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I. Introduction

The likely impacts of anthropogenic climate change
on humans and the environment are vast. Mitigat-
ing the risks through greenhouse gas emissions
abatement requires overcoming an extremely chal-
lenging collective action problem. However, efforts
thus far to reduce these risks have been disappoint-
ing.

As the evidence and probable severity of climate
risks have mounted, a wider range of options is now
being considered. Efforts toward emissions abate-
ment were the first global response, and then adapt-
ing society and ecosystems to new climates became
a second legitimate category of action. Now, propos-
als to develop the means to intentionally intervene
on massive scales in global physical, chemical, and
biological systems in order to counterbalance cli-
mate change are being seriously discussed. While
diverse, these proposed climate engineering (CE)

or geoengineering methods are controversial for
several reasons, including the contention that
they pose uncertain but potentially serious risks to
humans and the environment.

In debates over CE, precaution is often invoked.
Daniel Bodansky predicted that precaution would
“be invoked frequently and loudly at the inter-
national level” and possibly contribute to an inter-
national prohibition.1 The Conference of Parties to
the Convention on Biological Diversity cited “the
precautionary approach” in a nonbinding advisory
statement against CE activities that may affect
biodiversity.2 Moreover detractors of CE also often
cite precaution as a rationale for opposing CE
research and/or deployment.3 However, in this
article, we assert that a precautionary approach
favours improving knowledge about CE options
through research, including field experiments, but
in a manner that recognizes risks.
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In the face of dire forecasts for anthropogenic climate change, climate engineering is

increasingly discussed as a possible additional set of responses to reduce climate

change’s threat. These proposals have been controversial, in part because they – like

climate change itself – pose uncertain risks to the environment and human well-being.

Under these challenging circumstances of potential catastrophe and risk-risk trade-off,

it is initially unclear to what extent precaution is applicable. We examine what precau-

tion is and is not, and make a prima facie case that climate engineering may provide

means to reduce climate risks. When precaution is applied to the currently pertinent

matter of small to moderate scale climate engineering field tests, we conclude that

precaution encourages them, despite their potential risks.



II. Climate Change and Climate
Engineering

A brief review of the risks of and potential
responses to the threat of climate change will con-
textualize CE. Greenhouse gas emissions have
caused their atmospheric concentrations to rise at
an unprecedented rate, and their emission rates
continue to grow. Both temperatures and precipita-
tion figures are rising. Because climate change lags
relative to emissions, there is an unknown commit-
ment to future climate change. Climate change is
accelerating an already disturbing rate of species
extinction. In terms of human impacts, analyses are
highly sensitive to the assumed discount rate, and
their estimated annual costs range from 1% to 20%
of global economic activity.4 Food production and
water resources will be disrupted. Infectious dis-
eases, extreme weather events, and involuntary
migration will likely increase in frequency and
magnitude. Low-lying coastal areas, including entire
countries, will be inundated. In almost all of these
aspects, poor populations will suffer disproportion-
ately. Meanwhile, the Kyoto Protocol and the latest
nonbinding commitments are unlikely to keep
global warming below the target of 2°C, and further
emissions cuts are at an impasse.5 Models that
extrapolate current trends estimate that warming
could reach 4°C by 2100.6 Financing of adaptation
measures also appears to be inadequate.7

As climate change forecasts become starker, con-
sideration of CE has moved inward from the mar-
gins. The category is broad, encompassing numer-

ous proposed methods whose means, goals, finan-
cial costs, response times, and risks vary widely, and
whose boundaries with emissions abatement and
adaptation are blurry.8 Some methods would
remove carbon dioxide from the atmosphere (CDR),
whereas others would reduce incoming solar radia-
tion (solar radiation management, or SRM) to coun-
terbalance warming. In general, the former would
be slower, more expensive, and less risky but
address the cause of climate change more closely to
its cause, whereas the latter would be faster, less
expensive, and riskier, and address only the warm-
ing aspect of climate change.9

Because arguments against CE arise more often
in the context of the riskier methods, we limit our
focus in this article to larger-scale SRM methods
such as stratospheric aerosol injection and marine
cloud brightening. In these cases, models indicate
they could counter a significant portion – and per-
haps all – of global warming, although the effects
would be regionally heterogeneous.10 Models also
point toward potential negative effects of SRM that
may be significant but remain partially uncertain.
Precipitation patterns will change.11 The incoming
light would be more diffuse while carbon dioxide
would remain elevated, increasing plant primary
productivity and altering ecosystems.12 The leading
candidate for stratospheric aerosol injection, sul-
phate particles, could damage the ozone layer.13

Furthermore, because the current relevant question
is whether to proceed with field tests, our discus-
sion focuses on these more immediate steps, not on
future potential SRM deployment.
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III. A Prima Facie Case for Climate
Engineering Deployment 

The benefits of research rest on whether SRM de-
ployment may provide net benefits. This case need
not be irrefutable. Indeed, too many unknowns
remain, and the purpose of research is to reduce
these unknowns. Therefore, we need to make only a
prima facie case, i.e., we ask whether, at first appear-
ance, SRM deployment could provide significant
net benefits to humans and the environment under
reasonable assumptions about a climate change
future.

