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Introduction

In the novel Brave New World, published in 1932, Aldous Huxley builds a narrative around a

future world in which the nation-state has been abolished and replaced by a World State that

uses science and engineering to maintain social stability—the “primal and ultimate need”

(Huxley 1969, 28). In this “Brave New World,” people are biologically manufactured according

to caste, conditioned to seek pleasure rather than meaning in their lives, and habituated to favor

material goods over nature, since “a love of nature keeps no factories busy” (Huxley 1969, 14).

People are happy, but the source of their happiness is artificial. There is no conflict, but people

are not truly free. The Brave New World was created after a terrible calamity, the Nine Years’

War, “when the anthrax bombs were popping all around” (Huxley 1969, 155). As one of the

World Controllers says, “That was when science first began to be controlled. People were ready

to have even their appetites controlled then. Anything for a quiet life. We’ve gone on controlling

ever since” (Huxley 1969, 155).

Though a work of fiction, Huxley’s Brave New World invites the reader to imagine how

science and technology might be used in a distant future when the choices made serve a

utilitarian purpose but also change the relationship humans have with nature, possibly irrev-

ocably. I find it useful background reading for thinking about the long-term implications of

engineering the climate and how deployment of geoengineering might or might not come

about in the first place.

My focus in this article is on solar geoengineering, a technology for deliberately manipulating

the earth’s temperature without altering the atmospheric concentration of greenhouse gases. It can

be thought of as a technique for making the earth’s atmosphere more reflective, with the

objective of “shading” the earth in order to cool it. This technique is generically known as

“solar-radiation management,” or “shortwave radiation management,” or just “SRM” for
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short. However, I find that “geoengineering” is a better term for conveying both the dread and

the wonder that many people feel when they first hear about the idea.

Solar geoengineering’s features and implications are very different from those of another

technique that is sometimes included in the definition of geoengineering (Caldeira, Bala, and

Cao 2013; Klepper and Rickels 2014; Vaughan and Lenton 2011). This is “direct air capture,”

the removal of carbon dioxide (CO2) from the air. One form of this approach, “industrial air

capture,” is particularly interesting. Since industrial air capture can conceivably be scaled to any

level to determine the concentration of greenhouses gases directly, it is the only available

“backstop technology” for addressing climate change. However, the marginal cost of this

form of air capture, though uncertain, is believed to be much higher than most current esti-

mates of the social cost of carbon (Barrett 2009). Thus this technology is unlikely to be deployed

unilaterally on a large scale. Moreover, scaling up would take time, and the climate effects of

using this technology would be identical to limiting concentrations by reducing emissions. For

all these reasons, the governance challenges of industrial air capture are insignificant compared

to those associated with solar geoengineering.1

The solar geoengineering intervention most often mentioned involves injecting sulfate aero-

sols into the stratosphere, but more sophisticated options have also been proposed, ranging

from brightening low-level marine clouds to positioning trillions of reflective “flyers” in space

between the earth and the sun (Caldeira et al. 2013). Since any such deployment is likely many

decades off, it is unclear what the technological possibilities will look like if and when the

technique is first used. What is certain, however, is that this starter technology will change over

time as we tinker with it and apply science and engineering to improve it.

Although a future in which geoengineering might be used would be different from the Brave

New World, I believe that the analogy is useful. For example, in the Brave New World, humans

are engineered to maintain social stability; in a geoengineered world, solar radiation would be

manipulated to maintain climate stability. In the Brave New World, science and technology

were first used after a self-inflicted calamity. In a geoengineered world, aerosol injection might

be used as a “last resort” when “calamitous climate change is near at hand” (Victor et al. 2009).

In the Brave New World, people are protected from old age, depression, and war, but they lack

individual agency and many of the desires, relationships, and experiences that make humans

“human.” In a geoengineered world, nature would be shielded from climate change, but the

environment would cease to be truly “natural.”2

One major difference between these worlds is that technology in the Brave New World is

administered by a World State, whereas geoengineering would be deployed by a single state, or

(more likely) a willing coalition of states, or (perhaps more likely still) multiple states/coalitions

acting independently but necessarily coordinating their geoengineering interventions.

Moreover, rather than being deployed as a response to conflict, the use of geoengineering

may instead serve to stimulate international conflict.

Because geoengineering is unprecedented, and the future world in which it might be used

(and which its use would alter) is uncertain, just deciding how to think about this topic is a

1However, this technology does have interesting strategic advantages for international cooperation relative to
reductions in emissions; see Barrett (2012).
2Of course, humans have been modifying the environment throughout our history, and thus nature isn’t truly
“natural” even now. Still, the scale of this particular intervention is without precedent.
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challenge. The purpose of this article, which is part of a symposium on climate engineering,3 is

to raise important issues concerning geoengineering and to explore their implications but not

to try to resolve them. I believe governance is the greatest challenge for geoengineering, and thus

I focus much of the discussion on this issue. However, I also address some related foundational

issues.

I begin in the next section by discussing ethical and welfare issues surrounding the use of

geoengineering. This is followed by a discussion of the relationship between emission reduc-

tions and geoengineering, particularly the different effects they have on the climate. Then I

examine the arguments that the mere awareness of geoengineering as an option would under-

mine the incentive to cut emissions and that geoengineering should not be pursued because of

fears that sometime in the future it may be “shut off” suddenly. Next I discuss geoengineering’s

expected impacts on one important climate-sensitive sector, agriculture, and its potential role

in preventing abrupt changes in critical geophysical systems like the great ice sheets.

The remainder of the article builds on these foundations. First, I discuss the critical questions

of if, when, and how to deploy geoengineering. Then I explain some of the complex ways in

which geoengineering is likely to be used. All of this leads to what I view as the central issue for

geoengineering—governance. That is, who decides about deployment? Here my discussion

focuses on three recent studies on geoengineering governance arrangements and two real-

world examples of international cooperation that may offer lessons for geoengineering gov-

ernance: nuclear testing and the design and deployment of global navigation satellite systems.

The final section offers some concluding comments.

The Ethics of Geoengingeering and Its Implications for
Welfare Analysis

Should it matter how a goal such as climate stability is achieved? And, if it should matter, is the

use of benefit–cost analysis appropriate for evaluating geoengineering?

