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In his book Against All Enemies, former counter-
terrorism czar Richard Clarke described the small
group of international security experts who were
running around Washington, D.C., in 2000 and
2001 with their “hair on fire” trying to warn
policy makers of the growing likelihood of a ma-
jor terrorist attack on the United States. Today, it
is the scientists working on climate change with
their hair on fire, pleading with governments
around the world to face up to the magnitude of
the climate challenge and warning that we may be
approaching a “tipping point” where the problem
will go out of control.

These scientists have good cause for alarm. On
the one hand, climate change appears to be mov-
ing faster than in even the gloomiest scenarios
described in Climate Change 2007, the fourth as-
sessment report of the Intergovernmental Panel on
Climate Change (IPCC)." On the other hand, the
UN Climate Summit in Copenhagen was a near
failure; the U.S. Congress has failed to pass even
weak climate legislation; and charges that climate
scientists have been hiding data, covering up errors

and suppressing alternative views have damaged
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public trust in the scientific enterprise. All this is
causing growing concern about whether green-
house gas (GHG) emissions can be reduced rap-
idly enough to prevent dangerous, highly disrup-
tive climate change. Most political leaders now
acknowledge that climate change is a real and
important issue, but as former Vice President Al
Gore putitat the 2007 UN climate conference in
Bali, “The truth is that the maximum now con-

is still far short of the mini-
2

sidered possible ...
mum that will really solve the problem.”

Concerns about rapid climate change, slow
political progress in reducing emissions and un-

settling uncertainties about dangerous climate

As conventionally defined,
geoengineering involves
intentional, large-scale
interventions in the Earth’s
atmosphere, oceans, soils
or living systems to cool
the Earth.

1
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tipping points are leading some scientists and
policy makers to consider the possibility of com-
bining efforts to reduce greenhouse gas emissions
with another approach to limiting climate change
— geoengineering.

As conventionally defined, geoengineering in-
volves intentional, large-scale interventions in the
Earth’s atmosphere, oceans, soils or living systems
to cool the Earth. The U.S. National Academy of
Sciences defines it as “options that would involve
large-scale engineering of our environment in or-
der to combat or counteract the effects of changes

in atmospheric chemistry””?

The Larger Context

Many people who are skeptical about climate
change find it hard to believe that humans can have
any significant impact on the functioning of our
entire planet with its vast oceans and land areas. It
is important, therefore, to understand that we are
already engaged in planetary-scale interventions
that are often unintentional or destructive.

For example, the stratospheric ozone layer that
protects the Earth from damaging levels of ultra-
violet radiation was severely depleted by the pro-
duction of chlorofluorocarbon (CFC) compounds
that were inert in the lower troposphere but
turned out to be photochemically reactive in the
stratosphere. The impacts on human society and
the biosphere could have been disastrous if satel-
lite images of the “ozone hole” over Antarctica had
not catalyzed efforts to restrict CFC production
and protect the ozone layer. Fossil fuel burning
has pushed the concentration of carbon dioxide
(CO,) in the atmosphere up by more than a third
since pre-industrial times. Industrial processes are
fixing nitrogen at a rate equal to that of nature, and
the resulting over-fertilization has already created
hundreds of “dead zones” in the world’s oceans.

Human actions consume or destroy roughly half

of nature’s photosynthetic output each year, leav-
ing too little for other species. Over half of all the
accessible fresh water running off the continents
to the sea is intercepted for human use. Rivers like
the Colorado,Yellow, Ganges and Nile are so heav-
ily used that they no longer reach the oceans in
the dry season. Half the world’s wetlands, tropical
forests and temperate forests have disappeared as a
result of human activity. An estimated 90 percent
of large predator fish are gone. Because of human-
caused habitat destruction, pollution and climate
change, species around the world are disappearing
at rates about a thousand times faster than normal.*
In brief, we are engineering the Earth, often to
its detriment. The key question posed by climate
change is whether we can intentionally back off
our emissions of carbon dioxide and other green-
house gases that are destabilizing the Earth’s cli-
mate. The key question posed by geoengineering
is whether it is acceptable to consider making new,
more intentional and systematic large-scale inter-
ventions in Earth systems to protect humans and
other species from dangerous climate change.
The larger context for thinking about climate
change and geoengineering is our entry into what
atmospheric chemist Paul Crutzen first called the
“Anthropocene Epoch.” Or, as Brad Allenby at
Arizona State University puts it, we have gone
from “the Earth” to “the anthropogenic Earth,” in
which the dynamics of major natural systems are
increasingly affected by human activity.”® Political
scientist Walter Truett Anderson was among the
first to develop this perspective in a comprehen-
sive manner. His 1987 book 1o Govern Evolution:
Further Adventures of the Political Animal portrays
the human species — confronted with the rec-
ognition of its increasing impacts on the Earth’s
atmosphere and ecosystems —finding itself in an
unavoidable, challenging new role of growing re-
sponsibility for the welfare and future evolution

of life on the planet.”



BOX 1.