In short, most studies which use climatic and eco-
nomic modelling indicate that SRM deployment
would be highly beneficial under most circum-
stances. Early studies compared only the direct (and
small) financial costs of SRM with the benefits of
reducing climate change, but did not consider nega-
tive side effects.14 More recent papers tried to incor-
porate such effects, as well as secondary benefits
such as increased agricultural productivity due to
diffuse light.15 For example, one paper used the
Dynamic Integrated Climate Change Model to con-
sider both the beneficial and damaging effects of
SRM. The authors found that when SRM supple-
ments emissions abatement, it passes a cost-benefit
test in a large majority, but not all, of the ranges of
damages due to SRM, and of the probability that
the SRM would be prematurely terminated.16

The greatest concern about the environmental
effects of SRM is in the context of regional pre-
cipitation reductions predicted by some models.17

The authors of a recent article used a climate model
to calculate, for each of 22 terrestrial regions of
the planet, damage functions that combined and

equally weighed temperature and precipitation
changes. The authors examined optimization sce-
narios under which the regions were alternatively
weighted by area, population, and economic activ-
ity. The results demonstrated that under both
Pareto optimal and potentially Pareto optimal sce-
narios, all regions benefitted significantly under cli-
mate change with SRM relative to climate change
alone.18

The capacity to deploy SRM in an informed man-
ner adds further value, independent of whether it
actually is deployed. This is because the probability
distribution of climate change damages has a long
tail, in which there is a significant but low chance of
very high damages. There are three reasons for this,
each of which will not be known for decades due to
the latency of climate change. First, climate sensitiv-
ity (the magnitude of climate change for a given
amount of cumulative greenhouse gas emissions)
may turn out to be greater than expected.19 Second,
climate change could induce a positive feedback
loop, leading to non-linear climatic responses.20

Third, an optimal abatement strategy may be unat-
tainable due to the political demands of global col-
lective action. Bearing in mind that some proposed
SRM techniques may be rapidly effective, they
could be deployed in response to learning about or
actually experiencing the above possibilities.21 In
other words, the potential to deploy SRM is a form
of insurance, and having such capacity would have
a high value, especially – as we discuss below –
from a precautionary perspective.

From these studies, we conclude that there is a
reasonable chance that SRM deployment would sig-
nificantly reduce the net damage from climate
change to humans and the environment, and that
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the capacity to deploy it under low probability, high
impact scenarios will have great value.22

The costs of SRM research have two components.
First, the direct costs of the research are small
enough to be negligible relative to forecast climate
change damages. Current proposed projects are on
the order of hundreds of thousands of USD. Any
proposed future budgets are rough conjectures.
Nevertheless, one estimate is to increase funding to
a magnitude of hundreds of millions USD annually
for decades, yielding a total estimate on the order of
tens of billions USD total.23 Calculations of dam-
ages to humans and the environment, the second
component, are likewise preliminary approxima-
tions. The first field tests, such as those now being
proposed, pose no risks to humans and the environ-
ment. For example, one group of scientists planned
on spraying seawater 1 km above the ocean in order
to test delivery systems, and another proposes to
inject very small amounts of light-scattering aero-
sols at a high altitude.24 Clearly, further research
would gradually scale up, posing small but increas-
ing risks. Such proposed field projects can and
should be carefully evaluated for their potential
risks and benefits. Indeed, this may lead to a situa-
tion wherein risks outweigh benefits, and such proj-
ects should be aborted. The decisions faced now,
though, are whether to proceed with small-scale
field experiments that cost hundreds of thousands
of USD with negligible risks. 