The Plastic Tree Analogy

In “What’s Wrong with Plastic Trees?”, a provocative essay about wilderness preservation,

Martin Krieger (1973, 453) argues, “Much more can be done with plastic trees and the like to

give most people the feeling that they are experiencing nature. We will have to realize that the

way in which we experience nature is conditioned by our society—which more and more is seen

to be receptive to responsible interventions.”4 Although Krieger’s essay was not specifically

about geoengineering, it still begs the question: Suppose people came to like living in a geoen-

gineered world. Suppose they enjoyed the comforts geoengineering provided. Would there be

anything wrong with that?

In “Ways Not to Think about Plastic Trees,” Lawrence Tribe (1974) says there would be

something wrong with that. In particular, he argues that “certain choices do not merely imple-

ment but radically alter the value systems within which they are made” (Tribe 1974, 1346). In

his new book, A Case for Climate Engineering, David Keith (2013), a Harvard professor and

3Klepper and Rickels (2014) focus on the economics of climate engineering.
4I am grateful to Juan Moreno-Cruz for bringing this article to my attention.
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prominent advocate for geoengineering, agrees. Keith says that the “choices we make about

how to manage the natural world will influence the values of future generations, perhaps

profoundly” (Keith 2013, 165).

Tribe’s central argument is that “choosing to accord nature a fraternal rather than an ex-

ploited role . . . might well make us different persons from the manipulators and subjugators we

are in danger of becoming” (Tribe 1974, 1346).5 Appealing to “virtue ethics” (the idea that

ethical behavior should be evaluated from the perspective of the virtues of the persons who are

acting), Tribe argues that even if intervening in nature would make us better off in welfare

terms, we ought not to do it because of what the act of intervening would imply about our

society’s character and morals. This is what Stephen Gardiner (2010, 303), a philosopher, means

when he asks, “What kind of people would make the choice to geoengineer?”

Closely related to this idea, Gardiner (2010, 310) says that when he presents the view to a

public audience that the use of geoengineering poses a moral dilemma, being “the lesser of two

evils,” about a third reject it outright because they think geoengineering deployment should

be evaluated just like any other policy choice—on the basis of technical feasibility, cost

effectiveness, and so on.6 Of the remainder, however, between one-third and two-thirds

think geoengineering may be a “marring evil”—that is, that its use, even if justified as “a

lesser evil,” would weigh heavily on the moral consciences of the parties deciding to use it.7

Intentions versus Consequences

One of the things people seem to find disturbing about geoengineering is that the intervention

would be deliberate, a violation of the moral rule that says we ought not to be “playing god with

the planet.”8 This perspective sees geoengineering as a matter of deontological (or rule-based)

ethics.

Should intentions matter more than consequences when it comes to issues like geoengineer-

ing? The distinction between deliberate and inadvertent interventions (known as the doctrine of

double effect) has been studied extensively in moral philosophy (Thomson 1985). It has also

been demonstrated empirically in the moral psychology literature: people respond very differ-

ently to actions leading to precisely the same consequences depending on whether those actions

are perceived to be deliberate or a side effect (Greene et al. 2001). The distinction matters for

geoengineering because humans have already been cooling (as well as warming) the earth

inadvertently. Indeed, a best guess is that half of the global warming due to the increase in

atmospheric concentrations has been masked by the effect of aerosols (Ramanathan and Feng

2009), principally sulfur emissions from burning coal. To my knowledge, there have been no

objections to this inadvertent “global dimming.” Thus opposition to geoengineering is more

about doing it deliberately than doing it at all.

5There are undertones of the Brave New World here, with the difference being that we (rather than the World
Controllers) might become the manipulators and subjugators.
6Gardiner would put economists in this group.
7This perspective is reminiscent of philosopher Martha Nussbaum’s (2000) view that benefit–cost analysis is
useful for answering “the obvious question” of what we should do in a particular situation (she was not thinking
specifically about geoengineering), but not “the tragic question” of whether any of the choices available to us are
morally unacceptable.
8This is the subtitle of the Australian edition of Clive Hamilton’s (2013) recent book on geoengineering,
Earthmasters. The US edition, listed in the references, is subtitled “The Dawn of the Age of Climate
Engineering.”
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All of this suggests that while decisions about reducing emissions have been justified with

reference to calculations of the social cost of carbon, decisions about deploying solar geoengi-

neering are likely to be influenced by a very different set of considerations.

Emission Reductions versus Geoengineering

If geoengineering was deployed, it would be used either instead of or alongside policies to limit

concentrations through emission reductions. In this section I discuss the relationship between

these two options.

First, geoengineering would have a different effect on radiative forcing9 than limits on

atmospheric concentrations of greenhouse gases. Although geoengineering could be used to

reduce global mean temperature, compared to limits on atmospheric concentrations of green-

house gases, geoengineering would change the spatial distribution of temperature (Ricke,

Morgan, and Allen 2010). Relative to a world without geoengineering, it would also reduce

precipitation overall10 in addition to changing the spatial distribution of precipitation (Bala,

Duffy, and Taylor 2008).

The main advantage of solar-radiation geoengineering over emission reductions is timing.

Emission reductions affect the climate very slowly. In contrast, solar geoengineering would

change atmospheric temperatures very quickly. However, geoengineering would not, at once,

eliminate the consequences of two centuries of fossil fuel burning. Though solar geoengineering

would affect sea-level rise faster than emission reductions, if used to maintain global mean

temperature at today’s level, geoengineering would only slow the rate of sea-level rise (due

to thermal expansion of the oceans), as the seas respond very gradually to changes in air

temperature (Moore, Jevrejeva, and Grinsted 2010; Irvine, Sriver, and Keller 2012).

