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a b s t r a c t

Public goods are defined by the technical conditions of nonexclusion and nonrivalry. Nonetheless, public
goods are frequently viewed in environmental policy and scholarly debates as providing strictly positive
benefits (or, in the case of public ‘bads’, providing strictly negative costs). We provide a theoretical
understanding of heterogeneous externalities produced by public goods to challenge this assumption, by
highlighting the ways in which a single public good can simultaneously produce positive benefits for
some and negative externalities for others. To demonstrate our argument, we apply the theoretical
framework onto the contemporary debates over climate engineering projects proposed to mitigate
climate change. Such projects inevitably harm some countries internationally and some groups intra-
nationally such that aggregate predictions about the benefits of climate engineering are misleading
without an accurate accounting for its negative externalities.
© 2019 KeAi Communications Co., Ltd. Published by Elsevier B.V. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Solving the impacts of large-scale climate change requires un-
dertaking both ex antemitigationmeasures and planning for ex post
adaptation scenarios. As atmospheric carbon dioxide concentra-
tions increased over the past decade, passing the 400 ppm
threshold in September 2016, scholars have increasingly turned
their attention on adaptation policies, reasoning that humanity is
already past the point of effective mitigation. However, with the
signing of the Paris Agreement, in which national governments
agreed to “a long-term goal of keeping the increase in global
average temperature to well below 2 �C above pre-industrial levels;
[and] to aim to limit the increase to 1.5 �C,“1 a revitalized focus has
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been placed on large-scale geoengineering projects that either
remove carbon from the atmosphere, or that manipulate solar ra-
diation absorption to offset increased temperatures. In particular,
the Intergovernmental Panel on Climate Change (IPCC) Special
Report on the impacts of a global warming of 1.5 �C above pre-
industrial levels, summarizes the available scientific evidence
showing a “high agreement that (solar radiation management)
could limit warming to below 1.5 �C” [1] .2 Many CE experts that the
target of keeping global warming below 1.5 �C is unlikely to be
feasible unless active strategies for carbon dioxide removal (CDR) or
solar radiation management (SRM) techniques are deployed [2]. In
this manuscript, we add to the debate surrounding proposed CE
projects by examining the distributional impacts of these projects
through the use of a public goods framework.We argue that touting
CE, in particular SRM, as a public good misrepresents the technical
definition of a public good by confusing aggregate and distribu-
tional impacts of this class of economic goods.

While the proponents of climate CE recognize the risks linked to
its deployment, proponents also argue for comparing those risks to
the near certain and staggering costs that catastrophic climate
2 The text of the Paris Agreement, which argued for “rapid reductions … in
accordance with the best available science,” may be seen as the placeholder for a
variety of carbon reduction and geoengineering options.
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change will impose. Because the need to avoid catastrophic climate
change is regarded as a collective global responsibility, some
scholars consider the deployment of CE to that end as an act of
public interest. Others, such as the writers of the “Oxford Princi-
ples” for governance of climate CE, argue that CE be provided as a
“public good” (Rayner et al., 2009; [3]. However, critics of this
approach have argued that a public goods-framing of CE is
misleading, because it marginalizes ethical and distributional
concerns [4]. What this debate largely overlooks, however, is that
‘public good’ is a technical term that refers to a good’s non-
excludability and non-rivalry. By disentangling the technical de-
tails of what it means to be a public good and focusing on the
production and provisioning processes associated with CE, we
highlight the difficulties in implementing a governance system that
both effectively regulates the public goods-aspects of CE and en-
sures an equitable distribution of its costs and benefits. We further
argue that analyses of CE cannot be done in isolation of its in-
teractions with other parts of climate system, such as potential
impacts on seasonal monsoons or other regularized climate phe-
nomena. Accordingly, we draw on research on climate modeling of
CE and the proximate phenomenon of historical volcanic eruptions
which CE seeks to mimic.

We begin by defining public goods. We then develop the theo-
retical framework of public goods with heterogeneous ex post ex-
ternalities and then introduce the policy debate over a specific form
of CE, solar radiation management, by highlighting two key points
about this form of CE: that it is relatively inexpensive to provide,
but that its externalities are uncertain and heterogenous. We then
engage in an institutional analysis that provides a thorough un-
derstanding of solar radiationmanagement within the public goods
framework. We finish with discussion and conclusions regarding
the importance of planning ex ante for the ex post governance
challenges CE produces.
2. Public goods and externalities

2.1. Defining public goods

The development of a typology of economic goods has a long
history, though modern scholarship generally begins with the
debate between [5,6]. As [7] explains, Musgrave and Samuelson
were both interested in exploring the differences between private
goods that are efficiently provided by markets and public goods
that are efficiently provided by governments. The key difference in
approach was that Samuelson identified private goods as either
rivalrous (i.e. consumable to only one individual) or non-rivalrous
(i.e. simultaneously consumable to multiple individuals), while
Musgrave identified private goods as those for which an individual
can relatively easily exclude others from accessing and public goods
as those for which excluding others is highly costly [8]. combined
the two concepts and produced a 2x2 typology of goods that is
rounded out with the addition of common-pool resources and club
goods.

These two attributes of an economic good jointly determine the
magnitude of externality costs and benefits that the good produces.
The rivalry of a good defines the opportunity costs of consumption,
such that a rivalrous good produces relatively high opportunity
costs for individuals competing over its consumption or use, while
non-rivalrous goods have low opportunity costs in consumption or
use. Therefore, a ‘pure’ private good has extremely high
3 Of course, ‘pure’ goods are rare in the real world. Rather, the goods typology
should be thought of as a continuum in which relative costs of exclusion and rivalry
can place a good anywhere from ‘pure’ private to ‘pure’ public.
opportunity costs in rivalry, while a ‘pure’ public good has zero
opportunity costs in rivalry.3 Similarly, the relative costs of
excluding individuals from accessing or consuming a good de-
termines the extent to which an individual can capture a rivalrous
good for individual use, or to which an individual can free-ride on
the production or provision of a non-rivalrous good. In the extreme,
a pure private good has no externalities since all of the benefits (and
costs) of the good are easily captured by the provider or consumer
of the good [9]. In contrast, a pure public good in the extreme
produces a constant stream of externalities since it is virtually
impossible at any cost to prohibit an individual from accessing or
consuming it.

This inability to exclude others from accessing or consuming a
public good, regardless of their contributions to the good’s pro-
duction or provision defines the classic free-rider problem. Using
simple backward induction, a producer or provider may be dis-
incentivized to produce or provide a public good at all if free-riding
becomes so overwhelming that one cannot capture any revenue
from its production or provision [10].

Clearly a producer or provider of a public good has an incentive
to lower the costs of excluding free-riders from accessing or
consuming benefits (direct or externality) from the good’s pro-
duction or provision. Similarly, however, a producer or provider of a
negative externality-producing public good (i.e. smog) has an
incentive to increase the costs of excluding free-riders from
accessing or consuming the good, since exclusion defines the
number of individuals sharing in the total costs of production or
provision Anyone producing a negative externality-producing good
wants as many people to share in those costs as possible. Therefore,
one cannot a priori determine from a welfare-maximizing
perspective whether the production or provision of a public good
should be encouraged or discouraged without first knowing the
totality of its costs and benefits. Notice this says nothing about the
distributional impacts of those positive or negative externalities.4

2.2. An externality-focused framework of public goods

One means through which to evaluate a goods typology is
through the types of externalities (positive or negative) that the
good produces [9]. Collective goods (public goods and common-
pool resources) are defined by their lack-of exclusion, which also
implies that collective goods produce externalities in proportion to
the degree of their (non)exclusion. For example, factory emissions
are neither excludable nor rivalrous, and therefore a public good,
the externalities of which manifest as smog. Similarly, carbon
sequestration produced by a reforestation project is a public good,
the externalities of which manifest as a decrease in the rate of
global warming. Examples like these of strictly negative (smog) or
strictly positive (decrease in rate of global warming) externalities
abound in the literature on public goods. In such settings, the
phrase “public good” is frequently used to invoke positive, or ‘good’
externalities, while the term “public bad” is used to invoke nega-
tive, or ‘bad’ externalities [11].

