such as voluntary codes of conduct. In the context of SG,
governance can influence how SG is researched and whether and how it could
be deployed.’® This section provides an overview of the SG governance discus-
sion, and it also covers the limited efforts so far to govern SG in practice. While
there has been a lot of discussion and debate about establishing governance of
SG, a governance gap remains, as existing rules, policies, and institutions do
not fully address the risks and issues associated with SG.

There are two main areas of discussion around solar geoengineering govern-
ance. The first relates to SG research, which includes activities that aim to
produce knowledge about solar geoengineering technologies. The second is SG
deployment, which refers to using solar geoengineering techniques to inten-
tionally change the climate of a region or of the entire planet. We also distin-
guish between indoor and outdoor research, where indoor research includes
modeling studies and experiments using laboratory equipment, and outdoor
research involves field tests and experiments to study or test SG technologies
and its potential impacts in the real world, outside of a lab.”” Some outdoor
research might have a physical impact on the immediate surrounding area of an
experiment, but when we talk about “deployment,” we mean solar geoengineer-
ing activities that would have far wider impacts and would affect many regions
and countries, and likely the entire world.

7S Hourdequin (2019); Stilgoe (2016) 77 Chhetri et al. (2018); Florini and Sovacool (2009)
78 Chhetri et al. (2018). 7 For a more in-depth discussion see Parker (2014).
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Much of the discussion on solar geoengineering governance revolves around
questions about how, when, by whom, and where SG research and deployment
should be governed. Should we only govern solar geoengineering deployment,
or should we also govern research that carries physical risks, such as large
outdoor experiments? Should we also govern smaller outdoor research projects
and/or indoor research? Should we make laws to govern solar geoengineering,
or would voluntary forms of governance be sufficient? Should we make deci-
sions about solar geoengineering through existing international institutions, or
should we create new institutions to address the challenges unique to solar
geoengineering? Should decisions about SG be made alongside other decisions
about climate change, or should the issues be kept separate? Should these
decisions ultimately be made by technical experts and government officials,
or should the public have a role in making decisions too? These are some of the
many questions that have been discussed and debated so far.

7.2 Why Govern Solar Geoengineering?

It’s important to consider different reasons why SG should be governed in the
first place. Most people who have studied the issue agree that governance is
needed to understand, reduce, and/or eliminate various potential risks associ-
ated with solar geoengineering.*” For example, most experts agree we need to
develop governance to prevent unauthorized or rogue deployments, where one
or more actors deploy solar geoengineering without gaining formal approval to
do so from governments or international bodies, or even in the face of oppos-
ition from other countries. Governance is also needed to detect and deter
irresponsible forms of research that pose significant or unnecessary risk.

Some experts are also concerned that disagreements over whether and how to
deploy solar geoengineering could create conflict, potentially threatening inter-
national peace and security. Others are concerned that attention toward SG may
reduce the world’s resolve to reduce greenhouse gas emissions, a phenomenon
known as the moral hazard concern. Another prominent concern is that
beginning research could create a slippery slope that makes deployment more
likely because research might make the idea more widely accepted, or create
groups that are invested in developing the technology further.*' Some experts
are also concerned by different forms of technological lock-in, whereby the
decisions we make about solar geoengineering now restrict the options avail-
able to future generations, or whereby society embraces one particular form of
solar geoengineering, even though other techniques may actually work better.*”

80 Jinnah (2018) 8! Tang (2023) %2 Cairns (2014); Lin (2020)
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Most experts agree that we need to develop some form of solar geoengineering
governance to address these risks and issues.

Right now, experts are debating the purpose of solar geoengineering research
governance. We can place their ideas on a spectrum, from restricting to enabling
research.®

On one end of the spectrum, some experts argue that governance is needed to
restrict solar geoengineering research and potential future use. For instance,
some experts propose to ban the development of solar geoengineering technolo-
gies and even some research, particularly outdoor experiments. These experts
argue that solar geoengineering is unnecessary, highly risky, and dangerous, and
that considering this technology would damage international efforts to reduce
greenhouse gas emissions and adapt to climate impacts. These experts want
governance to discourage consideration of solar geoengineering and restrict or
ban outdoor research and any deployment.®*

On the other end of the spectrum, some experts argue that governance
should enable the potential future use of SG, including by funding and
approving solar geoengineering research, and allow outdoor experiments.®
These experts argue that solar geoengineering may play a critical role in
humanity’s response to climate change, as it appears likely that mitigation,
adaptation, and carbon removal will not be enough to prevent severe climate
change. Experts who make this argument say that we need to use govern-
ance to ensure that scientific research can move forward and that this
research is transparent, avoids creating harmful impacts, and does not take
attention away from mitigation and adaptation, which are the most import-
ant tools.

7.3 How to Govern Solar Geoengineering?

There are many reasons to govern solar geoengineering. But how might we do
this? And who might be involved?