Compared to emission reductions, geoengineering would have a number of side effects. The

injection of sulfate aerosols would deplete stratospheric ozone, although this impact would

diminish over time as fewer chlorofluorocarbons reached the stratosphere (Crutzen 2006). By

reducing total solar insolation (direct light from the sun), geoengineering would lower the

efficiency of solar energy (Robock 2008). However, because geoengineering would also scatter

incoming sunlight, increasing the fraction of diffuse light and thus exposing more parts of a

plant to more light, geoengineering might increase photosynthesis, despite the reduction in

total solar radiation (Caldeira et al. 2013). The injection of sulfate aerosols would add to sulfate

pollution and cause some additional acid rain, although because the amounts are small, the

consequences would likely be modest (Kravitz et al. 2009). Solar geoengineering would whiten

the sky during the day (as does the burning of fossil fuels already), but it would also make

sunrises and sunsets more vibrant, much like the short-lived effect of a volcanic eruption (see

Kravitz, MacMartin, and Caldeira 2012). Compared to an emission reduction scenario in which

CO2 concentrations were stabilized to maintain the same mean global temperature as would be

achieved through “global dimming,” solar geoengineering would increase biomass, due to the

CO2-fertilization effect (crop photosynthetic rates increase with CO2 concentration), even after

9This is a measure (in watts per square meter) of the energy radiating down on the earth minus the energy
radiating back out to space.
10“Global warming” by itself would increase precipitation overall. The combined effect will depend on how
much geoengineering is used and by how much concentrations of greenhouse gases rise (Bala et al. 2008).

Solar Geoengineering’s Brave New World 5

 at U
niversity of E

dinburgh on July 16, 2014
http://reep.oxfordjournals.org/

D
ow

nloaded from
 

http://reep.oxfordjournals.org/


taking into account the reduction in solar radiation (but not sunlight scattering; see

Govindasamy et al. 2002), leading to the takeup of some of the atmospheric CO2. Crucially,

in contrast to limits on atmospheric concentrations of CO2, solar geoengineering would do

nothing to limit ocean acidification (Matthews, Cao, and Caldeira 2009).

Of course, reductions in CO2 emissions from fossil fuel burning can also have side effects,

depending on how the reductions are achieved. For example, a shift to biofuels could increase

food prices for the world’s poor, creating a crisis for “global food security” (Naylor et al. 2007).

Perhaps most importantly, rapid expansion of nuclear power in countries with weak institu-

tions could increase the risks associated with waste storage, operational safety, and especially

proliferation (Socolow and Glaser 2009).

Possibly the greatest concern about geoengineering is that the consequences of using it

cannot be known with certainty unless and until the technology is actually deployed. We

should probably expect surprises. However, not using geoengineering, and allowing global

mean temperatures to continue to increase may also cause surprises, whether or not emissions

are cut back dramatically. Thus the decision to deploy geoengineering involves risk-risk

tradeoffs.

Two Arguments against Geoengineering

In this section I challenge two of the main arguments that have been made against undertaking

geoengineering: (a) that contemplating the use of geoengineering as an option undermines

incentives for collective action to cut emissions; and (b) that geoengineering should not be

pursued because someday it might be “terminated” suddenly.

The “Moral Hazard” Problem

David Keith (2000, 276) has asked, “Would mere knowledge [my emphasis] of a geoengineering

method that was demonstrably low in cost and risk weaken the political will to mitigate

anthropogenic climate forcing?” Alan Robock (2008, 17), a climatologist and geoengineering

critic at Rutgers University, has called the perception that there exists “an easy technological fix

to global warming . . . the oldest and most persistent argument against geoengineering.”

Although the label is misleading, this concern is frequently referred to in the geoengineering

literature (e.g., Keith 2000; Lloyd and Oppenheimer 2014; Victor et al. 2009) as the “moral

hazard” problem.11

The argument cannot be ruled out, but theory suggests that even without knowledge of

geoengineering, collective action to reduce emissions would be severely limited because of free-

rider incentives exacerbated by globalization. Countries have weak incentives to cut emissions

when the benefits are shared globally, and international trade enables production to relocate to

where standards are lower (Barrett 2003). Moreover, although it is true that in a world in which

countries can geoengineer unilaterally, the countries most likely to use geoengineering may

have a somewhat reduced incentive to cut emissions, other countries may face the opposite

incentive—to increase their abatement now in order to remove the incentive for others to

11The term is misleading because, in economic theory, moral hazard refers to a market failure arising from
asymmetric information.
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deploy geoeingeering in the future (Millard-Ball 2012; Urpelainen 2012). Finally, nothing can

be done about this problem; knowledge of the possibility of solar geoengineering cannot be

erased from the public memory. Countries could collectively promise never to use geoengineer-

ing, but the possibility that the world may someday face a climate emergency means that such a

pledge would lack credibility.

The “Termination” Problem

Ironically, one argument against doing geoengineering is that we might someday stop doing it

(Matthews and Caldeira 2007). This so-called termination problem is based on the fear that we

might stop geoengineering suddenly, long after we started using it, causing temperatures to rise

much more rapidly than if we had never geoengineered in the first place (Goes, Tuana, and

Keller 2011). Of course, the incentives to terminate geoengineering abruptly would be very low

for precisely this reason. It seems more likely that if geoengineering produced unexpected

problems long after we started using it, countries would reduce its use gradually while at the

same time taking other actions, such as increasing investments in adaptation and efforts to

reduce atmospheric concentrations of CO2.12

Of course, there is also the possibility that geoengineering would be terminated abruptly (and

unavoidably) because of an unrelated catastrophe, such as nuclear war or an asteroid strike. But

because geoengineering could be deployed unilaterally by a great number of countries, prob-

lems in one country or region would not prevent the redeployment of geoengineering some-

where else. Only a truly global catastrophe could cause geoengineering to fail permanently, and

in such a case the global community would likely have more serious problems to address than

the unmanaged termination of geoengineering.13

What Might Geoengineering Be Good For?

In what kind of situation might the use of geoengineering be beneficial? There are two generic

situations: “gradual” climate change and “catastrophic” climate change. Of the situations

involving gradual climate change, the one studied most carefully so far concerns agriculture.

Impacts on Agriculture

Agriculture is particularly sensitive to climate change. Econometric analysis by Lobell,

Schlenker, and Costa-Roberts (2011) reveals that, over the period 1980–2008, climate change

caused yields of maize and wheat to decline, and yields of rice and soybeans to hold approxi-

mately steady. The data reveal a particular sensitivity to temperature rather than precipitation.

Taking into account CO2 fertilization, the total effect indicates a decline in yields for wheat and

maize and a slight increase for rice and soybeans worldwide.