However, many public goodsdespecially those that exist at a
global scale and transcend political boundariesdproduce complex
streams of externalities that don’t fit neatly into the standard
positive vs. negative narrative. For example, while the canonical
public good example of a lighthouse may provide a universal pos-
itive for ships passing by, the glaring reflection may also prevent a
nearby resident from getting an adequate night’s rest. The light
4 This also raises an issue beyond the scope of the current manuscript: What are
the bargaining or electoral consequences of groups asymmetrically impacted by
positive and negative externalities, respectively?



Table 1
Economic goods typology.

Rivalrous Non-Rivalrous

Low Exclusion Costs Private Good Club Good
High Exclusion Costs Common-pool Resource Public Good

Adapted from Ref. [8].
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produced by the lighthouse is, strictly speaking, a public good, even
though it differentially impacts individualsdsome positively and
some negatively. Similar stories could likely be told of almost any
public good; however, this differential impact ex post to a public
good’s provisioning is a relatively unexplored source of heteroge-
neity in the public goods literature.5

Scholars have instead long sought to understand the conditions
which promote (detract) the provision of public goods (bads) [10].
noted that heterogeneity of group preferences is one of the most
important variables in predicting whether or not a group will
successfully produce a public good. While heterogeneity increases
the costs of collective action, especially in larger groups, a hetero-
geneity of preferences or endowments also increases the proba-
bility that the public good’s production provides so much personal
benefits for some resourceful individuals or groups that they will
produce or provision a public good regardless of free riders.6 As a
result, one cannot assume that heterogeneity makes collective ac-
tion more or less likely, respectively, without understanding the
nature of the public good in question and the forms of heteroge-
neity being investigated. Scholars subsequently have identified and
studied myriad types of heterogeneity that are important for un-
derstanding the likelihood of a public good being produced or
provided.

The literature on group heterogeneity and public goods is too
large to adequately summarize here, so instead we note what is
largely missing from this literature7ddiscussion of heterogeneous
externalities ex post to a public good’s production. Instead, existing
studies have tended to focus on ex ante heterogeneity of endow-
ments (e.g. Refs. [12,13], ethnicity [14e18], and asymmetries of
power [19e21], among others. Understanding ex ante heteroge-
neity is important for untangling when a group will endogenously
produce and provide a public good and when, for example, a gov-
ernment may have to step in to produce or provide a public good.

However, understanding ex post heterogeneity of externalities is
similarly important for predicting distributional outcomes once a
public good is produced. Heterogeneity of externalities implies that
the production of a public good has winners and losers who should
be identified to protect against, among other concerns, environ-
mental or social injustice. When a powerful actor has the ability to
produce a public good that negatively impacts disadvantaged
groups (economically or politically), a full accounting of the costs
and benefits of the public good are essential to ensure that the
rhetoric of public goods isn’t confused with something in the
public’s interest. From a positive perspective, understanding these
externalities also helps to reduce rent dissipation and provides
additional information to encourage welfare-enhancing policies.
2.3. The production and provisioning of public goods from an
externality-perspective

When one identifies a public good and tries to match an effec-
tive policy intervention to manage its production or provision, one
is essentially attempting to either minimize or maximize the ex-
ternalities of the good, respectively, depending on which increases
social welfare in the particular case. For example, a policy goal of
discouraging free-riders from consuming a public good would
entail minimizing the positive externalities of the good (by some-
how overcoming the high costs of exclusion) to ensure only those
5 While far from a perfect measure, a Google Scholar search of the terms “public
goods” & “heterogeneous externalities” together only returns 38 total citations.

6 The literature on climate geoengineering refers to this as the “free-driver”
problem [60].

7 For heterogeneity in experiments see Refs. [12,13,61,62].
who contributed towards its production receive benefits. However,
it may also be a policy goal to maximize the total positive exter-
nalities of a good, such as in creating a new park in a blighted area
intended to encourage developers to ‘capture’ these externalities as
an incentive to build in that particular neighborhood. The same is of
course true for negative externalities, the point simply being that
managing negative or positive externalities are an inherent
dilemma of the production or provision of any public good. In the
examples noted earlier, the goal of policy is typically to minimize
smog, while still permitting factories to operate, and to maximize
the decline in the rate of global warming, by encouraging additional
reforestation projects, respectively.

Traditional debates over public goods tend to view this good-
type as ‘naturally’ produced and provided by governments (i.e.
public provision), though there is no a priori reason that a public
good is necessarily most efficiently provided or produced via public
mechanisms [8]. Indeed, any of the four types of goods identified in
Table 1 can be produced or provided by at least three mecha-
nismsdthough private action, by government action, or by volun-
tary collective action [7,22]. For example [23], detail the private
provisioning of so-called lightships in lieu of fixed lighthouses
during 18th century British commerce. The efficiency of a specific
good’s production or provision through one of these three mech-
anisms is specific to the good’s costs and benefits, and to the
context in which the good is produced or provided.

All goods require both a production mechanism that creates the
good and provision mechanism that distributes the good, though
these two mechanisms need not be the same for a given good
because the externalities of the good may differ between its pro-
duction and provision processes. For example, while the aerosol
product used in stratospheric aerosol geoengineering (discussed
in-depth below)might be efficiently produced by a private firm, the
provision of the same product into the stratosphere might be effi-
ciently handled by the voluntary collective action of multiple
countries. This theory of polycentricitydthat there are potentially
different economies of scale in the production and provision of a
given collective good was first noted by Ref. [24] in their seminal
study of the diversity of metropolitan organization, which we now
extend to the context of international environmental organization
(see also [25e28].

The question of who (or what unit) should produce or provide a
public good, especially in the context of an international trans-
boundary public good, is core to understanding the implications of
a public good’s heterogeneous externalities. In general, public
goods can be provided by private actors (individuals or firms), by
voluntary associations, and by governments. Because there is no
central coordinating government at the international level, how-
ever, public goods provided at this level must be the product of
voluntary individual or voluntary collective action. At the interna-
tional level, then, public goods are potentially provided by private
actors or the voluntary association of governments, non-
governmental actors, or a combination of governments and non-
governmental actors, respectively. For some, the provision of a
public good will produce positive direct benefits and for some, the
provision of the same public goodwill produce negative externality
costs (and for some, perhaps most, a combination of positive



8 https://www8.nationalacademies.org/pa/projectview.aspx?key¼51415.
9 https://www.climatechangenews.com/2019/02/26/swiss-push-talk-

geoengineering-goes-sci-fi-reality/.
10 One of the first outdoor experiment with plans for aerosol injections into the
earth’s upper atmosphere is being planned by Harvard University https://www.
theguardian.com/environment/2017/mar/24/us-scientists-launch-worlds-biggest-
solar-geoengineering-study.
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benefits and negative costs). Given the voluntary nature of inter-
national public goods provisioning, it is reasonable to postulate that
the provision of an international public good will be undertaken by
an actor or actors for whom its provision results in direct positive
benefits in excess of the costs paid for its provisioning by those
actors.