Many experts argue that we should use collaborative, participatory, flexible,
and forward-looking approaches to govern issues and technologies that carry
significant risks, uncertainties, and controversy. Collaborative approaches
include coordinating with multiple actors, including local, national, regional,
and global government bodies and other groups. Participatory approaches
include involving the public and interested groups that could be affected by
the technology. Flexible forms of governance can adjust and respond to changes
in knowledge and circumstances. Finally, forward-looking, or anticipatory,

8 Gupta et al. (2020)  ** Biermann et al. (2022); Gupta et al. (2024) 5% Gupta et al. (2020)
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forms of governance are attentive to what might happen in the future and how
conditions might change.™

The following is a discussion of several governance mechanisms that gov-
ernance experts have proposed, with a focus on mechanisms proposed to govern
SG research in the near future. Governance mechanisms are tools that a wide
variety of actors and groups use to achieve governance goals.

Governance principles provide high-level guidelines that are intended to
guide behavior, including solar geoengineering research, development, and any
future potential deployment. Some are also intended to inform the development
of more specific and concrete governance mechanisms. Several sets of prin-
ciples have been proposed by experts, including the Oxford Principles, which
were developed by a group of five social and legal scholars.®” In no order of
importance, the Oxford Principles are to:

1. Regulate geoengineering in the public interest by appropriate national and/
or international bodies;

2. Require those conducting geoengineering research to notify, consult, and
ideally obtain the prior informed consent of those affected by research
activities;

3. Completely disclose all research plans and openly publish all research results;

4. Assess (evaluate) the environmental and social impacts of geoengineering
research by appropriate independent national, regional, or international
bodies;

5. Make decisions about deployment only after robust governance procedures
are already in place.®®

To provide more specific guidance, experts have developed codes of conduct.
A code of conduct is a set of voluntary rules and guidelines that researchers,
research funders, and/or scientific agencies agree to follow when planning,
funding, and conducting solar geoengineering research. For example, in con-
sultation with other academics, policymakers, and other interested groups,
a legal scholar developed a Code of Conduct for Responsible Geoengineering
Research.® The code provides concrete guidance about research governance on
how to, for example:

» Prevent environmental harm from outdoor experiments;

* Provide public information about research — particularly outdoor experiments;

» Provide advance notice to the public about research, and allow the public to
comment on it, and;

» Promote knowledge sharing and international cooperation in research.

8 Guston (2014) % Rayneretal. (2013) %% Rayneretal. (2013)  * Hubert (2021)
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Several governance mechanisms are designed to promote transparency and
knowledge sharing about solar geoengineering research. Transparency is
important because it can help people understand the risks and benefits of
solar geoengineering, promote legitimate and accountable decision-making,
help people trust actors who study and govern the technology, and boost
international cooperation.’® Governance mechanisms to support transparency
include creating publicly accessible clearinghouses, which are databases
that contain information related to solar geoengineering research, including
information about proposed projects or experiments, who is funding the
research, and research data and results.”’ No such clearinghouse exists for
solar geoengineering, and there are many different ways to design one.
Countries could create clearinghouses about research that happens within
their borders, and these clearinghouses could be linked to larger regional or
international clearinghouses. Additionally, countries and researchers could
either volunteer or be required to contribute to these databases, which could
include information about only outdoor experiments, or any form of solar
geoengineering research.

Various forms of assessments and reviews are also important governance
mechanisms that can help bring transparency to solar geoengineering activities,
promote public trust in research, and enable consideration of multiple forms of
risks in decision-making. Assessments and reviews are processes in which
a group studies an ongoing or proposed activity to identify and evaluate its
impacts. Ideally, research assessments would be undertaken by an independent
body composed of experts from a broad range of relevant backgrounds and
representatives from communities that would be affected by the research.”
Such bodies could assess individual research projects or experiments, multiple
programs or policies, or they could create a comprehensive assessment of all
solar geoengineering research activities.

Moreover, assessments can consider physical impacts as well as social,
economic, and other nonphysical impacts, such as ethical challenges.
Assessments can also include public comment and input into the assessment
process to incorporate public knowledge and foster transparency of risks. For
example, an independent advisory body to a canceled solar geoengineering
research experiment, which had been proposed by a team at Harvard
University, designed an assessment process that included reviewing the experi-
ment’s engineering safety, scientific merit, funding, regulatory and legal com-
pliance, and the perspectives of society.”

% Callies (2019); Craik and Moore (2014) ~ °' Craik and Moore (2014) ~ °> NASEM (2021)
% Jinnah et al. (2024)
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Permits are likely to play an important role in governing SG research and can
help minimize risk of harm and assure the public research is being conducted in
aresponsible manner. A permit is a legally authorized permission to conduct an
activity that would otherwise not be allowed.”* These may be issued in the form
of general permits that authorize multiple activities, or specific permits that only
authorize a single experiment, for example. Depending on the potential risks,
different types of SG research may be subject to different types of permits.”
A permitting approval process could require the applicant to take steps to, for
example, notify the public about the experiment and minimize harm in order to
be granted permission to proceed. Currently, many countries, including the
United States, lack a permitting system that would apply to SG research.”®

Intellectual property laws and protections can shape incentives to research
and develop SG technologies and can also restrict who has access to data and
innovations. While SG researchers have so far practiced open access to research
and sharing of data, that may change, particularly if commercial actors become
involved in research.”” Coordinated efforts on national and international levels
could facilitate access to patented innovations and discourage patent holders
from enforcing patents against researchers seeking access.”