Geoengineering is typically defined as dealing only with climate change and approached as a straight-
forward, if difficult, engineering problem. Brad Allenby, a thought leader in the field of Earth Systems
Engineering, argues that this definition results in a single-minded focus on technologies with just one
function — reducing the impacts of climate change if cumulative GHG emissions become dangerously
high. This narrow focus unnecessarily restricts the range of geoengineering strategies and technolo-
gies considered. What is needed is a broader definition of geoengineering as intentional, large-scale
manipulation of Earth systems. Because these complex physical, biological and social systems are highly
interconnected and co-evolving, focusing exclusively on one particular aspect — the climate system —

will create unintended consequences and systemic risks, especially if policies focused on only this one
aspect drive the approach to all the others.®

Understanding this leads to recognition that constructive approaches may appear laterally from many parts
of the whole socio-technical environment, and that the best approaches will usually have beneficial effects
across a wide range of problems and potential opportunities. For example, emerging methods to produce
“cultured” or “in vitro” meat from stem cells in factories may have the potential to have large climatic
impacts as well as being healthier, less polluting and more humane than conventional meat production
methods. Fat content could easily be controlled. The incidence of food-borne disease could be dramatical-
ly reduced, thanks to strict quality control rules that are impossible to introduce in modern animal farms,
slaughterhouses and meat packing plants. The use of hormones and antibiotics would be unnecessary.
Methane releases from livestock — a major contributor to climate change — could be eliminated, along with
pollution from confined animal- feeding operations and chemical use in growing feed crops. Demands for
water, energy and other resources could be cut sharply. Large land areas could be freed to plant vegeta-
tion that is much more effective than food crops in capturing and storing carbon.® This strategy would not
be recognized as “geoengineering” as the word is usually defined today. But given its impact on methane
emissions, carbon storage, land use, water cycles and other Earth systems, this is arguably a more com-
prehensive “geoengineering” strategy than any technologies listed in the traditional literature.

This particular example is drawn from the rapid progress occurring in biotechnology. But equally rapid
progress is occurring in nanotechnology and materials science and in information and communication
technology, as innovations move from each of these areas to the others (what some term “converg-
ing technologies”). New and currently unimagined potentials for dealing with the climate situation may
emerge from this “next technological revolution” as it unfolds over the generation ahead, but we could
miss them if we define the set of technologies for dealing with climate change too narrowly.

Allenby argues that a sophisticated agenda for future research on geoengineering should move toward
this larger perspective. This report begins to move in this direction. It focuses on the field of geoengineer-
ing as it exists today but insists that geoengineering be viewed as only one part of a broader strategy of
climate change management, and that both geoengineering and climate change should be addressed in
the context of finding “simultaneous solutions” to other challenges, such as energy security, vulnerability
to terrorism, water scarcity and food security, ocean health, economic competitiveness and job creation.
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Climate Change Management

HUMAN ACTIONS
THAT CHANGE THE
CLIMATE, e.g.,
- Fossile Fule Burning
- Deforestation
- Livestock Production

CLIMATE SYSTEM

MITIGATION, e.g., GEOENGINEERING
- Efficient Energy Use
- Renewable Energy

- Reforestation

- Solar Radiation
Management

Climate Change Management

Geoengineering should always be treated as one of
three approaches for responding to climate change
that together can be said to constitute the tools of

climate change management.

B Mitigation 1s the primary strategy. It addresses
the underlying cause of climate change by re-
ducing the human-produced greenhouse gases

that are affecting the climate system.

B Adaptation is the secondary strategy. It involves
adapting to climate changes that cannot be
prevented in order to reduce their impact on

human welfare and the environment.

B Geoengineering involves influencing the climate
system itself to moderate global warming.
Because many geoengineering actions involve
significant risks for massive negative conse-
quences, these actions should be considered
as back-up options for use only if mitigation
and adaptation appear unable to prevent seri-
ous climate disruption. Figure 1 illustrates the

relationship of these three approaches.

- Carbon Dioxide Removal

CLIMATE IMPACT ON
HUMAN WELFARE &
ALL LIFE

ADAPTATION, e.g.,

- Drought-Tolerant Crons
- Coastal Flood
Defenses

Geoengineering Methods

All geoengineering methods to dampen the
greenhouse effect work by one of two approaches:
(1) by reflecting a small amount of solar radiation
back into space (solar radiation management, or
SRM); or (2) by removing carbon dioxide from
the atmosphere and storing it in the ocean, plants,
soil or geological formations (carbon dioxide re-
moval, or CDR).!

The most powerful SRM methods,once deployed,
would quickly have an effect on climate. For this rea-
son, they might be useful when a rapid response is
needed; for example, if a climate tipping point appears
imminent. Major SRM methods include:

B Mimicking the effects of volcanic eruptions by
injecting aerosol particles into the stratosphere

to block and reflect away solar radiation;

B Making clouds over large areas of ocean
brighter and more reflective by lofting fine

particles of salt in sprays of sea water; and

B Increasing the surface reflectivity of the planet

by painting human structures like roofs and



pavements white, planting lighter-colored crops

or covering desert areas with reflective materials.