Some observers have asserted that “geoengineer-
ing cannot be tested without full-scale implementa-
tion”, however, and this would create unacceptable
risks.25 However, while it is true that moving from
the laboratory to the field is a leap, by no means
does this imply immediate full-scale deployment.
For example, a recent paper described the impor-
tant early role of analogue experiments and taking

advantage of natural phenomena before commenc-
ing with experiments that perturb the environ-
ment.26 Beyond that, projects can gradually increase
in scale and potential impacts, and can be adap-
tively managed so that how and whether to proceed
with subsequent stages is dependent upon prior
results. Specifically, research could engage in “sus-
tained science with small-scale field experiments.
Early tests would focus on understanding processes.
Later tests potentially could be large enough to pro-
duce barely detectable climate effects and reveal
unexpected problems, but be small enough to limit
risks.”27

IV. Precaution

Precaution reflects recognition on the part of regu-
lators of special properties of the environment and
human health as object of regulation, even if this
may result in false negatives. These include, in par-
ticular, the irreversible nature of much environmen-
tal damage, and the interests of future generations. 

Precaution can be seen as a correction to existing
legal systems. The principle arose from unease
about the difficulty to legally engage threats to the
environment or human health for which scientific
evidence remained inconclusive, particularly in
cases of new technologies or large scale interven-
tions in the environment. In essence, precaution
establishes legal competence to act where, if not for
precaution, there would be no such competence.28

Hence, precaution is an empowering principle, and
may justify public action. Although there are
numerous different articulations of the precaution-
ary principle in circulation,29 they have three
elements in common: threats of harm, scientific
uncertainty, and a possible precautionary action.
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In international law, the adoption of precaution
in the Rio Declaration, and its incorporation in the
Convention on Biological Diversity and the UN Con-
vention on Climate Change (UNFCCC) signalled its
widespread acceptance as a soft law norm.30 The
principle as such is not legally enforceable, but will
typically be embedded in a concrete regulatory con-
text, meaning that precaution often is enforceable.
The empowering effect of precaution has been fur-
ther operationalized through one or more of the
constitutive elements of precaution. The totality of
these elements instructs regulators to, inter alia:
a. recognize serious or irreversible harm;
b. acknowledge uncertainty;
c. apportion responsibilities to prove safety with

regulatees;
d. stimulate public participation and deliberation;
e. consider alternative options;
f. respect the principle of proportionality;
g. ensure the provisional nature of measures;
h. monitor environmental performance.31

Precaution has substantially impacted multiple
domains of environmental and human health law.
Because the precautionary principle addresses risks
to only humans and the environment, political and
social risks, such as potentially reducing the politi-
cal willpower toward emissions abatement and
adaptation, fall outside the scope of precaution.32

Although some of these concerns may be legiti-
mate, they are not appropriate for the application of
the precautionary principle and instead must be
resolved through social, political, and legal path-
ways. 

V. Precaution and Climate Engineering

Precaution has been invoked, both from within and
outside academia, as part of a wider debate concern-
ing CE.33 Here we will discuss two important issues
that have dominated this debate. The first is
whether precaution could ever help guide CE deci-
sions, considering the critique that the precaution-
ary principle is incoherent since it can sometimes
be argued to justify pursuing a particular approach,
as well as prohibiting it.34 In the context of climate
engineering, it could simultaneously direct towards
the employment and the prohibition of climate
engineering, as both responses are characterized by
uncertain risks for the environment and human
health. 

At least for the research phase, this is not the
case. Precaution is a tool to deal with uncertain
risks, but does not dictate an outcome. Although it
is generally associated with banning certain prod-
ucts, activities, or technologies, in reality precau-
tionary action has a variety of implications, poten-
tially including warranting the use of, for example,
a new technology to reduce risks.35 Moreover, the
elements noted above, such as proportionality and
deliberation, should prevent arbitrary application of
the principle. 

The second issue concerns what guidance pre-
caution may provide, particularly considering the
problems of risk-risk trade-offs and potential catas-
trophes.36 Hartzell-Nichols, for example, argues that
if climate engineering creates new uncertain, poten-
tially catastrophic risks, then its use – including
research – should be rejected:
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[P]recautionary measures themselves prima facie
should not pose new or further threats of catas-
trophe … [I]f we believe we have moral reasons to
avoid the threats of catastrophe posed by climate
change we also have reasons to avoid the threats
of catastrophe posed by any risky SRM strate-
gies.37

Although it may seem to be morally ideal to attempt
to avoid all potential catastrophes, this may simply
not be the case with climate change given the seri-
ous consequences that unabated climate change
may pose. Consequently, the above statement leads
to paralysis, and likely suboptimal results with sig-
nificant implications for humans and the environ-
ment.