What about the future? Pongratz et al. (2012) find that, depending on the crop, a doubling

of CO2 concentrations from today’s level would have either a slightly negative or a slightly

12An important feature of sulfate aerosols is that they survive in the atmosphere for only a year or two. Thus
geoengineering could be turned up or down gradually.
13Note that in addition to their other consequences, both nuclear war and an asteroid collision would cool the
climate suddenly.
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positive effect on yields worldwide. The main reason for the small effect is that, while the tem-

perature and precipitation effects of climate change on crops are expected to be negative overall,

the fertilization effect of adding more CO2 to the atmosphere improves yields (Pongratz et al.

2012). Based on the findings of this study, a best guess might be that, on average, unabated

climate change through this century will have little effect on global agriculture.14

Assuming that geoengineering would be used to maintain today’s mean global temperature,

Pongratz et al. (2012) find that, in a world with CO2 concentrations at 800 ppm (today they are

at 400 ppm), geoengineering would increase crop yields relative to a non-geoengineered climate

by 8 to 21 percent, depending on the crop. The reason for the increase is that geoengineering

would reduce the stresses on crops caused by high temperatures while retaining the benefits of

CO2 fertilization. Would geoengineering be used to try to capture such a gain in crop yields,

given all the worries and uncertainties about its impacts? My guess is probably not, but that is

only a guess.

However, at the regional level, things could look very different. Even if climate change were

expected to have little effect on agriculture overall through this century, particular regions could

experience large losses (while other regions experience substantial gains), and thus be more

willing to give geoengineering a try. Models such as the one used by Pongratz et al. (2012) are

not designed to provide this level of detail, but other research suggests a possibly large drop in

agricultural output in India (Guiteras 2009). Deaths could also increase, particularly in rural

India (Burgess et al. 2011). For the sake of argument, let’s assume that the impacts of climate

change on agriculture and health in India prove to be substantial. India would then have an

incentive to geoengineer unilaterally. If a great many people in India were negatively impacted

by climate change, and it was widely known that geoengineering could alleviate their suffering,

would a democracy resist acting to help its people? India clearly has the technical capability to

geoengineer. It might also have the political cheek to deploy geoengineering.15 External pressure

for restraint may not deter a country like India from using geoengineering if the government

believed that its country’s national interests were at stake.

I have used India only as an example of a country that might be willing to geoengineer even

if most other countries opposed the use of geoengineering. A country other than India might

be the first to want to geoengineer. Because of all the uncertainties concerning the future,

particularly regarding climate change, technological innovation, and geopolitics, it is not

clear today which countries, if any, might wish to use geoengineering in the future.

Geoengineering in an Emergency

It has been suggested that geoengineering could be useful for preventing or responding to a

climate emergency, perhaps triggered by crossing a critical tipping point or threshold (Victor

et al. 2009). The West Antarctic and Greenland Ice Sheets are examples of geophysical systems

prone to tipping due to “global warming” (Lenton et al. 2008).

14Neither Lobell et al.(2011) nor Pongratz et al. (2012) are able to capture the full set of adaptation possibilities
that might occur in the long term.
15Recall that India developed nuclear weapons outside of the Nuclear Non-Proliferation Treaty and tested them
over the objections of other countries.
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Although it may be possible and would almost certainly be desirable to avoid such tipping

points by limiting CO2 concentrations,16 theory predicts that collective action to avert a

“catastrophe” will fail so long as there is substantial uncertainty about the location of the

tipping point (Barrett 2013)—a prediction that has been confirmed in experimental settings

in which real people play the “catastrophe avoidance” game for real money (Barrett and

Dannenberg 2012). Theory also predicts that collective action should succeed if uncertainty

about the tipping point is very low (Barrett 2013), another result confirmed in the laboratory

(Barrett and Dannenberg 2014). However, while uncertainty about the location of a tipping

point can be reduced through the detection of “early warning signals,”17 such signals are subject

to both false positives and false negatives (Lenton 2011). Moreover, early warning signals would

likely be detected only as we approached a tipping point or threshold (Lenton 2011), and by

then our options for action would be very limited. Emergency emission reductions, even if

combined with approaches to remove CO2 from the air, would return concentrations to a

“safe” level very slowly (and some of the changes wrought previously may prove irreversible).

Emergency reductions in short-lived radiative forcing agents like soot aerosols, which last only

about a week in the atmosphere, may help, but perhaps not by enough. Solar geoengineering

and adaptation are options that would need to be considered. However, of these two options,

only geoengineering has the potential to prevent or (possibly) reverse these kinds of emergen-

cies in the first place; adaptation could only limit the damage.

Consideration of this emergency scenario raises some difficult dilemmas for policymakers.

How to balance the risks of climate catastrophe, if geoengineering is not used, against the risks

of using geoengineering? How to decide between geoengineering and adaptation, recognizing

that geoengineering would have global impacts (likely both positive and negative), whereas

adaptation would have only local impacts (positive, but perhaps of limited effectiveness and

perhaps particularly ineffective in the countries with the weakest institutions)? Finally, when (if

ever) should geoengineering be used to avert a crisis? Long before an early warning signal has

been detected, or only later, when the evidence appears overwhelming? Waiting to use geoen-

gineering invites greater climate change risk, but using it before a crisis has occurred—that is,

using it when, strictly speaking, its use is optional—would seem to be a difficult political

decision.

Moreover, geoengineering cannot be relied upon to prevent every catastrophic scenario. For

example, disintegration of the West Antarctic Ice Sheet would add about 5 meters to sea level

over a period of several centuries or more (Lenton et al. 2008)— arguably a “catastrophe.”

However, because the base of the ice sheet sits below sea level, it is vulnerable to ocean warming

at depths that geoengineering could not change on short notice. It would probably take several

centuries for geoengineering to reverse the process that could lead to collapse of the West

Antarctic Ice Sheet (Gillett et al. 2011).

The characteristics of the Greenland Ice Sheet (the loss of which might add 2 to 7 meters to

sea level over several or more centuries; see Lenton et al. 2008) are quite different. Because this

ice sheet rests on land above sea level, use of geoengineering should be able to preserve its

16This is presumably the reason that the objective of climate negotiations has been framed in terms of avoiding
“dangerous” interference with the climate system. For a discussion of climate tipping points in benefit–cost
analysis, see Nordhaus (2013, 212–19).
17A prime candidate is autocorrelation in time series data due to the tendency for a dynamical system to become
unresponsive to perturbations in the neighborhood of a bifurcation point; see Lenton (2011).
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stability, at least partially. Indeed, Irvine et al. (2009) find that to maintain the Greenland Ice

Sheet, geoengineering would not even have to return temperature to the preindustrial level.