This observation highlights two important asymmetries be-
tween providers of public goods and those bearing ex post exter-
nality costs that naturally result from the provisioning of a public
good with heterogeneous externalities. First, those providing a
public good have a natural asymmetrical information advantage
relative to those facing the ex post externality costs of its provi-
sioning. The providers of the public good do so precisely because of
information that its provisioning will benefit them. On the other
side, those who will bear externality costs ex post clearly have less
ex ante incentive to gather information about the good, assuming
the externalities are not known ex ante with certainty.

Second, those providing a public good have a natural advantage
in asymmetrical bargaining power relative to those facing the ex
post externality costs of its provisioning. Because providers know ex
ante the benefits of the public good’s provisioning, but externality
cost bearers only learn about these costs ex post to its provisioning,
there is a natural coalition to advocate for the public good, but no
counter-balancing coalition to advocate against the public good.
Together, these two asymmetries make it, all else equal, likely that
an international public good with large direct benefits will be
provided regardless of its externality costsdeven if those exter-
nality costs are, in net, larger than the benefitsdbecause the pro-
viders of the good benefit directly, while those negatively impacted
only do so after the good has already been provided.

3. Tying the theory of public goods to stratospheric aerosol
geoengineering (SAG)

The Royal Society Report [29] defines CE as “the deliberate large-
scale manipulation of the planetary environment to counteract
anthropogenic climate change.” Similarly, Morrow and Svoboda
(2016, 3) define CE as the “deliberate, large-scale intervention in
one or more Earth systems for the purpose of counteracting the
causes or symptoms of human-caused climate change”. CE is really
the umbrella term used for two basic types of proposed technolo-
gies: (i) Solar radiation management manifest as stratospheric
aerosol geoengineering (SAG), in which large amounts of reflective
aerosol compounds are released into the stratosphere to effectively
reflect a small fraction of solar radiation back into space and
thereby cool the earth, theoretically counteracting the effects of
global warming; and, (ii) Carbon dioxide removal, manifest as
removing carbon dioxide or other greenhouse gases from the at-
mosphere and sequestering the resulting carbon compounds in
either liquid or solid forms for long periods of time in biological,
geological, or oceanic reservoirs [30].

Both general forms of CEdsequestration and SAGdare distinct
economic good-types and have a distinct bundle of externalities,
the respective production and provisioning of which will take
different forms as different actors compete (or cooperate) to pro-
duce and provide them. Therefore, while this paper’s analysis is, for
simplicity, restricted to SAG, an analysis of the biophysical aspects
of ex ante carbon dioxide removal will necessarily be a next step in a
larger project to isolate the nature of CE goods and its interaction
with the international environmental or climate policy regimes. For
simplicity, we focus only on SAG interventions in this analysis,
though we believe the general analysis is applicable to multiple
forms of CE interventions.

The benefits to SAG are naturally heterogeneous as, in the
aggregate, countries with themost to lose from climate change gain
the most from successful SAG interventions. These potentially large
benefits do not negate the potential that countries most prone to
climate change impacts also have the largest externality costs from
SAG-induced weather changesdi.e. country X is prone to climate
change and thus benefits from provisioning of SAG, but is also
agriculturally-dependent such that incidental changes to monsoon
schedules from SAG lead to increased costs as well [31]. While we
can’t possibly calculate the true benefits and costs of large-scale
SAG, we can establish theoretical ranges and explore how
different states-of-the-world will interact to produce distributional
impacts.

Similarly, if SAG is a public good based on the technical defini-
tion, this says nothing about its distributional impacts; it may
indeed have a net positive global benefit (though nothing in the
definition of a public good requires this), but it could negatively
impact some regions, nations, or subnational units. Furthermore, it
is also possible that SAG could have a net negative impact if it so
harms some countries or groups to such an extent that this out-
weighs positive social gains from climate change mitigation [32].;
for theoretical considerations, see Ref. [33]. Indeed, considering the
nature and scale of atmospheric interventions that any CE entails,
its distributional consequences cut across national and subnational
boundaries. In essence, any CE, including SAG, will likely produce
negative transboundary externalities for some actors, even while
producing positive transboundary externalities for others.

4. Climate engineering and its distributional consequences

4.1. Background on debate over CE

The debates over the use of one or more the CE technologies as a
way of keeping the global average temperature well below 2 �C
have intensified in recent times (Irvine et al., 2019; [34]. The Na-
tional Academies of Sciences, Engineering, and Medicine has
commissioned a study to develop a research agenda and recom-
mend research governance approaches for climate intervention
strategies that reflect sunlight to cool Earth.8 Equally important, the
government of Switzerland introduced a resolution at the UN
Environment Assembly in Kenya in March 2019, calling for an
assessment of the potential methods and governance frameworks
for each one by August 2020.9 While the scholars of CE recognize
the risks linked to its deployment, they also argue for comparing
those risks to the near certain and staggering costs that cata-
strophic climate change will impose (e.g. Ref. [35]; for an expla-
nation of risk-risk tradeoff framework, see, [36]. Because the need
to avoid catastrophic climate change is regarded as a collective
global responsibility, some scholars consider the deployment of
SAG, and CE more generally, to that end as an act of public interest
[37].10 Others, such as the writers of the “Oxford Principles” for
governance of CE, argue that CE be provided as a public good [3,29].
However, critics of this approach have argued that a public goods-
framing of CE is misleading, because it marginalizes ethical and
distributional concerns [4,38].

What this debate largely overlooks, however, is the technical
definition of public good that refers to the good’s non-excludability
and non-rivalry. By disentangling the technical details of what it
means to be a public good and focusing on the production and

https://www8.nationalacademies.org/pa/projectview.aspx?key=51415
https://www8.nationalacademies.org/pa/projectview.aspx?key=51415
https://www.climatechangenews.com/2019/02/26/swiss-push-talk-geoengineering-goes-sci-fi-reality/
https://www.climatechangenews.com/2019/02/26/swiss-push-talk-geoengineering-goes-sci-fi-reality/
https://www.theguardian.com/environment/2017/mar/24/us-scientists-launch-worlds-biggest-solar-geoengineering-study
https://www.theguardian.com/environment/2017/mar/24/us-scientists-launch-worlds-biggest-solar-geoengineering-study
https://www.theguardian.com/environment/2017/mar/24/us-scientists-launch-worlds-biggest-solar-geoengineering-study
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provisioning processes associated with SAG (as a proxy for this and
other CE interventions), we highlight the difficulties in imple-
menting an international governance system that both effectively
regulates the public goods-aspects of SAG and ensures an equitable
distribution of its costs and benefits (see also [39]. We further argue
that analyses of climate SAG cannot be done in isolation of its in-
teractions with other parts of climate system, such as potential
impacts on seasonal monsoons or other regularized climate
phenomena.

4.2. Background on SAG

Before going further, however, it is important to emphasize that
while robust modeling research programs for developing SAG
technologies exist, to date, SAG exists only as a future theoretical
possibility [40].11 Nonetheless, the policy debates over SAG gover-
nance are ongoing and, for themost part, the discussion is driven by
its purported positive attributes like its purpose-driven, inten-
tional, and global-scale deployment. Scrutinizing the public good
nature of SAG requires a careful analysis of the attributes of the
good being produced or provided [7].