A variety of governance mechanisms could facilitate international cooper-
ation in research, whereby research programs include researchers from multiple
countries, and where research efforts occurring within different countries are
coordinated. International cooperation is important for helping to ensure that all
countries have access to and benefit from SG research, enabling all countries to
make informed decisions about it and helping to minimize domination by
powerful countries. Funders could choose to prioritize projects that include
international teams and partnerships, or for certain projects, they may require
that researchers from multiple countries are included.”” Additionally, national
scientific or research organizations could coordinate research programs with
other countries, including those that do not have national SG research programs.
They could do so by, for example, publishing joint calls for research proposals,
sharing information on national programs and best practices, and providing
support to research teams in developing countries.'*’

Capacity building efforts can also help facilitate international cooperation
and ensure that developing countries and communities that are disproportion-
ately vulnerable to climate change are able to participate and play leading roles
in SG discussion, research, and decision-making. Capacity building refers to
a process of strengthening a community or country’s ability to achieve goals or

4 Biber and Ruhl (2014)  ?° NASEM (2021)  ?® NASEM (2021)
%7 Reynolds etal. 2017)  °® NASEM (2021)  *° Chhetri et al. (2018)
100 NASEM (2021)
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accomplish tasks, such as creating effective mechanisms to govern SG research.
Capacity building can take many different forms, and can involve a wide variety
of activities and tools. One example of a capacity building mechanism is the
Degrees Modelling Fund, which provides research grants and mentorship to
teams in developing countries to study the potential impacts of solar geoengi-
neering in their region, and to ultimately ensure that developing countries can
use their own expertise to make decisions.'""’

Finally, most people think that the public should be involved in creating
research programs that are publicly acceptable and provide useful information
for decision-making.'°> Public engagement can come in many different forms,
and people in different countries sometimes prefer to participate in different
ways.'”® It generally involves an invitation to local or national groups or
communities to participate in an activity related to learning about, discussing,
or even making decisions about SG and its research or deployment.

Figure 10 illustrates some different forms of public engagement mapped on
two spectrums. Public engagement can increase public trust in a research program
or governing body and improve the research by incorporating public information
and values. Many argue that because solar geoengineering would affect everyone
in potentially significant ways, public engagement is the right thing to do.'™

Public engagement could occur within individual research projects or within
a broader national or international research program, although experts disagree
about when and where public engagement must be done, as it takes a lot of
money and time, and it’s difficult to do well. Though it is not yet widely
practiced, multiple public engagement activities on solar geoengineering have
been completed. For example, a proposed SG-related outdoor experiment in the
United Kingdom, called the SPICE project, used several deliberative work-
shops with members of the public to better understand what the public thought
about the experiment, and whether they might support it.'%>

Importantly, none of these governance mechanisms can sufficiently govern all
aspects of SG alone. It is important to consider how these governance mechan-
isms might work together to form a governance framework, where multiple

governance mechanisms are deployed simultaneously and linked together.' %

10

“Degrees Research Funds.” n.d. The DEGREES Initiative (website). Accessed February 6,
2024. www.degrees.ngo/degrees-research-funds/.

192 Fritz et al. (2024) ' Fritz et al. (2024) ' Fiorino (1990); Flegal et al. (2019).

105 pidgeon et al. 2013.

1% For an example of a comprehensive governance framework for a specific proposed research
experiment, the SCoPEX Advisory Committee developed a governance framework that
includes five focus areas of review, including an engineering safety review, scientific merit
review, financial review, legal review, and societal review. See Jinnah et al. 2024.
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Figure 10 Different forms of public engagement. The figure is adapted from
Fritz et al. (2024).""”

For example, in 2021 the United States National Academies of Sciences,
Engineering and Medicine (NASEM) recommended that the United States create
a research program in coordination with other countries, and also create
a governance framework, in which solar geoengineering research and governance
are mutually supportive. This is because SG research, including on its social,
political, legal, and ethical dimensions, can help inform how governance can and
should develop to be most effective, and governance can in turn help advance and
steer research toward socially beneficial ends.'” The NASEM’s proposed gov-
ernance framework includes continuous mechanisms for engagement with the
public and with other interested groups in relevant parts of the program’s research
and governance. Moreover, regular assessments of the program by experts and
interested groups would be conducted to ensure the program is still needed and to
update its goals in response to new findings or developments. Importantly, the
program would create exit ramps, which are sets of criteria and processes for
ending research activity if it appears to be too risky or unlikely to work.'"’