Relatively modest amounts of geoengineering should suffice to stave off this “catastrophe.”

However, the efficacy of geoengineering for this specific purpose (as for many other specific

purposes) will never really be known unless and until it is tried. One concern is that elevated

CO2 concentrations would continue to cause warming during the polar winter, when there is

no sun for geoengineering to dim. In their review of the evidence, McCusker, Battisti, and Bitz

(2012, 3114) conclude that it is not possible to “rule out the possibility of geoengineering failing

to avoid polar climate emergencies.”

Deployment Options and Implementation Issues

In this section I discuss the options for deploying geoengineering and some of the complexities

of implementing geoengineering in practice.

Deployment Options: Never, Now, or Later?

There are four basic options for deploying, or not deploying, geoengineering. First, we could

ban geoengineering outright.18 However, as noted earlier, a ban on geoengineering would lack

credibility. An instructive example is Sweden’s ban on new nuclear reactors, adopted by a

referendum in 1980 and reversed by Parliament in 2010. The original ban was inspired by

fears about nuclear safety. The policy reversal was motivated by the need to reduce greenhouse

gas emissions. Similarly (and as noted earlier), the use, or nonuse, of geoengineering involves

risk-risk tradeoffs.

Second, we could use geoengineering now to head off an expected emergency. As noted

earlier, geoengineering would not stave off every climate crisis, but it might help prevent some.

For example, the Arctic Methane Emergency Group, which fears that warming of the Arctic will

release methane and trigger a runaway greenhouse effect, argues that “[p]lanetary catastrophe is

inevitable without geoengineering to cool the Arctic”; that action “to halt the non-linear decline

of the climate” must be taken within “a matter of months”; and that, “[a]ny delay risks passing

a point of no return, when no conceivable effective action can be taken to avoid ultimate

calamity.”19 However, a review of the “Arctic Armageddon” scenario in Science concludes

that “the methane threat looks less like a catastrophe than an aggravation” of the CO2 problem

(Kerr 2010, 621), and in his summary of the global methane cycle, climate scientist David

Archer (2010, 173) says that, “no one has proposed a way for methane to suddenly erupt in a

climate-game-changing way in our immediate future.”

Third, we could wait to deploy geoengineering until we detect an early warning signal of an

impending emergency and then implement an aggressive geoengineering program. There are

two disadvantages to this approach. First, and as noted earlier, it does nothing to forestall or

limit the risks from climate change before the early warning signal is detected. Second, it closes

18This is the recommendation of an advocacy organization known as the ETC Group (formally, Action Group
on Erosion, Technology and Concentration). Looking at the organization’s web page (www.etcgroup.org), I
could find no information about how it thinks the risks of climate change could be addressed without using
geoengineering, or why it thinks the risks of climate change are less worrisome than the risks of geoengineering.
19http://www.ameg.me/index.php/2-ameg/47-planetary-catastrophe (accessed June 26, 2014).
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off the option of identifying and assessing the risks of geoengineering when its use is increased

over a long period of time.

Finally, as proposed by Keith (2013), we could deploy geoengineering soon but start at a low

level and increase its use gradually over time. Keith argues that this approach will give us

“a better chance to see problems and fix them or stop sulfate injection before they grow into

disasters” (Keith 2013, 13). Keith also proposes that as geoengineering is “turned up,” emis-

sions should be brought down; the aim would be to use geoengineering “to offset only half the

warming.” Keith (2013, 14) argues that limiting the amount of geoengineering “has the ad-

vantage of preserving a direct incentive to cut emissions.” He proposes using geoengineering

just long enough for a program of ever-tighter emission limits to stabilize concentrations at a

“safe” level, after which geoengineering could be turned down and eventually switched off.20

Keith’s proposal would limit both the risks of geoengineering and the risks of global mean

temperatures rising very rapidly. However, his proposal fails to explain why countries would act

collectively to reduce emissions dramatically after they had begun using geoengineering when

they have thus far failed to do much to reduce emissions (relative to “business as usual”) in the

absence of using geoengineering. Rather than geoengineering being used as a stopgap measure,

it may be more likely to be used as a semipermanent solution to the climate change problem—

unless, that is, its use was discovered to have unacceptable consequences.

Implementing Geoengineering in Practice

Geoengineering is often viewed and modeled as entailing a single decision—a flick of a switch

or a turn of a dial. However, the implementation of geoengineering is likely to be much more

complicated in practice (Victor 2008), involving many supplementary (and complementary)

actions, varying over space, and evolving over time.

Supplemental injections and fine tuning

For example, the application of geoengineering at the global level could be supplemented with

additional aerosol injections in the Arctic region. Caldeira and Wood (2008, 4045) show that

“by varying insolation to various extents over different areas,” minimum sea ice can be ad-

justed. Geoengineering in the Arctic could also be used to increase snowfall with the aim of

preserving Greenland ice. Although aerosols injected at higher latitudes have shorter lifetimes,

their impact could be fine-tuned. For example, rather than injecting a constant stream of

sulfates, we could use “a low loading in the spring when the snow albedo is high and a

larger loading in the summer after the surface albedo has been reduced by surface melting”

(MacCracken 2009, 4).21 Such fine-tuning, by reducing the total amount of aerosols injected

into the atmosphere, would lower costs. By limiting the amount of sulfates dispersed in the

mid-latitudes, it would also reduce the adverse health-related side effects of geoengineering

(MacCracken 2009).22 Finally, by supplementing this form of geoengineering with others, such

as injecting sea spray into low-altitude marine clouds to brighten them or pumping micro-

bubbles into the sea in order to increase albedo, geoengineering could be used to reduce sea

20Keith’s proposal is reminiscent of an earlier proposal by Wigley (2006).
21Albedo refers to the reflectivity of a surface—formally, the fraction of solar energy reflected back into space.
22According to Keith (2013, 71), “if we begin putting a million tons of sulfur into the stratosphere each year, it
will probably contribute to thousands of air pollution deaths a year.”
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surface temperature in particular areas. This could be done both to limit storm intensity and

sea-level rise (MacCracken 2009).