SAG entails injecting sulfate particles into the stratosphere,
which is a layer of the atmosphere that begins between 10 and
18 km above the surface. The injected particles are expected to
scatter and reflect solar radiation, which will increase the planetary
reflectivity and lead to cooling of earth’s atmospheric temperatures
[41]. This technique is often likened to the natural processes of large
volcanic explosions, which also produce similar effects of sulfate
injections followed by the cooling effects. The injected aerosol
particles are expected to have a lifetime of 1e3 years, which ne-
cessitates the re-injection of stratospheric aerosol over long periods
of time tomaximize the desired cooling effect. An early termination
of stratospheric sulfate injections is likely to cause a rapid warming,
which is often referred to as ‘termination shock’ [41].

Two features related to the input and output ends of SAG merit
specific attention. First, in the context of the global interventions,
SAG can be carried out at relatively low cost compared to other
climate change adaptation or mitigation strategies. We focus on the
cost aspect of SAG when developing the theoretical model of goods
production and provisioning to note that, among other possibilities,
its relative low-cost deployment makes it susceptible to provi-
sioning by both state and non-state actors. Second, SAG is likely to
lead to significant changes in global hydrological cycles, the effects
of which will vary significantly between land and sea surfaces, as
well as across different regions with distinct climactic conditions
[31,42,43]. We therefore also focus on the effects of the hydrological
cycle to emphasize the asymmetric distributional impacts of SAG,
which will locally produce positive or negative impacts depending
on the status quo climactic conditions in a region, as well as,
ironically, that region’s ability to adapt to changes caused by SAG.

To understand the distributional impacts of SAG as a public
good, we first identify the mechanisms through which its produc-
tion and provision take place. The purpose of our exercise is to
establish bounds of externality costs (or benefits) and demonstrate
the potential for either negative impacts to a wide range of actors,
or in the extreme to demonstrate the possibility for net negative
social welfare. The primary theoretical questions are two-parts. 1)
Is SAG a positive-externality public good, a negative-externality
public good, or a combination of positive- and negative-
externality producing public good (or, indeed, a public good at
all?). 2) What are the general externality costs relative to the direct
11 Calculating the true costs and benefits is beyond the scope of our theoretical
argument here.
benefits and costs from SAG12?

5. SAG and its provisioning: insights from public goods theory

5.1. Is SAG a public good?

To begin exploring question 1, SAG is generally viewed as
meeting the technical definition of a public good, since its impacts
are non-excludable and non-rivalrous at the stratospheric level
[44]. We first turn to identifying the positive and negative exter-
nalities expected with likely SAG interventions by disentangling
the production and provisioning processes associated with public
goods.

According to V. [24]; it may be the case that the externalities of a
good are different during its production than from its provision
such that the nature of the good itself might be different. In the
example of the aerosol spray, its production is likely best handled
by a private firm precisely because it is a rivalrous good that is
relatively excludable in production (i.e. it produces relatively few
positive or negative externalities in its production)da classic pri-
vate good scenario in which markets are fully capable of ensuring
efficient production. Indeed, the nature of SAG as a private good in
production is one of the factors that makes it relatively low cost to
produce since the transactions costs of preventing free riders in its
production are virtually nonexistent [45]. For a free rider in pro-
duction to exist, someonewould have to be exposed to externalities
from the good without participating in its production; however,
exclusion costs are so low as to make this scenario trivial.

However, after being produced, the aerosol is then provided into
the stratosphere, as part of a large-scale field experiment or
deployment, at which point its externalities are highly non-
excludable and non-rivalrous. What was a private good in pro-
duction becomes a public good in provision; one that is as close to a
theoretical ‘pure’ public good as any engineered good we can
imagine. This provisioning process is what proponents of SAG
generally focus on and label SAG as a public good. Nonetheless, the
production and provision of collective goods like SAG are distinct
processes that result in efficiencies at potentially different scales of
organization, depending on the externalities. This is an important
insight since many SAG proponents typically view the good as a
unidimensional public good, which itself may not be the case.

5.2. The costs of SAG provision

Recall previously we noted that two issues regarding SAG are
salient for our theoretical developmentdthat it can be provided at
relatively low cost and that its provision asymmetrically impacts
hydrological cycles across geospatial regions [31,46,47]. The low
cost of physically distributing the aerosol into the stratosphere
(provision) is itself partly a function of the low cost of pro-
ductiondpotentially low enough for an individual or an individual
nation to take upon itself to provide, if that individual or individual
nation believes its individual benefits from climate change miti-
gation outweigh its individual costs of SAG-provision. An IPCC
report, for example, suggest that the injection of 10 million tons of
sulfur annually into the stratosphere is likely to produce the effect
of reversing fully the atmospheric warming caused by the doubling
12 The net effect of SAG would depend on the total amount of aerosol, the size of
aerosol particles. While aerosol particles scatter radiation in the visible band, they
also absorb some solar and thermal radiations, which results in atmospheric
heating [27].
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of the CO2 concentration as compared to the pre-industrial era.13

Aerosol injections of this magnitude could be accomplished on
the order of a cost of USD 1e10 billion that is estimated to be the
cost of injecting one mega-ton of material per year [41]. These low
costs are relatively easily born by individual nations or non-state
actors, such that economic factors are unlikely to motivate actors
to seek international cooperation, which triggers concerns about
the risks of rogue non-state actors acting unilaterally to deploy SAG.

Such possibilities of rogue action are of great consequence,
especially considering the risks of termination shocks14 once a SAG
intervention has been set inmotion. Furthermore, such possibilities
are not just theoretical, despite recent commentary to the contrary
[48,49]das recently as 2012 a businessman from California dum-
ped in excess of 100 tons of iron dust into the Pacific Ocean in a self-
described “state-of-the-art study” to experiment with the geo-
engineering principle of iron fertilization in which, theoretically,
plankton blooms living off the produced iron oxide can sequester
large amounts of carbon [50]. This makes collaborative interna-
tional governance and regulation of SAG necessary, but difficult to
enforce [36,51,52].

When the benefits to an individual or a group of actors of
providing a collective good outweigh the costs, they will provide
the collective good regardless of the presence of free-riders [10].
Since the costs of SAG provisioning are low, the benefits to an in-
dividual (nation) need not be particularly high for an individual
(nation) to privately provide SAG regardless of the externalities it
produces. Thus, if the individual provider believes that SAG is a
public ‘good’ in the sense that it produces only positive external-
ities, because the rhetoric of CE debates emphasizes this view, it is
possibledor likelydthat s/he will provide SAG without seeking
international consensus precisely because s/he will view its pro-
vision as strictly Pareto-improving.

Herein lies the crux of our argument: If SAG produces differential
externalities, including negative costs borne by some regions, na-
tions, or individual actors, then such a rosy-view of SAG as in the
public interest could obfuscate complex distributional issues associ-
ated with SAG’s deployment. While inadvertent misunderstandings
of the rhetoric of (in the) public good is relatively innocuous, some
strategic actors who stand to benefit from the deployment of SAG
could also use the rhetoric of in the public interest to mask other in-
tentions. Whether or not SAG is a public good in the technical sense
has no direct bearing onwhether or not it is Pareto-improving at the
least, or, in the extreme, results in net social welfare loss [33].

This becomes clear when incorporating the asymmetrical im-
pacts on regional hydrological cycles that any large-scale SAG
project would create [42,43,47].