The previously discussed governance mechanisms are not the only possible
ones, and new ideas could be developed. Some emphasize that creating SG
governance should be a process that includes awareness, discussion, and
engagement from members of the public, experts of different disciplines,

government officials, and civil society.'""

197 We adapted this figure from Fritz et al. 2024. Specifically, we cropped Figure 2 in Fritz et al.
(2024) to include only Figure 2(B). This figure was reproduced under a CC BY 4.0 license. To
view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

108 See NASEM (2021) Sec. 3.3b. ' NASEM (2021)  ''° Hubert (2021)
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7.4 Existing Forms of Governance Relevant to Solar
Geoengineering

In addition to proposed governance mechanisms and frameworks that are
intended to govern SG research, there are also currently existing governance
mechanisms that experts argue are applicable to SG research, but that were not
created with SG in mind. Hard law refers to legally binding principles, national
laws, and international treaties that countries enforce within their own jurisdic-
tions, or in the case of international treaties, that countries agree to comply with.
Many countries have national laws that are likely to apply to some SG research
activities, such as environmental regulations and intellectual property law.

Several international treaties, which are agreements between countries that
govern countries’ rights, duties, and obligations, are also likely to apply to some
SG research activity, and SG has been addressed within international negotiations
surrounding several treaties. Countries that agree to follow the requirements of
a treaty are called parties to the treaty. Parties to the London Convention/London
Protocol, which regulates marine pollution caused by ships dumping material at
sea, recently adopted an amendment that includes a regulatory framework for SG
activities that would affect the marine environment. But countries are not yet
legally required to follow this framework, because too few of them have agreed to
it.''" Moreover, in 2010, parties to the Convention on Biological Diversity, which
governs how countries protect and use ecosystems, passed a resolution suggest-
ing that “no climate-related geoengineering activities that may affect biodiversity
take place” until there’s an “adequate scientific basis” on which to justify such
activities and assessment of risks has occurred, with the exception of “small scale
scientific studies.”''? The resolution is not legally binding, however, meaning
that no one is legally required to follow it.

Several other international treaties are also likely to apply to certain SG
activities. The Montreal Protocol requires parties to reduce or prevent activities
that would damage the ozone layer, which protects the planet from harmful
ultraviolet radiation. The Montreal Protocol is relevant to SG because some
materials proposed for stratospheric aerosol injection might also damage the
ozone layer (Section 6). Additionally, the Convention on the Prohibition of
Military or any other Hostile Use of Environmental Modification Techniques, or
the ENMOD Convention, would prohibit countries from using SG to damage
the environments of other countries.'? Moreover, whereas the United Nations

""" Burns and Talati (2025)

12 COP. 2019. Convention on Biological Diversity, COP 10 Decision X(33) (2010), www.cbd.int/
decision/cop/?id=12299

13 Burns and Talati (2025)
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Framework Convention on Climate Change (UNFCCC) and the Paris
Agreement currently govern how countries avoid dangerous climate change
primarily through mitigation and adaptation, parties could choose to address SG
more directly through these agreements. Several aspects of the agreements
might also apply, such as requirements to cooperate on climate-related research

and avoid and minimize displacement due to climate impacts.''*

7.5 International Dimensions of Solar Geoengineering
and Its Governance

The international dimensions of SG and its potential impact on international
relations and world politics have been widely discussed. Any attempt to deploy
solar geoengineering, and in particular stratospheric aerosol injection, would
impact the climate of the entire globe. Yet it could be deployed by a single country
or potentially by a wealthy non-state actor, such as a large corporation. This is the
crux of what’s been called the free-driver problem, where SG may be cheap
enough that one country decides to deploy it.''> However, such a deployment may
harm other countries. Further, even if all countries agreed to support a SG
deployment program, countries have different ideas about what sort of climate
would be best. As the world experiences more severe impacts from climate
change, many experts are concerned that these challenges could lead to additional
sources of international disagreement, conflict, and possibly even war."'®

The international implications of SG have prompted much dialogue about the
need to develop international governance arrangements that facilitate inter-
national dialogue, collective decision-making, and conflict management.
Within the past two years, SG has been discussed and assessed within various
international fora including:

* the United Nations Environment Program, which released an independent
expert-led report on SG science and governance in 2023;""”

 the United Nations Environment Assembly, which considered a resolution
calling for an expert assessment of SG in 2019 and 2024. The resolution was
withdrawn both times because countries could not agree on risks, framing,
and activities;''®

* the United Nations Human Rights Council, which released a report on the
impact of SG and other new climate intervention technologies on human

rights;'"’

% Craik and Burns (2019).  ''® Weitzman (2015).  ''® Dalby (2015).
"7 United Nations Environment Programme (2023)

"8 Jinnah and Nicholson (2019); Hassan (2024)

19 United Nations Human Rights Council Advisory Committee (2023).
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* the International Panel on Climate Change, which assessed SG within its
Sixth Assessment Report (Section 4); and
» the United Nations Educational, Scientific, and Cultural Organization

(UNESCO), which released a report on the ethics of climate engineering.'*’

Most of these efforts have included calls for effective and inclusive governance
of SG research and deployment, intended in part to avoid threats to international
peace and security. While much of the discussion has focused on the possibility
that SG threatens international peace and security, some have proposed the
possibility that SG could instead promote international cooperation and
peace.'”!