Following the initial deployment of geoengineering, geoengineers would undoubtedly con-

tinue to work to improve the technology—to increase its efficiency, enhance its controllability,

and reduce its negative side effects. For example, sulfate aerosols might someday be replaced by

super-efficient, self-levitating engineered particles (Keith 2010). As Keith (2013, 109) notes,

“there is extraordinary scope to develop new tools to allow more precise alteration of radiative

forcing.”

Adaptation

Adaptation will occur whether or not geoengineering is used. However, the adaptations in-

vented, developed, and used may be different in a geoengineered world. Investments in agri-

culture, for example, will respond to regional temperature and precipitation patterns, which

(as explained earlier) may differ if geoengineering is used. A number of possibilities may also

exist for protecting ocean life. For example, coral bleaching of special ecosystems like the Great

Barrier Reef might be prevented by local shading, the use of low-voltage direct current to

stimulate coral growth, or artificial upwelling of cool nutrient-rich deep water (Rau,

McLeod, and Hoegh-Guldberg 2012). Although solar geoengineering would not reduce

ocean acidification, there are ways to engineer resilience. For example, mollusks have been

“toughened” to tolerate more acid environments (Rau et al. 2012). Similarly, genes for heat

tolerance might be inserted into the genomes of commercially valuable fish species vulnerable

to ocean warming (Thomas et al. 2013). Finally, lime could be added to the oceans to reduce

ocean acidification and remove CO2 from the atmosphere (Rau et al. 2012).

All of these interventions could also be used in a non-geoengineered world, but they would

be favored in a geoengineered world if the use of geoengineering (by lowering air temperatures,

for example) increased the returns on these investments. Contrary to the “termination scen-

ario” described earlier, an alternative future may involve a chain of innovations and invest-

ments, the consequence being a path-dependent evolution in technology,23 making it

increasingly difficult to decide either to turn off or turn down geoengineering in the distant

future.

Geoengineering Governance: Why It Matters and How to
Address It

All of this leads to what I think is the fundamental problem posed by geoengineering: govern-

ance. A failure of governance could lead to one of two errors: (a) failure to prevent geoengi-

neering from being used when it would be harmful overall; and (b) failure to deploy

geoengineering when it would be beneficial overall.

Three attributes of geoengineering make governance challenging. First, a crude form of

geoengineering, such as the injection of sulfate aerosols, would be cheap to deploy—so

cheap that cost would be unlikely to be a major factor in a decision to use it (Barrett 2008).

Second, geoengineering could be undertaken unilaterally. Although, as mentioned earlier, it is

23For an illuminating general exposition on the evolution of technology, see Arthur (2009).
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more likely that geoengineering would be done by a “coalition of the willing,” the important

point is that in contrast to efforts to reduce emissions in order to stabilize atmospheric con-

centrations of greenhouse gases, geoengineering does not require the active engagement of all or

even most of the world’s countries. Finally, geoengineering using sunlight-scattering sulfate

particles could be scaled up very quickly, changing mean global temperature in a matter of

months. This puts the use of geoengineering on a kind of “hair trigger.”24

Taken together, these three features imply not only that solar geoengineering could be done

unilaterally, but also that a single country or coalition of countries may someday have a strong

incentive to deploy it unilaterally. The problem is that all countries would be affected by

whatever is done (or not done), and it is unlikely that the interests of any one state or small

coalition of states wishing to use geoengineering would coincide precisely with the interests of

all states collectively. Thus the failure of governance that is most likely is the first one—the

failure to prevent geoengineering from being used when it would be harmful overall.25

However, a move by any one state to geoengineer unilaterally would likely meet resistance.

Such resistance might take the form of formal protests, trade sanctions, or even threats of

military action. Alternatively, countries might offer financial or other assistance to would-be

geoengineering states, in exchange for their promise not to geoengineer. In addition, countries

could threaten deployment of “counter-geoengineering” (i.e., injection of particles that warm

the planet) or, as noted earlier, supplemental geoengineering interventions. Rules for geoengi-

neering could be codified in an international agreement, but these rules would ultimately have

to be compatible with the self-interests of the states able and willing to geoengineer.

Three Recent Analyses of Geoengineering Governance

How should we think about governance arrangements for geoengineering? Three recent articles

have addressed this question.26

Ricke, Moreno-Cruz, and Caldeira

Ricke, Moreno-Cruz, and Caldeira (2013) consider two governance arrangements: a treaty with

“open membership” and a treaty with “exclusive membership.” In both cases, it is assumed

that (a) geoengineering is costless to deploy, (b) parties to the agreement use geoengineering to

maximize their collective payoff, and (c) nonparties are unable to geoengineer. The third

assumption is crucial because it implies that countries lack the right to geoengineer outside

of a treaty. Finally, in the case of the exclusive membership treaty, Ricke et al. assume that entry

into force requires participation by at least 50 percent of “world power,” defined in terms of

something like population. Such a requirement, imposed exogenously in the model, is arbitrary

but intended to convey the idea that countries would find it politically difficult to geoengineer

on their own.

24However, unlike nuclear war, geoengineering would need to be sustained for a very long time to have a serious
and lasting effect.
25Bodansky (2013) discusses both possible governance failures—“too much geoengineering” and “too little
geoengineering.”
26Schelling (1996) was the first to discuss the governance of geoengineering, arguing that it poses a simple
problem of international cost sharing but could also increase rather than reduce international tensions.
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These assumptions mean that all countries will always want to participate in the agreement,

whether membership is open or exclusive. This is because if a country joins, the global “thermo-

stat” will be turned toward its preferred level. The only real difference between the two gov-

ernance arrangements is that, when membership is exclusive, the existing members of an

agreement that already satisfies the minimum entry into force rule will want to prevent certain

nonmembers from joining in order to keep the global thermostat closer to their preferred level.

As noted earlier, the crucial assumption here is that nonparties are unable to geoengineer, either

alone or together, outside of the agreement. If this assumption were dropped, then the Nash

equilibrium of the geoengineering game would be the same under both membership rules—the

country wanting the coolest global mean temperature would stay out of any agreement, and

instead set the world’s temperature on its own. Weitzman (2012) calls this outcome “free

driving,” and in this case, a geoengineering agreement would be useless.