5.3. Hydrological cycles and SAG

Climate patterns are notoriously difficult to predict given the
complexity of global atmospheric and stratospheric dynamics.
When discussing the need for mitigation strategies, IPCC reports
frequently discuss how climate change itself will produce unpre-
dictable regional impactsdwhile the average global temperature
may increase, so too will extreme weather events, though it is
unpredictable where these extreme weather events will occur (for
13 A termination shock occurs when SAG has been implemented and then sud-
denly is stopped. Previously trapped carbon is released as a shock, rather than a
slow release [55].
14 There is another theoretical possibility, which we ignore here, in which climate
change would not happen in any situation, but SAG is still provided. In this case, the
externality costs of SAG would be relative to a climate-changeless world. However,
given the of debate over SAG presumes a world with climate change, we do not feel
such an analysis is fruitful.
an opposing view see Ref. [2]. Similarly, SAG will produce unpre-
dictable shifts in regional hydrological cycles that are likely to
change monsoonal conditions, and potential non-linear effects
about which we know little at present [40]; Robock 2016; [53].
These shifts are most likely to disproportionately impact already
marginalized communities.

Most climate models predict that a warmed climate is likely to
make wet areas wetter and dry areas drier [31,41]. The SAG in-
terventions, as can be expected, are likely to modulate the effects of
atmospheric warming, which means that many regions in the
world are likely to see reduced precipitation. One recent study
predicts a “robust and significant decrease of monsoonal precipi-
tation over land for East Asia (6%), North America (7%), South
America (6%), and South Africa (5%), and a robust but not significant
decrease of 2% over India” [31]; 11054). Based on an analysis of
precipitation and streamflow records from 1950 to 2004, linked to
the effects of volcanic eruptions from El Chicho’n in March 1982
and Pinatubo in June 1991, Trenberth and Dai suggest that “major
adverse effects, including drought, could arise from geoengineering
solutions” [54]; 1).

While the research on climatemodeling of Monsoons, especially
in the wake of climate change, is in its nascent stages [55], it is
reasonable to argue that SAG is likely to have different inter-
regional impacts (Ricke et al., 2013; [40]. More specifically, land-
locked dryland regions in Asia and Africa, inhabited by large pop-
ulations of socially and politically marginalized communities, are
likely to be bear the brunt of adverse impacts of SAG. On the other
hand, SAG is certainly likely to help control sea-level rise, thereby
effectively avoiding the harm that climate change is likely to cause
to coastal infrastructure concentrated in some of the wealthiest
cities of the world. It is worth noting that even in poor countries,
coastal cities are often the wealthiest regions within the country,
while the poorest regions are often located inland. It is therefore
possible, indeed likely, that SAG simply shifts the costs of climate
adaptation from the wealthy to the poor intra-nationally and inter-
nationally; the distributional consequences of SAG are likely
aligned with the skewed concentration of political and economic
power in the status quo.

Our answer to the question 1 posed above (what type of
externality-producing public good is SAG?) is that SAG is a non-
rivalrous and non-excludable good at the point of provision and,
therefore, is a public good; however, its provision results in neither
strictly positive externalities nor strictly negative externalities.
Instead, the provision of SAG is best thought of as resulting in
asymmetrically distributed positive and negative externalities and
cannot, therefore, be assumed to be strictly Pareto-improving,
except for under some specific and restrictive modeling condi-
tions that are unlikely to be replicated in the real world. As a result,
SAG should not be referenced in relation to “the public good”, even
if it is a public good, without first clearly establishing the relative
benefits and costs of those heterogeneous externalities and
weighing the appropriateness of these and other equity concerns.
This concern is further exacerbated because of its low costs of
production and provision., The temptation for individual actors to
unilaterally provide SAG without the consensus of an international
agreement is real, the impacts of which could be devastating in
some places. Proponents of SAG or other large-scale CE in-
terventions, therefore, must change the rhetoric from one that
equates a public good with the public interest, to one that carefully
examines the range of regional and localized costs and benefits that
will result from unilateral or collective action on its provision.

5.4. Externality costs of SAG

The presence of asymmetrical externality costs is not in-itself
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sufficient to argue for or against the provision of SAG. Instead, a full
cost-benefit analysis would need to be conducted to account for the
individual regional/sub-national costs and benefits in order to
determine if the aggregate benefits of climate change-avoidance
still outweigh its aggregate costs. If indeed SAG is net cost-
beneficial, then it still may be normatively justifiable so long as
reasonable compensation schema can be developed to ensure that
those most vulnerable to its negative externalities are ultimately
not made worse-off by its provisioning, a Kaldor-Hicks styled
compensation [3]. Such a comprehensive cost-benefit analysis is
beyond the scope of our current analysis; however, to get at our
second question (what are the relative externality costs of SAG?)
we can sketch out the basic outline of what an analysis would look
like and still draw theoretical bounds for outcome scenarios.

The direct benefits and the externality costs from SAG can be
aggregated at international, national, and sub-national levels. At
each such level, the benefits from SAG are equal to the prevented
economic costs of climate change attributable to the specific SAG
intervention plus the additional economic benefits from the op-
portunities that climate change prevention creates within the
specific jurisdictional level. Though it is likely that climate change
will have positive economic benefits for some nations or sub-
national units [56]; Bonch et al., 2016), it is reasonable for us to
assume that the economic costs from climate change outweigh the
costs from mitigation and adaptation policies at the international
level (indeed, without that assumption there would be neither a
normative nor a positive justification for a SAG intervention in the
first place).

The externality costs from SAG are simply the additional costs
from SAG to each jurisdictional level relative to a world with
climate change15. Notice that a jurisdiction could have a net benefit
from SAG, but still incur externality costs. If this occurs at any level,
then policymakers might consider ways to offset those costs or
compensate actors harmed by redirecting some of the benefits
accrued to other actors. To further complicate matters is the
observation that for some nations or sub-national units, climate
change would be net costly relative to no climate change, but a SAG
intervention that lessened monsoons may be either more or less
costly than the impacts of climate change, depending on the spe-
cific ecological, institutional, and technological characteristics of
that nation or sub-national unit.

Given the heterogeneity of costs and benefits to national and
subnational (or non-state) actors, it is likely that SAG benefits some
and harms others, both relative to a world with climate change and
a world without climate change [57]. However, the actors who
stand to benefit from SAG have an asymmetrical advantage to
provide it, relative to actors who wish to prevent its provision. This
is seen by examining the relative costs of provisioning against the
costs of organizing to prevent provisioning. As noted previously,
the relatively low cost of provisioning makes it an easy task for an
individual or individual country to undertake. However, actors
harmed by SAG cannot simply provide a substitute good at an
equally low cost; instead, they must organize politically to argue
against SAG in order to prevent its provision. These actors (coun-
tries, subnational units, or individuals) face large transactions costs
in collectively acting to prevent its implementation, which puts
them at an asymmetrical disadvantage to beneficiaries and also
places the burden of proof on these disadvantaged actors. Given the
large uncertainty that plagues many aspects of climate change
debates, but particularly for the discussions of untried and theo-
retical interventions like SAG, these costs of collective action are
even higher than they would be under perfect information. If
monsoonal-dependent regions are indeed the most likely to be
negatively impacted by SAG and these regions are already political
disadvantaged intra- and inter-nationally, then an obvious
environmental or climate injustice emerges.
If SAG is highly likely to occur, then it is still the case that its

differential externalities (i.e. increased costs from diminished
monsoons in some cases) could be effectively compensated for in
myriad ways, including through a wealth transfer from those who
stand to benefit from SAG (wealthy nations internationally or
wealthy cities intra-nationally) to those who will bear the costs
(poorer nations internationally or poorer regions intra-nationally).
Such compensation schema are unlikely to be developed ex post to
a SAG intervention as an individual actor need only care about the
net benefits to itself (either national or individual). Hence, there is a
danger in a well-intentioned, but lone state- or non-state ‘entre-
preneur’ who provides SAG based on the individual net benefits it
receives. Given the uncertainty over the impacts of hydrological
changes in regional or local weather patterns, it is imperative that
the provision of SAG take place via international consensus where
compensation arrangements can be ex ante negotiated; otherwise,
SAG is likely to exacerbate the same environmental injustices of
climate change that geoengineering is purportedly designed to
solve.