While SG has recently entered mainstream discussions about climate policy
and response, the world has yet to decide whether or how SG should be used to
address climate change, including as a potential complement to mitigation,
adaptation, and carbon removal. Right now, the important questions are whether
different forms of SG research should proceed, and if so, how this research

should be governed.

8 Solar Geoengineering Ethics and Justice
8.1 Introduction

As attention toward solar geoengineering (SG) as a potential climate response
option has grown over the past two decades, much discussion has focused on
whether considering, researching, or using this technology is the right thing to
do. This section overviews the ethical issues surrounding SG, with a focus on
challenges and possibilities related to justice.

But first, let’s explain what we mean when we talk about ethics and justice.
Let’s start with ethics, which is a branch of philosophy concerned with the
study of morality and moral values or principles. Morality considers what is
right and wrong. Ethics are central to solar geoengineering, and we should
study and seriously consider the ethical issues associated with its research and
deployment.'** Ethicists who study SG ask questions such as: What are the
ethical challenges of SG? Could it be ethical to use solar geoengineering, and
if so, how could we study or deploy the technology in a moral way?

Justice is concerned with the fair treatment of people and other living things.
Justice is a broad concept that addresses many different types of concerns,
including how decisions are made and how they impact different people and
communities. Generally, justice could demand the protection of basic rights, the

120 World Commission on the Ethics of Scientific Knowledge and Technology (COMEST) (2023)
21 Buck (2022)  '?* Shepherd et al. (2009)
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fair treatment of individuals and communities, and equal opportunity for all to
participate in the decision-making processes that govern their lives.

Justice also addresses inequalities of power and advantage. Justice raises
important and challenging issues for solar geoengineering. If the technology
were able to relieve the suffering of billions of people, but it also causes some
suffering by creating drought in some regions, what would justice require us to
do? If everyone agreed to use solar geoengineering, would that make it just?
What if some communities or countries disagreed? How should the interests of
future generations and nonhuman species be respected and represented in
decisions about solar geoengineering? If ethical compromises must be made,
how should different options be compared? Who gets to decide which com-
promise is best?

8.2 Dimensions of Justice

There are many different ways to think about what is just or not. Ethicists
identify multiple dimensions of justice, each of which brings attention to
different concerns and questions. Each of these dimensions of justice can be
applied to many issue areas to evaluate, for example, whether an action or policy
is just or not.

For example, distributive justice is the demand for fairness in how the good
and bad things in life are distributed.'*> Some of these things might include
money, information, access to resources, basic rights, proximity to pollution,
and more.'** Distributive justice is concerned with who wins or loses from the
way societies operate, and whether the benefits and costs of this are shared fairly
between different individuals or groups of people.

Procedural justice is the demand for ensuring fairness when making deci-
sions related to solar geoengineering research and deployment.'* Procedural
justice is concerned with power — with who has a seat at the table of decision-
making, and particularly whether people who are affected by an action can
participate fairly in deciding whether or how that action is taken.

Ethicists also emphasize the importance of intergenerational justice, which
is the demand for fair distribution of benefits and burdens of solar geoengineer-
ing between current and future generations and respect for future generations’
interests in decision-making.'?° Intergenerational justice is concerned with
whether what we do now is fair to people who are not yet born, in terms of
ensuring they are able to, for example, live a dignified life and make their own
decisions about how they will live.

123 Preston (2016)  '** Sen (2011); Schlosberg and Carruthers (2010)  '** Preston (2016)
126 Svoboda et al. (2011); McKinnon (2019)
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Ethicists also emphasize the importance of recognitional justice, which is
related to people’s identities. It requires “fairly representing and considering the
cultures, values, and situations of all affected parties,” thereby ensuring that
people are acknowledged as equals.'?” In short, recognition is about treating
people and their ideas with respect, so that diverse groups and individuals can
truly engage as equals in decisions that affect them.'*® Procedural justice and
recognitional justice are closely related. While procedural justice is concerned
primarily with who has a seat at the table, recognitional justice is concerned
with whether people and their ideas, values, and cultures are fairly considered
and respected while they are at the table.