Ideally, when applying precaution, regulators
would adhere to a substitution clause that directs
them to comparisons. In the case of climate engi-
neering, this means that risks of climate change and
risks of climate engineering would be compared
with regard to their relative magnitude and scien-
tific uncertainty.38 It does not mean that a strategy
that seeks to abate risks should be abandoned solely
because it brings new, different risks to the table.
Precaution can play a constructive mediating role in
this kind of weighing exercise, where it is difficult
to balance potential benefits and risks because of
scientific uncertainty. Moreover, the presumption
that maintaining the status quo takes priority over
intentional change is a strong but refutable bias.39

Notably, exhibiting bias in risk perception is partic-
ularly common concerning new technologies that
seem beyond individual control and whose effects
and not immediately perceptible.40

We conclude that a precautionary approach
favours SRM research. There is scientific consensus
on the risks of climate change: the Intergovernmen-
tal Panel on Climate Change Assessment Reports
outlines extremely serious potential impacts of cli-
mate change. However, it is becoming increasingly
clear also that climate policies, at least their current
incarnation, will probably be ineffective in signifi-
cantly reducing these risks.41 On the other hand,
current models indicate that SRM deployment
would provide net reduction in both temperature
and precipitation changes. Field trials would be
smaller in scale and could be monitored for emerg-
ing risks, and will reduce uncertainty. The results
might indicate lower risks for SRM than previously
thought. Such research will not only indicate which

climate engineering techniques have potential, but
which ones might pose too much risk and should be
taken off the table. Furthermore, if there is a feasi-
ble future scenario under which SRM will be
deployed, research now will improve later decision
making. This argument is bolstered by the results of
a model of large-scale SRM field tests that indicated
trade-offs among duration of the experiment, its
intensity, and the certainty of its results.42 Thus,
beginning field research sooner rather than later
will have the advantage of requiring less intense
interventions in the environment in order to pro-
duce a given certainty of results. In addition to the
insurance value of SRM knowledge, there is another
feasible future scenario under which, for whatever
reason, climate change imposes large negative
impacts on humans and the environment. Under
pressure, political leaders may demand that scien-
tists do whatever they can, including SRM deploy-
ment, even if the uncertainties remain great. Pre-
caution would call for those future scientists to
know more. 

VI. United Nations Framework
Convention for Climate Change

Is there support in legally binding treaties for our
argument that a precautionary approach favours
SRM research? Although the UNFCCC, the most
important text in international law concerning cli-
mate change, does not directly address CE, it does
invoke precaution: 

The Parties should take precautionary measures
to anticipate, prevent or minimize the causes of
climate change and mitigate its adverse effects.
Where there are threats of serious or irreversible
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damage, lack of full scientific certainty should not
be used as a reason for postponing such measures
taking into account that policies and measures to
deal with climate change should be cost-effective
so as to ensure global benefits at the lowest possi-
ble cost.43

Although “lack of full scientific certainty” here is
aimed at uncertainty related to climate change as
such, since the UNFCCC was drafted the uncer-
tainty regarding climate change has been reduced.
Meanwhile, the potential effectiveness of a possible
set of responses, SRM, remains greatly uncertain. It
is reasonable to generalise the purpose of the pre-
cautionary principle as it is embodied in the
UNFCCC – i.e. for scientific uncertainty to not be a
barrier to taking measures – to imply support for at
least exploring SRM through research. This reading
is bolstered by two other considerations. First, the
precautionary passage in the UNFCCC calls for
responses to be cost-effective, and both SRM
research and deployment appear to be remarkably
inexpensive. Second, the UNFCCC calls for the

development and diffusion of technology and
research.44 For example: 

All Parties … shall … Promote and cooperate in sci-
entific, technological, technical, socio-economic
and other research … intended to further the
understanding and to reduce or eliminate the
remaining uncertainties regarding … the eco-
nomic and social consequences of various
response strategies; [and p]romote and cooperate
in the full, open and prompt exchange of relevant
scientific, technological, [and] technical... informa-
tion related to ... the economic and social conse-
quences of various response strategies.45

VII. Conclusions

We have argued not only that precaution does not
condemn SRM research, but that SRM research is in
itself a precautionary response to the grave and
potentially irreversible risks of climate change. This
is not an argument for deployment, a decision that
would require information presently unavailable. It
is also not an argument to reduce efforts toward
emissions abatement and adaptation. It simply
means that in the face of potential climatic catastro-
phe, we should not postpone serious investigation
into the capacity of SRM.

However, research itself should be organized and
conducted in a precautionary manner. Specifically,
this means that the elements noted above that
constitute and operationalize precaution should
become part of the risk assessment in the research
phase.46 Notably, some CE researchers and other
scholars are working to further develop these prin-
ciples as part of legitimate responsible oversight.47

This is a crucial first step, as SRM, and CE in gen-
eral, warrant both further research and appropriate
regulation.
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