6. Discussion and conclusions

Nothing in our argument should be taken to mean that CE in-
terventions like SAG will not ultimately be in the public interest.
However, whether that is the case requires a careful calculation of
the attendant aggregate benefits of climate mitigation relative to
the various individual costs such an intervention places on a diverse
set of global actors. Given the incentives of individuals to act
outside of the international environmental consensus, it is crucial
that these real costs and benefits are fully understood. We believe
that the theories of political-economy have much to offer in this
endeavor and future work will continue to push practitioners,
scholars, and proponents towards a nuanced explication of the full
range of benefits and costs such interventions entail.

The situation of uncertain and new climate interventions is even
further exacerbated by arguments that focus solely on the aggre-
gate benefits or costs from these interventions. If a subnational or
national jurisdiction will be negatively impacted by such an inter-
ventiondrelative to aworld with or without climate changedthen,
currently, the onus of proof falls on these actors to demonstrate
why, given the aggregate benefits, the intervention should not take
place. However, these actors are naturally disadvantaged by their
bargaining positiondcosts are uncertain and transactions costs of
collectively acting are high. This is a normative dilemma in these
interventions in that the actors most negatively impacted by CE are
precisely the actors already most disadvantaged in national and
international negotiations to begin with. Rich countries can miti-
gate the impacts of CE in the same way rich countries (or regions)
can mitigate the impacts of climate change. Poor countries (or re-
gions) are reliant on the decisions made by autonomous actors and
international organizations and must bear the costs of those de-
cisions without input. In essence, the same environmental and
climate justice problem that CE could help solve, as some have
argued [58], can actually be exacerbated by CE interventions. Any
international governance system must take this asymmetrical sit-
uation into account.

Our recommendation for CE is simple: Take the considerations
of marginalized or economically disadvantaged nations and regions
seriously. Our purpose in this paper was not to provide specific
recommendations for how best to implement CE, but rather to
simply lay out the theoretical foundations for why the status quo
debate over CE is falling short of its promise to bring true envi-
ronmental justice to international climate debates. International
actors must recognize the complexities of asymmetrical impacts
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from CE interventions when negotiating solutions for climate
change and must be proactive in agreeing to institutions regulating
the use of SAG before individual nations or subnational actors take
it upon themselves. In this context, we support the various ongoing
efforts and recommendations to deliberate over and develop CE
governance arrangements, including anticipatory governance
mechanisms [27,36,59]. Furthermore, scholars must use phraseol-
ogy like ‘public goods’with caution and not without specifying that
even public goods are frequently bad, especially for subgroups of
individuals.

Given the complex and multifaceted externalities and impacts
of SAG, it is increasingly important that advocates and opponents
alike understand the language used to debate the usefulness of SAG
in mitigating climate change (see also [51]. While proponents
frequently invoke SAG or CE more generally as a public good or in
the public interest (for a counter-point see Ref. [52], both of these
claimsdwhich are themselves quite different statementsddeserve
serious scrutiny by scholars. We used CE as a motivating example
precisely because it is an important contemporary debate; how-
ever, we believe the underlying arguments put forth regarding
heterogeneous externalities and public goods are relevant for
refining theoretical expectations and empirical studies on a wide-
range of topics involving public goods.

As a general point, we believe political scientists and policy
scholars too often confound public goods with public projects.
However, we focused here on bringing in an understanding of
heterogeneous externalities, rather than on critiquing this con-
founding. This was intentional in order to highlight how the wide-
spread assumption that public goods are strictly beneficial skews
important political debates and limits scholarly ability to fully
assess the costs and benefits of engaging in public goods provi-
sioning. The assumption that public goods make everyone better-
off is too simplistic for salient models of policymaking and hin-
ders further theoretical development. We hope that in highlighting
the heterogeneity of externalities that public goods produce,
scholars will pay more attention to both the positive and negative
aspects of any goods production or provision.

Acknowledgements

Authors have benefited from inputs by Benjamin Farrer, Joshua
Horton, David Morrow, Ken Conca, and Ted Parsons. Prakash
Kashwan’s work on this was a result of his membership of the
Academic Working group on the Governance of Climate Geo-
engineering, organized by the Forum for Climate Engineering
Assessment (FCEA).

References

[1] Anastasia Revokatova, Heleen de Coninck, Piers Forster, Veronika Ginzburg,
Jatin Kala, Diana Liverman, Maxime Plazzotta, S�ef�erian Roland, Sonia
I. Seneviratne, Sillmann Jana, Cross-Chapter Box 10 | Solar Radiation Modifi-
cation in the Context of 1.5�C Mitigation Pathways In: global Warming of
1.5�C. An IPCC Special Report on the impacts of global warming of 1.5�C above
pre-industrial levels and related global greenhouse gas emission pathways, in
The Context of Strengthening the Global Response to the Threat of Climate
Change, Sustainable Development, and Efforts to Eradicate poverty, in:
V. Masson-Delmotte, P. Zhai, H.-O. P€ortner, D. Roberts, J. Skea, P.R. Shukla,
A. Pirani, W. Moufouma-Okia, C. P�ean, R. Pidcock, S. Connors, J.B.R. Matthews,
Y. Chen, X. Zhou, M.I. Gomis, E. Lonnoy, Maycock, M. Tignor, T. Waterfield
(Eds.), World Meteorological Organization, Geneva, Switzerland, 2018.

[2] Douglas MacMartin, G. Katharine L Ricke, David W. Keith, Solar geo-
engineering as part of an overall strategy for meeting the 1.5 C Paris target,
Phil. Trans. R. Soc. A 376 (2018) 20160454.

[3] Steve Rayner, Heyward Clare, Tim Kruger, Nick Pidgeon, Catherine Redgwell,
Julian Savulescu, The oxford principles, Clim. Change 121 (2013) 499e512.

[4] Stephen M. Gardiner, Why geoengineering is not a ‘global public good’, and
why it is ethically misleading to frame it as one, Clim. Change 121 (2013)
513e525.

[5] Richard A. Musgrave, The Theory of Public Finance, McGraw-Hill, New York,
1959.
[6] Paul Samuelson, The pure theory of public expenditure, Rev. Econ. Stat. 36

(1954) 387e389.
[7] Elinor Ostrom, How types of goods and property rights jointly affect collective

action, J. Theor. Politics 15 (3) (2003) 239e270.
[8] Vincent Ostrom, Elinor Ostrom, Public goods and public choices, in: E.S. Savas

(Ed.), Alternatives for Delivering Public Services: toward Improved Perfor-
mance, Westview Press, Boulder, CO, 1977.

[9] Richard Cornes, Todd Sandler, The Theory of Externalities, Public Goods, and
Club Goods, Cambridge University Press, New York, 2003.