Additionally restorative justice requires that harms or wrongs done to
people are repaired or restored. Restorative justice is concerned with empower-
ing those who have been harmed or wronged to play an active role in the process
of deciding how that harm or wrong should be repaired and with reconciliation
between the perpetrators and victims of a harmful act.'*’

Rather than seeing these different forms of justice — distributive, procedural,
intergenerational, and recognition, and restorative — as separate, many ethicists
argue that each actually supports the others and all can be equally important for

evaluating whether and how something is just."*°

8.3 Climate Justice

Justice has long been a central concern in climate change discussion and
politics. Climate justice is a set of interrelated ideas that apply the dimensions
of justice discussed earlier to the specific issue of climate change. Climate
justice could demand, for example, that poor communities and countries —
especially those that have emitted less greenhouse gasses — should not be
disproportionately impacted by climate change, and should play a leading role
in determining how society responds to it."*'

Concerns about climate justice often start from a concern that communities
and countries that are most impacted by climate change are often the ones that
have contributed the least to causing it. In other words, these communities and
countries have historically emitted far less harmful greenhouse gasses than
other countries that are more capable of facing climate change impacts.
Vulnerable communities are also sometimes even harmed by attempts to
address climate change, such as when carbon taxes are designed in ways that
place greater financial burden on poorer households and communities.

127 Whyte (2011, p. 200); see also Hourdequin (2019); Carr and Preston (2018)
128 Fraser and Honneth (2003)  '2° Preston (2011); Forsyth et al. (2021)
130 Schlosberg (2007); Hourdequin (2019).  '*' Schlosberg and Collins (2014); Caney (2005)
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Importantly, a central notion of climate justice is that responses to climate
change must not create new forms of injustice, or magnify existing forms of
injustice or inequality. Moreover, rich countries who have contributed the most
over time to causing climate change have greater resources available to adapt to
its impacts, and greater political power to shape how humanity responds to the
problem.

Other key concerns of climate justice include, for example, inclusion of
affected communities in decision-making; autonomy of communities to decide
their own climate response and future; transparency in how powerful actors
impact the climate and respond to climate change; compensation for harms from
climate change from rich countries to poor ones; and sustainability of society
and the ecosystems humans depend on.'**

A further, essential, dimension of climate justice is intergenerational. What
we do now will impact future generations long after we are gone. How should
we take account of the interests of future people in our present climate actions?
How might we adjust our political institutions to do better in delivering justice

to future people — especially people most vulnerable to climate impacts?'*

8.4 Solar Geoengineering and Justice

What solar geoengineering means for climate justice remains a matter of debate.
Some see the technology as a possible path toward reducing climate injustice.
For example, if a deployment were to reduce harmful climate impacts on
vulnerable communities, this might be just. Some argue that because SG
currently appears capable of reducing climate harms that unfairly burden poor
countries, rich countries are morally obligated to conduct research.'**

Others think that solar geoengineering threatens climate justice. For example,
if a rich country were to deploy SG on its own, or if research or deployment
harms vulnerable communities, this would probably be unjust.

Some argue that it’s not realistically possible to make democratic global
decisions about solar geoengineering, and that poor communities and countries
would not be equal partners in deciding whether to use SG. Others suggest that
rather than arguing over what is best for poor communities and countries, these
people should be empowered to make their own informed decisions about
whether SG research is in their interest.'*> Even when concern for the autonomy
and well-being of poor communities and countries is shared, there is disagree-
ment about which is the right path forward.

132 McKinnon (2022); Schlosberg and Collins (2014)
133 Gardiner (2014); McKinnon (2011); Shue (2024) ~ '** Horton and Keith (2016)
135 T4iwo and Talati (2021)
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SG presents many ethical challenges that relate directly to justice, making
justice central to the discussions and debates surrounding SG."*® This is due to
two reasons.

First, SG approaches can potentially impact the entire global population, now
and into the future (Section 6). Everyone is therefore impacted by decisions about
whether and how to research or deploy SG. This raises the need for procedural
justice by ensuring fairness in how decisions related to SG research and deploy-
ment are made.'”” Much of the discussion on procedural justice has focused on
the need for participatory engagement in SG decision-making, so that decision-
making procedures are inclusive in some way for all communities and countries.
This is complicated by the fact that, although everyone has a stake in SG, not
everyone is equally vulnerable to climate change — some communities and
countries are more vulnerable than others, and therefore potentially have
a greater stake in decisions about SG."*® Procedural justice would also require
governance mechanisms that deter actors from undertaking a deployment on their
own or that participate in an illegal deployment (Section 7)."*’

The second reason why justice is such an integral part of the discussion
surrounding SG is that the impacts of the technology are uncertain and are likely
to be unevenly distributed (Section 6). This means that while most people may
be better off under SG, some people may be worse off under SG, and this would
likely include some communities that are already vulnerable to climate change,
thereby compounding multiple injustices.'*’ This raises the need for distribu-
tive justice through fairness in how the benefits and burdens of SG are
distributed."*' In the SG context, distributive justice also requires the need to
avoid exacerbating existing injustices by taking steps to ensure communities
and countries that are already vulnerable to climate change are not dispropor-
tionately harmed by SG’s uneven impacts.'** Distributive justice may also
require some form of compensation for harm caused by SG.'**

Issues related to intergenerational justice arise when we consider possible
impacts of SG and of climate change on future generations. Climate change is
expected to worsen throughout the century, and SG, if deployed, would need to
be maintained until greenhouse gas concentrations return to safe levels
(Section 6). Therefore, justice for future generations, who are not yet born
and who cannot participate in decision-making, requires a fair distribution of
the benefits and burdens of SG between current and future generations and
respect for future generations’ interests in decision-making.'** Some justice