The assumption that nonmembers to a geoengineering agreement cannot geoengineer them-

selves is akin to assuming that nonparties to the Non-Proliferation Treaty are unable to acquire

nuclear weapons, when in fact all the nonparties to this agreement (India, Israel, North Korea,

and Pakistan) have (or, in the case of Israel, are believed to have) amassed a store of such

weapons and developed their nuclear programs entirely or largely (in the case of North Korea)

outside of the treaty. This suggests that the real governance problem is the opposite of what

Ricke et al. (2013) assume. The problem is not that a subset of countries participating in a

geoengineering agreement will wish to exclude others from the agreement but rather that some

countries will want to stay out of the agreement in order to geoengineer without restraint.27

Leaving aside this assumption, the modeling results presented by Ricke et al. (2013) indicate

that all regions will gain from some geoengineering. Thus the authors conclude that regions will

disagree about how much geoengineering to do, not whether to do it, and that even these

disagreements will be minor. Ricke et al. (2013) also find that, although members would be

better off with an exclusive treaty than with an open membership treaty, the gain from exclu-

sivity is small. If these results reflect the actual game of geoengineering, then governance will not

be a big problem.

Weitzman

Weitzman (2012) develops a voting rule that implements the efficient outcome concerning

where to set the geoengineering dial.28 A unique feature of Weitzman’s model is that countries

can vote either to increase or decrease cooling, with a qualified majority needed for consent. The

size of this majority is solved endogenously and depends on the countries’ aversion to making

mistakes (i.e., their aversion to using geoengineering when they should not use it relative to

their aversion to not using it when they should use it). For example, approval of an incremental

increase in geoengineering may require a two-thirds majority, but approval of an incremental

decrease in geoengineering may require only a one-third majority. This is an intriguing result,

but it depends on some strong assumptions, two of the most important being that all countries

participate in the agreement and fully implement all the decisions they vote on. The problem

27For an introduction to problems of mutual restraint, see Barrett (2007), Chapter 5.
28Ricke et al. (2013) assume that “the winning coalition acts as a single actor to maximize the benefits of
geoengineering to all coalition members,” making geoengineering efficient in their model under open
membership.
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with these assumptions is that voting rules should really be considered in the context of an

agreement’s ability to enforce participation (such that no party has an incentive to withdraw

and no nonparty to accede) and compliance with the decisions that these parties vote on. In the

case of a collective effort to reduce emissions, nonparticipation signals free riding. In the case of

a collective agreement to geoengineer, nonparticipation enables free driving.

Lloyd and Oppenheimer

Lloyd and Oppenheimer (2014) ignore the issue of voting rules but make an interesting and

provocative suggestion concerning membership. They argue that an international agreement

on geoengineering should have a small membership (thirty or fewer states), at least initially, to

include the geoengineering-capable states but exclude others. They believe that such an agree-

ment would have “practical legitimacy” as long as it proved to be effective, and that if an

additional measure of legitimacy were needed, non–geoengineering-capable states could be

represented in much the same way as nonpermanent members of the United Nations Security

Council are chosen today.29 The key, they believe, is to limit numbers.30

The most important aspect of this proposal, however, is not the restriction on the member-

ship of non–geoengineering-capable states but membership of all the geoengineering-capable

states.31 This again raises the issue of how to enforce participation by these states. The problem,

as noted earlier, is not free riding but free driving. An agreement to limit emissions can be

effective even with free riding. However, an agreement on geoengineering would be completely

ineffective if the country wanting to set the thermostat to the lowest level was able to geoengi-

neer outside the agreement.

In addition to compromising legitimacy, exclusion of the non–geoengineering-capable states

would serve no real purpose so long as their participation did not discourage participation by

the geoengineering-capable states. Legitimacy should arguably give all states a voice; it should

not give any state or even any group of states a veto on decision making. A veto would only

drive out from the agreement the countries most eager to geoengineer—that is, the countries

whose participation is most vital.

Consideration of all these matters suggests a fundamental limitation of international law in

restraining state behavior. As a treaty is made more restrictive, the countries most likely to be

constrained by the restrictions will have an incentive not to participate, making the agreement

ineffective. To promote wide participation, an agreement must be unrestrictive. But an agree-

ment that is unrestrictive will also do little to change behavior. As the international law expert

Daniel Bodansky (2013), has written, “developing a governance structure that limits geoengi-

neering by states will be very difficult.”

29The Security Council has five permanent members and ten nonpermanent members, with the latter elected to
two-year terms and chosen to provide regional representation. The United Nations currently has a total of 193
members.
30Lloyd and Oppenheimer (2014) base their argument partly on the theory of public goods, which says that
cooperation is easier for small groups, and by arguing that the Montreal Protocol succeeded due to small
membership. However, the problem with geoengineering is not getting countries to supply the public good of
global dimming but rather to discourage them from doing this when other countries would be harmed.
Moreover, although the Montreal Protocol began with a small number of parties, membership was never
restricted, and today this agreement has more parties than the Framework Convention on Climate Change.
31It is not clear to me what would make a state incapable of geoengineering given the simplicity of the technology
and the ability of countries to band together to do it.
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Two Real-World Analogies and Lessons for Geoengineering

In this section I describe two real-world examples that offer insights into the problems geoen-

gineering governance is likely to encounter. The first illustrates how difficult it can be for a

treaty to restrain state behavior. The second shows how one state’s actions may trigger reactions

by other states. 32

Nuclear testing

The Nuclear Test Ban Treaty of 1963 bans testing in the atmosphere, underwater, and in

space—but not underground. This is a classic arrangement for mutual restraint: each party

agrees not to test in exchange for the other parties’ agreement not to test. The treaty entered into

force in 1963 after being ratified by three nuclear states, the United States, the United Kingdom,

and the Soviet Union. However, France and China remained outside of the treaty and con-

tinued to test their weapons while the United States, United Kingdom, and USSR shifted their

tests underground. The Comprehensive Test Ban Treaty of 1996 was negotiated to correct for

both of these deficiencies—it banned all testing and would only enter into force after being

ratified by all of the world’s “nuclear-capable” states (forty-four in total). Like the first test ban

treaty, the new one is open to all states to join. However, eight nuclear-capable states have yet to

ratify the agreement, and it is unclear whether the agreement will ever enter into force.33

What lessons does experience with nuclear testing governance hold for geoengineering? First,

open membership need not undermine treaty effectiveness.34 Rather, the challenge is creating

incentives for geoengineering-capable states to participate. Second, although setting a low

participation threshold (as in the 1963 Test Ban Treaty) may help bring an agreement into

force, it may also fail to attract the participation of all the geoengineering-capable states. Third,

and by contrast, requiring that all geoengineering-capable states participate in order for the

agreement to enter into force may only ensure that the agreement never enters into force.