[10] Mancur Olson, The Logic of Collective Action: Public Goods and the Theory of
Groups, Harvard University Press, Cambridge, 1965.

[11] Joep Sonnemans, Schram Arthur, Theo Offerman, Public good provision and
public bad prevention: the effect of framing, J. Econ. Behav. Organ. 34 (1998)
143e161.

[12] Kenneth S. Chan, Stuart Mestelman, Robert Moir, R. Andrew Muller, Hetero-
geneity and the voluntary provision of public goods, Exp. Econ. 2 (1999) 5e30.

[13] Urs Fischbacher, Simon Gaechter, Social preferences, beliefs, and the dy-
namics of free riding in public goods experiments, Am. Econ. Rev. 100 (2010)
541e556.

[14] Alberto Alesina, Reza Baqir, William Easterly, Public goods and ethnic di-
visions, Q. J. Econ. 114 (1999) 1243e1284.

[15] Kate Baldwin, John D. Huber, Economic versus cultural differences: forms of
ethnic diversity and public goods provision, Am. Pol. Sci. Rev. 104 (2010)
644e662.

[16] James Habyarimana, Macartan Humphreys, Daniel N. Poser, Jeremy
M. Weinstein, Why does ethnic diversity undermine public goods provision?
Am. Pol. Sci. Rev. 101 (2007) 709e725.

[17] Yuhki Tajima, Krislert Samphantharak, Kai Ostwald, Ethnic segregation and
public goods: evidence from Indonesia, Am. Pol. Sci. Rev. 122 (2018) 637e653.

[18] Jessica Trounstine, Segregation and inequality in public goods, Am. J. Pol. Sci.
60 (2016) 709e725.

[19] James C. Cox, Elinor Ostrom, Vjollca Sadiraj, James M. Walker, Provision versus
appropriation in symmetric and asymmetric social dilemmas, South. Econ. J.
79 (2013) 496e512.

[20] Benjamin A. Olken, Direct democracy and local public goods: evidence from a
field experiment in Indonesia, Am. Pol. Sci. Rev. 104 (2010) 243e267.

[21] Lily L. Tsai, Solidarity groups, informal accountability, and local public goods
provision in rural China, Am. Pol. Sci. Rev. 101 (2007) 355e372.

[22] Elinor Ostrom, Governing the Commons: the Evolution of Institutions for
Collective Action, Cambridge University Press, New York, 1990.

[23] Rosolino A. Candela, Vincent J. Geloso, The lightship in economics, Public
Choice 176 (2018) 479e506.

[24] Vincent Ostrom, Charles M. Tiebout, Robert Warren, The organization of
government in metropolitan areas: a theoretical inquiry, Am. Pol. Sci. Rev. 55
(4) (1961) 831e842.

[25] Daniel H. Cole, Advantages of a polycentric approach to climate change policy,
Nat. Clim. Chang. 5 (2015) 114e118.

[26] Andrew J. Jordan, Dave Huitema, Mikael Hild�en, Tim J. Rayner Harro van
Asselt, Jonas J. Schoenefeld, Jale Tosun, Johanna Forster, L. Elin, Boasson,
Emergence of polycentric climate governance and its future prospects, Nat.
Clim. Chang. 5 (2015) 977e982.

[27] Simon Nicholson, Sikina Jinnah, Alexander Gillespie, Solar Radiation Man-
agement: A Proposal for Immediate Polycentric Governance, 2018.

[28] Elinor Ostrom, Nested externalities and polycentric institutions: must we wait
for global solutions to climate change before taking actions at other scales? in:
Graciela Chichilnisky, Armon Rezai (Eds.), The Economics Of the Global Envi-
ronment. Studies in Economic Theory 29 Springer, Cham, 2016.

[29] Royal Society, Geoengineering the climate: science, governance and uncer-
tainty, Available at, https://eprints.soton.ac.uk/156647/, 2009. (Accessed 24
June 2017).

[30] David Morrow, Toby Svoboda, Geoengineering and non-ideal theory, Public
Aff. Q. 30 (1) (2016) 85e104.

[31] Simone Tilmes, John Fasullo, Jean-Francois Lamarque, Daniel R. Marsh,
Michael Mills, Kari Alterskjær, Helene Muri, J�on E. Kristj�ansson,
Olivier Boucher, Michael Schulz, The hydrological impact of geoengineering in
the geoengineering model intercomparison project (geomip), J. Geophys. Res.:
Atmosphere 118 (2013).

[32] Alan Robock, Kirsten Jerch, Bunzl Martin, 20 reasons why geoengineering may
Be a bad idea, Bull. At. Sci. 64 (2008) 14e59.

[33] Benjamin Farrer, Robert Holahan, Olga Shvetsova, Accounting for heteroge-
neous private risks in the provision of collective goods, J. Econ. Behav. Organ.
133 (2017) 138e150.

[34] Sikina Jinnah, Simon Nicholson, David Morrow, Zachary Dove, Wapner Paul,
Valdivia Walter, Leslie Paul Thiele, Catriona McKinnon, Andrew Light,
Myanna Lahsen, Kashwan Prakash, Aarti Gupta, Alexander Gillespie,
Richard Falk, Ken Conca, Dan Chong, Netra Chhetri, Governing climate engi-
neering: a proposal for immediate governance of solar radiation management,
Sustainability (2019).

[35] Scott Barrett, The incredible economics of geoengineering, Environ. Resour.
Econ. 39 (2008) 45e54.

[36] N. Chhetri, D. Chong, K. Conca, R. Falk, A. Gillespie, A. Gupta, S. Jinnah,
P. Kashwan, M. Lahsen, A. Light, Governing Solar Radiation Management,
Forum For Climate Engineering Assessment, American University, Washington,
2018.

http://refhub.elsevier.com/S2589-7918(19)30012-X/sref1
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref1
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref1
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref1
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref1
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref1
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref1
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref1
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref1
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref1
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref1
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref1
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref1
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref1
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref1
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref1
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref1
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref1
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref1
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref2
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref2
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref2
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref3
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref3
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref3
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref4
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref4
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref4
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref4
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref5
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref5
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref6
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref6
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref6
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref7
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref7
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref7
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref8
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref8
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref8
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref9
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref9
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref10
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref10
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref11
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref11
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref11
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref11
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref12
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref12
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref12
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref13
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref13
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref13
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref13
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref14
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref14
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref14
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref15
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref15
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref15
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref15
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref16
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref16
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref16
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref16
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref17
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref17
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref17
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref18
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref18
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref18
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref19
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref19
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref19
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref19
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref20
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref20
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref20
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref21
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref21
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref21
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref22
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref22
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref23
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref23
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref23
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref24
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref24
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref24
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref24
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref25
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref25
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref25
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref26
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref26
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref26
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref26
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref26
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref26
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref27
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref27
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref28
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref28
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref28
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref28
https://eprints.soton.ac.uk/156647/
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref30
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref30
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref30
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref31
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref31
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref31
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref31
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref31
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref31
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref31
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref32
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref32
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref32
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref33
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref33
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref33
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref33
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref34
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref34
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref34
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref34
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref34
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref34
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref35
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref35
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref35
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref36
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref36
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref36
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref36


R. Holahan, P. Kashwan / Global Transitions 1 (2019) 132e140140
[37] Kevin Bullis, Geoengineering could Be essential to reducing the risk of climate
change, MIT Technol. Rev. (2012). Available at, https://www.
technologyreview.com/s/506256/geoengineering-could-be-essential-to-
reducing-the-risk-of-climate-change.