136 Gardiner and Fragniére (2018); Preston (2016).  '37 Preston (2016)

138 Svoboda et al. 2011.  '*° Svoboda et al. (2011).

140 preston (2012); Svoboda et al. (2011) ' Preston (2016).  '* Preston (2012).
143 Svoboda and Irvine (2014)  '** Svoboda et al. (2011); McKinnon (2019)
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experts also argue that it is not just humans that are deserving of justice; justice
needs to account for all species, who are also impacted by human decisions and
have moral value.'*

Several ethicists argue that in addition to distributive, procedural, and inter-
generational justice, the concept of recognition is critical to ensuring a just
approach to SG research and governance. Recognition requires treating people
and their ideas with respect, so that diverse groups and individuals can truly
engage as equals in SG decision-making.'*® Special consideration is given to
multiple groups of people.

First, recognition of the distinct approaches of Indigenous communities to
governing, producing knowledge, and relating to nature is central to just
approaches to researching and governing SG.'*” This requires that SG research
and governance institutions recognize the sovereignty of Indigenous communi-
ties, as well as their position as already vulnerable to climate change in large
part due to the long-term impacts of colonialism.'*® From this perspective, a just
approach to considering SG would need to also include serious attention to
reforms that aim to ensure Indigenous peoples can govern themselves as well as
other topics and solutions that Indigenous communities value.'*’ This requires
that Indigenous peoples are not only “consulted” after decisions have been
made, effectively negating their ability to influence how these decisions are
made and undermining their autonomy.'>’

Additionally, because much of the research and discussion on SG has
occurred in rich countries, special consideration within recognitional justice is
given more broadly to inclusion of the diverse perspectives and values of
communities and countries that are most affected by climate change and who
have been marginalized from ongoing debates about how we should respond.'”"
Overall, recognitional justice requires that any engagement in decision-making
is meaningful, meaning participants are not only at the table, but they also have
some influence over the process and outcome. That is, recognitional justice
concerns redistributing power between vulnerable groups and those that have,
historically, made them vulnerable.

Multiple other dimensions of justice could also inform what justice looks like
in the SG context. For example, restorative justice may require mechanisms for
compensation from any harm from SG research or deployment, and some could
argue that SG is required as a way to repair the harm caused by climate change
by restoring a safer climate.'>

145 Pellow (2017) ¢ Whyte (2012); Hourdequin (2019).
147 Whyte (2012); Hourdequin (2019)  '*® Whyte (2018) ' Whyte (2018)
150 Whyte (2012)  '*' Carr and Preston (2018) "> McLaren (2018)
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Overall, these emerging understandings of what justice requires in the SG
context can be understood as geoengineering justice, which demands a just
approach to research and governance of SG.'”* Though all agree that justice
issues and concerns are important for SG, experts also agree that fulfilling these
demands for justice would be immensely challenging. There is much debate
over to what extent and in what ways these demands could be met, and whether
justice requires that SG research is enabled or restricted particularly in light of
the many ethical challenges associated with SG that are discussed next. An
illustration of many of the ideas discussed already can be found in Figure 11.

8.5 Ethical Concerns Associated with Solar Geoengineering

In addition to the previously mentioned ethical challenges directly related to
justice, many other ethical challenges and concerns surrounding SG have been
identified and explored. Most prominently, the moral hazard concern high-
lights the risk that attention toward SG could divert attention away from
mitigation and adaptation, and that this diversion of attention away from more
desirable climate responses would be morally problematic.'** A related concern
is that attention toward SG could be a manifestation of moral corruption,
whereby particularly rich generations rationalize their own failure to address the
ethical challenges posed by climate change in ways that are self-deceptive and
self-serving.'> The concern is that the rich may be tempted to shirk their moral
responsibility to climate change in favor of inadequate solutions that serve their
own more immediate ends.'*

A related concern with moral implications is that SG may be embraced as
a technological fix, or as an engineering solution for a social problem, side-
stepping the need for massive social and behavioral change to address the root
causes of climate change.'>” Ethical concerns are also raised by the possibility
that attention toward SG creates technological lock-in, where the time and
money invested in research incentivizes invested actors to push for
a deployment, though it may violate procedural or distributive justice.'”®
A deployment could mean that the options available to future generations are
restricted in problematic ways, because they may need to maintain deployment
to avoid termination shock (Section 6).">’

Others suggest that the very idea of SG, as intentional climate change, is not
ethically acceptable because it upends the proper relationship between humans

and nonhuman species and the rest of nature.'°” Some argue the idea

133 Hourdequin (2019) ~ '>* Lin (2013); Gardiner (2010)  '*° Gardiner (2010)
136 Gardiner (2010) "7 Weinberg (1966); Scott (2012)  '*® Hourdequin (2012)
159 McKinnon (2019); Buck (2012)  '®® Hamilton (2013); Gardiner (2010)