Fourth, a partial restriction on geoengineering may help to increase participation, but it may

also cause some states to shift their efforts toward unregulated forms of geoengineering. Finally,

although more comprehensive restrictions could help close this loophole, they might also make

some geoengineering-capable states less willing to participate.

Global navigation satellite systems

The Global Positioning System (GPS) operated by the United States is the most fully developed

system of its kind in the world. Although GPS is offered for free worldwide, this has not stopped

other countries—notably, Russia and China—from developing their own systems. More sur-

prisingly, the European Union, a US ally, is building its own fully functional global navigation

satellite system at great expense and despite opposition from the United States (Giegerich

2007). The main reason is national security; Europe wants to have sovereignty over its own

critical infrastructure. However, having developed independent systems, these and other

32In an earlier article (Barrett 2008), I discussed two other cases that may offer lessons for geoengineering
governance: operation of the Large Hadron Collider and destruction of the remaining known stocks of smallpox
virus.
33The eight states are China, Egypt, India, Iran, Israel, North Korea, Pakistan, and the United States.
34The Partial Test Ban Treaty has 125 parties. The Comprehensive Test Ban Treaty has been ratified by 162
states.
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countries have strong incentives to make these systems interoperable; doing so improves per-

formance, reliability, and accuracy (Giegerich 2007). Indeed, it is for this reason that a number

of countries, including the United States and European Union, are also cooperating to develop

a system of systems that would be available to all of them. This cooperation consists of nu-

merous bilateral agreements35 as well as a forum for multilateral interaction—the International

Committee on Global Navigation Satellite Systems. Membership of this committee is limited to

systems providers and is thus exclusive. However, because the committee was established under

the auspices of the United Nations, its associate members and observers include international

organizations with broader membership (this makes the arrangement similar to the one pro-

posed by Lloyd and Oppenheimer for geoengineering). One of the objectives of the committee

is to assist developing countries to integrate global navigation satellite systems into their do-

mestic infrastructures.

What lessons does this experience offer for geoengineering? The most important, perhaps, is

that a single country may be unable to maintain exclusive control of the climate. Even if all

countries were made better off by a single country’s provision of “geoengineering services,”

other powerful countries would probably not allow something as vital as the climate to be

decided by another state, even an ally. Geoengineering might be done by a coalition of the

willing. Alternatively, multiple different geoengineering efforts might be deployed by a number

of different countries or coalitions, with the total effect on the climate depending on the way in

which the different efforts are coordinated. The latter possibility seems particularly likely if, as

discussed earlier, different geoengineering schemes were able to have predominantly local or

regional impacts. Finally, if mutual restraint from the top down fails, another form of inter-

national cooperation may emerge from the bottom up because of the willingness of multiple

parties to act and their subsequent need to coordinate actions.

Concluding Comments: Back to Geoengineering’s Future

In an appendix on climate change contained in a 1965 report to the president of the United

States (President’s Science Advisory Committee 1965), prominent scientists such as Roger

Revelle, Charles Keeling, and Wallace Broecker concluded:

The climatic changes that may be produced by the increased CO2 content could be

deleterious from the point of view of human beings. The possibilities of deliberately

bringing about countervailing climatic changes therefore need to be thoroughly

explored. A change in the radiation balance in the opposite direction to that which

might result from the increase of atmospheric CO2 could be produced by raising the

albedo, or reflectivity, of the earth.36

Focusing on doing this “by spreading very small reflecting particles over large oceanic areas,”

the authors of the appendix calculated that “a 1% change in reflectivity might be brought about

for about 500 million dollars a year, particularly if the reflecting particles were spread in low

35The United States has established cooperative agreements with a number of countries in addition to the
European Union including Australia, China, India, Japan, Russia, and the United Kingdom; see http://www.gps.
gov/policy/cooperation/.
36President’s Science Advisory Committee (1965, 127). I thank David Keith for bringing this report to my
attention.
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latitudes, where the incoming radiation is concentrated” (President’s Science Advisory

Committee 1965, 127). The report concludes, “Considering the extraordinary economic and

human importance of climate, costs of this magnitude do not seem excessive” (President’s

Science Advisory Committee 1965, 127).

It is surprising that a distinguished group of scientists, in a report for the president of the

United States, identified geoengineering as the logical response to climate change, with no

discussion of the need to reduce emissions. More than two decades later, when climate

change became an issue of global concern, the focus of attention shifted to reducing emissions,

with barely a mention of geoengineering. However, as I discussed earlier, all efforts thus far to

cut global emissions have been disappointing, and there appears to be no sign of a reversal of

these trends. Thus the emphasis on geoengineering in the 1965 report, which probably seemed

outrageous to most people then and perhaps seems that way to most people today, may actually

turn out to have been prescient. The failure to cut emissions may, in a sense, be forcing us back

to the geoengineered future envisioned by Revelle and his colleagues.

Limiting greenhouse gas concentrations may be the biggest global collective action problem

ever and the reason scientists are currently contemplating the future use of geoengineering. But

geoengineering may prove to be the biggest global governance problem ever. Our institutions

have thus far failed to bring climate change under control. They may yet fail to bring the use of

geoengineering under control. The future will be different from the one depicted in Brave New

World, but it will also be different from the one we have been used to. We don’t know what this

future will be like, but we do know that it will be shaped by the decisions we make today and in

the coming decades. These decisions must now be made with a view not only to their effects on

climate change, but also to the way future generations may respond to climate change, includ-

ing the possible deployment of an unprecedented technology with far-reaching implications for

humanity and international relations.
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