[38] William C.G. Burns, Climate geoengineering: solar radiation management and
its implications for intergenerational equity, Stanf. J. Law, Sci. Policy 37 (2011)
38e55.

[39] Daniel Bodansky, What’s in a concept? Global public goods, international law,
and legitimacy, Eur. J. Int. Law 23 (2012) 651e668.

[40] Douglas MacMartin, G. Ben Kravitz, Jane Long, Philip J. Rasch, Geoengineering
with stratospheric aerosols: what do we not know after a decade of research?
Earth’s Future 4 (2016) 543e548.

[41] Peter J. Irvine, Ben Kravitz, Mark G. Lawrence, Helene Muri, An overview of
the Earth system science of solar geoengineering, WIRES Clim. Change 7
(2016) 815e833.

[42] G. Bala, P.B. Duffy, K.E. Taylor, Impact of geoengineering schemes on the global
hydrological cycle, Proc. Natl. Acad. Sci. 105 (2008) 7664e7669.

[43] Peter J. Irvine, Ryan L. Sriver, Klaus Keller, Tension between reducing sea-level
rise and global warming through solar-radiation management, Nat. Clim.
Chang. 2 (2012) 97e100.

[44] David Morrow, Why geoengineering is a public good, even if it is bad, Clim.
Change 123 (2014) 95e100.

[45] Ronald Coase, The problem of social cost, J. Law Econ. 3 (1960) 1e44.
[46] Katharine L. Ricke, M. Granger Morgan, Myles R. Allen, Regional climate

response to solar-raditaion management, Nat. Geosci. 3 (2010) 537e542.
[47] Aditya Nalam, Govindasamy Bala, Angshuman Modak, Effects of arctic geo-

engineering on precipitation in the tropical monsoon regions, Clim. Dyn.
(2018) 1e21.

[48] Edward A. Parson, Climate engineering in global climate governance: impli-
cations for participation and linkage, Transnatl. Environ. Law 3 (2014)
89e110.

[49] Jesse L. Reynolds, Andy Parker, Irvine Peter, Five solar geoengineering tropes
that have outstayed their welcome, Earth’s Future 4 (2016) 562e568.
[50] Henry Fountain, A rogue climate experiment outrages scientists, N. Y. Times
(2012). Available online at, https://www.nytimes.com/2012/10/19/science/
earth/iron-dumping-experiment-in-pacific-alarms-marine-experts.html.

[51] Phil Macnaghten, Bronislaw Szerszynski, Living the Global Social Experiment:
an analysis of public discourse on geoengineering and its implications for
governance, Glob. Environ. Chang. 23 (2013) 465e474.

[52] Bronislaw Szerszynski, Matthew Kearnes, Phil Macnaghten, Richard Owen,
Stilgoe Jack, Why solar radiation management geoengineering and democracy
won’t mix, Environ. Plan. 45 (2013) 2809e2816.

[53] Ken Caldeira, Govindasamy Bala, Reflecting on 50 years of geoengineering
research, Earth’s Future 5 (2017) 10e17.

[54] Kevin E. Trenberth, Aiguo Dai, Effects of Mount Pinatubo volcanic eruption
and the hydrological cycle as an analog of geoengineering, Geophys. Res. Lett.
34 (2007).

[55] Akihiko Ito, Solar radiation management and ecosystem functional responses,
Clim. Change 142 (2017) 53e66.

[56] John Reilly, Climate change and global agriculture: recent findings and issues,
Am. J. Agric. Econ. 77 (1995) 727e733.

[57] Christopher H. Trisos, Giuseppe Amatulli, Jessica Gurevitch, Alan Robock,
Lili Xia, Brian Zambri, Potentially dangerous consequences for biodiversity of
solar geoengineering implementation and termination, Nat. Ecol. Evol. (2018).

[58] Christopher J. Preston, Climate Justice and Geoengineering: Ethics and Policy
in the Atmospheric Anthropocene, Rowman & Littlefield International, 2016.

[59] Edward A. Parson, Opinion: climate policymakers and assessments must get
serious about climate engineering, Proc. Natl. Acad. Sci. 114 (2017)
9227e9230.

[60] Martin L. Weitzman, A voting architecture for the governance of free-driver
externalities, with application to geoengineering, Scand. J. Econ. 117 (2015)
1049e1068.

[61] Edward Buckley, Rachel Croson, Income and wealth heterogeneity in the
voluntary provision of linear goods, J. Public Econ. 90 (2006) 935e955.

[62] Roberto M. Burlando, Francesco Guala, Heterogeneous agents in public goods
experiments, Exp. Econ. 8 (2005) 35e54.

https://www.technologyreview.com/s/506256/geoengineering-could-be-essential-to-reducing-the-risk-of-climate-change
https://www.technologyreview.com/s/506256/geoengineering-could-be-essential-to-reducing-the-risk-of-climate-change
https://www.technologyreview.com/s/506256/geoengineering-could-be-essential-to-reducing-the-risk-of-climate-change
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref38
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref38
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref38
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref38
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref39
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref39
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref39
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref40
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref40
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref40
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref40
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref41
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref41
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref41
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref41
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref42
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref42
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref42
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref43
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref43
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref43
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref43
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref44
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref44
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref44
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref45
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref45
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref46
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref46
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref46
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref47
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref47
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref47
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref47
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref48
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref48
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref48
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref48
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref49
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref49
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref49
https://www.nytimes.com/2012/10/19/science/earth/iron-dumping-experiment-in-pacific-alarms-marine-experts.html
https://www.nytimes.com/2012/10/19/science/earth/iron-dumping-experiment-in-pacific-alarms-marine-experts.html
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref51
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref51
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref51
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref51
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref52
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref52
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref52
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref52
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref53
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref53
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref53
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref54
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref54
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref54
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref55
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref55
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref55
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref56
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref56
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref56
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref57
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref57
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref57
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref58
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref58
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref58
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref59
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref59
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref59
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref59
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref60
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref60
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref60
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref60
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref61
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref61
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref61
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref62
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref62
http://refhub.elsevier.com/S2589-7918(19)30012-X/sref62

	Disentangling the rhetoric of public goods from their externalities: The case of climate engineering
	1. Introduction
	2. Public goods and externalities
	2.1. Defining public goods
	2.2. An externality-focused framework of public goods
	2.3. The production and provisioning of public goods from an externality-perspective

	3. Tying the theory of public goods to stratospheric aerosol geoengineering (SAG)
	4. Climate engineering and its distributional consequences
	4.1. Background on debate over CE
	4.2. Background on SAG

	5. SAG and its provisioning: insights from public goods theory
	5.1. Is SAG a public good?
	5.2. The costs of SAG provision
	5.3. Hydrological cycles and SAG
	5.4. Externality costs of SAG

	6. Discussion and conclusions
	Acknowledgements
	References