Downloaded from https://www.cambridge.org/core. IP address: 169.224.197.5, on 27 Oct 2026 at 07:48:29, subject to the Cambridge Core terms of
use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781009632836


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781009632836
https://www.cambridge.org/core

9€87£960018L6/£101°01/610"10p//:5d1Y *SW121/2100/6.10°3BpLIqIEY MMM//:sNY 18 3|gejieAe ‘asn

40 Swa3 9402 abpliquied ay) 03 393[gNs ‘6Z:8%:£0 32 9202 0 LT UO ‘S'L61¥ZZ 691 :SSaIpPe dI "9103/610"9bpLiquied mmm//:sdiiy wouy papeojumoq

- Just Deliberation on
4 Sclar Geocengineering

Solar
Geoengineering
and Justice

Solar

should be Important questions at the intersection of
designed 1o ensure that climate jusfice and solar geoengineering

Are the benefits and costs of research
or patential distributed
fairly while profecting the basic rights
of the most vulnerable?

Do the most vulnerable have an
opportunity to participate and have a
mhﬂlgme:dlww

hir] Kine?

Are powerful actors held gennaly
accountabde for their actions?

Are there plans for those who could be
harmad by solar geoengineering to be
compensated, rehabilitated, or
restorad?

Figure 11 An illustration of the relationship between solar geoengineering and justice. A larger version of the figure is avaialble to view
online at www.cambridge.org/jinnah-et-al

Source: The Alliance for Just Deliberation on Solar Geoengineering.
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demonstrates human hubris, emblematic of arrogant tendencies to attempt to

'%1 Some argue that the Earth’s natural

control nature to serve human interests.
systems, such as how sunlight enters the atmosphere, have a moral significance
in itself, and intervening in these systems would be unethical without a strong
justification.'®® Of course, the potential for harmful impacts on nonhuman
species and ecosystems also raises ethical concerns.

A similar concern is that SG could exacerbate or lead to new forms of
domination, which occurs when one individual or group can exercise superior
power over another individual or group.'®® SG research could exacerbate
international domination, for example, if it gives only rich countries the ability
to deploy SG.'®* Such a situation would only deepen the power that rich
countries have over poor countries, causing concern about the current highly
unequal distribution of capabilities to research, deploy, and make or influence
decisions about SG. Despite the need for just and participatory global research
and decision-making, many agree that creating just global procedures faces
many barriers, and it would be challenging, if not impossible, to secure agree-
ment, consent, or consensus from everyone on decisions about whether and how
to research and deploy SG. This is perhaps the biggest ethical challenge SG
faces. Some are concerned that these tricky procedural questions would be
sidestepped as climate change is increasingly perceived as an emergency that

: 1
requires urgent responses.'®’

8.6 Reactions to Ethical Concerns

Experts have had two general reactions to the myriad ethical challenges
described earlier. One reaction is to reject any further consideration of research
or deployment of SG and instead advocate for restrictive forms of governance
that would prohibit its use and most forms of research (Section 7).'° The other
general reaction is to attempt to determine what would make SG research or
deployment ethically acceptable and to create principles that can guide the
behavior of researchers, funders, decision-makers, and others to help ensure
that research of SG only moves forward in ways that are ethical and just.
Whereas all ethicists agree that SG has serious ethical problems, some argue
we need to approach climate justice by considering what justice requires given
that the world has failed to mitigate climate change by reducing their
emissions.'®” Under this approach, SG might be just if it compares favorably

161 Jamieson (1996) ' Preston (2011)  '®* Smith (2018)  '** Smith (2018)

165 Ppreston (2013)

166 Biermann et al. (2022); Gupta et al. (2024). For a response to Biermann et al. (2022), see Parson
et al. (2024) and Weiners et al. (2023).

167 Morrow and Svoboda (2016); Svoboda (2017)
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to other available climate response options, none of which seem capable of
safely restoring the climate by themselves in a world where we have failed to
reduce emissions. In such a world, these ethicists argue that all courses of action
carry ethical problems, and we are faced with comparing multiple imperfect
options.'®

Other experts question the idea we must choose between the lesser of two
evils, or between a geoengineered world and a world where climate change is
rampant.'®” This is because, as argued, there may be additional options that
could be considered to avoid severe climate impacts but that are not politically
palatable, and the uncertainty of SG’s impacts mean we do not actually know
whether it is less evil or harmful.'”®

The challenges and possibilities related to ethics and justice will continue to
be a central part of discussions relating to whether and how SG research moves
forward and how it could be governed. Emerging visions of geoengineering
justice are beginning to identify what justice requires in the SG issue area.
Nevertheless, even when concern for justice and the well-being of people and
the planet is shared, there is disagreement over whether pursuing SG research is
just or not. Like other aspects of SG, the ethics of SG are complicated and
uncertain. As a minimum, a far more inclusive and meaningful discussion with

publics and communities across the world on these critical issues is needed.
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