CDR methods, by contrast, would work slowly
over many decades. They could, however, have sig-
nificant impacts over time. Unlike SRM methods,
CDR technologies deal with the underlying prob-
lem of growing concentrations of CO, in the atmo-
sphere and generally pose fewer risks of unintended

negative side effects. Major CDR methods include:

B Improving land-use management to protect or
enhance the ability of soils and vegetation to

store and hold carbon dioxide;

B Doing reforestation and afforestation to cap-
ture and hold carbon dioxide in plant matter;
possibly genetically engineering trees to ab-

sorb more carbon;!"

B Sequestering biomass in the oceans and in the

soil as biochar;

B Accelerating natural mineral weathering pro-

cesses that remove CO, from the atmosphere;

B Engineering technologies that capture CO,

from ambient air;

B Enhancing the ocean’s uptake of CO, by fertil-
izing parts of the ocean with iron or other nu-

trients, or by increasing upwelling processes; and

B Using lasers, microwave beams and the Earth’s
magnetic field to eject CO, from the atmo-

sphere into space.
History of Geoengineering

Geoengineering is not a new idea. Speculation
about it dates at least to 1908, when Swedish

INTRODUCTION | STIP

scientist Svente Arrhenius suggested that the
carbon dioxide released from burning fossil fu-
els might help prevent the next ice age.'? The
first serious proposals for using geoengineering
to modify the climate were made in a 1965 re-
port called Restoring the Quality of Our Environ-
ment, prepared for President Lyndon Johnson by
the President’s Science Advisory Committee."
In retrospect, this was a landmark report, the
first high-level acknowledgment of the reality
of global climate disruption. The authors urged
that “possibilities of deliberately bringing about
. be thor-
oughly explored.” In illustration, they suggested

countervailing climatic changes

that the Earth’s reflectivity could be increased by
dispersing buoyant reflective particles over large
areas of tropical ocean or by modifying high-
altitude cirrus clouds. Interestingly, they did not
even consider addressing the underlying cause of
climate change by reducing the use of oil, coal
and natural gas.

A few papers on geoengineering were pub-
lished over the following three decades, notably
by Freeman Dyson and by Edward Teller,' but
on the whole the scientific community took a
wary stance. Geoengineering proposals were rel-
egated to the fringes of the growing field of cli-
mate science. Few peer-reviewed journals would
publish them. No governments would fund fea-
sibility studies.

Climate scientist David Keith recalls that when
he became interested in geoengineering as a grad-
uate student 20 years ago, the topic could hardly
be discussed in polite scientific company and was
totally verboten in environmental circles.” This
attitude clearly discouraged people from work-
ing in the field. In a 2009 article in Foreign Affairs,
David Victor and his colleagues wrote that until
recently, “nearly the entire community of geo-
engineering scientists could fit comfortably in

a single university seminar room and the entire

5
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U.S. Media Coverage of Geoengineering: 2005-2010

of its author, Dutch atmospheric chemist Paul

scientific literature on the subject could be read
during the course of a transatlantic flight.”'

This skeptical attitude became dominant for
good reasons. Many scientists are worried that
we know too little about the Earth’s geophysi-
cal, ecological and climate systems to be confident
that we could engineer changes on a planetary
scale without making an already bad situation
even worse. Scientists are also concerned that if
politicians come to believe that geoengineering
provides a low-cost “tech fix” for climate change,
it would give them the perfect excuse for back-
ing off from efforts to shift away from fossil fuels.

Despite these and many other good reasons for
caution, a number of leading members of the sci-
entific community have recently begun to change
their views and argue that geoengineering de-
serves a second look. A 2006 editorial essay in the
journal Climatic Change' recommending research
on the concept of cooling the Earth by injecting
reflective aerosol particles into the stratosphere
played an especially important role in making
geoengineering a more legitimate topic. What

gave this essay special weight was the background

Crutzen. It was largely thanks to Crutzen that we
skirted a previous global atmospheric threat: the
destruction of the stratospheric ozone layer. His
research unraveling the chemistry of stratospher-
ic ozone depletion led to the global banning of
CFCs and other ozone-depleting chemicals and
earned him the 1995 Nobel Prize in Chemistry.
Crutzen’s call for taking geoengineering seriously
was supported by an editorial in the same issue of
Climatic Change by atmospheric scientist Ralph
J. Cicerone, currently the President of the U.S.
National Academy of Sciences.

With scientists of this stature willing to break
the taboo on thinking about geoengineering, other
scientists have felt freer to look into the field. Since
2005 there has been an explosion of articles on the
subject in both scholarly journals and the popular
press, reflecting the growing interest in geoengi-
neering as a strategy of climate change manage-
ment and an increasing concern for environmen-
tal impacts of geoengineering proposals. Figure 2
above illustrates the dramatic increase in U.S. main-

stream media coverage of the topic since 2005."



INTRODUCTION | STIP

Political decision makers are certain to face choices
regarding geoengineering over the years ahead that will
be highly controversial as well as fateful for the welfare

of the nation and the planet.

By 2009, it was clear that the taboo against dis-
cussing geoengineering was largely gone. In April
of that year, President Obama’s Science Advisor,
physicist John Holdren, stated that he had raised
the subject of geoengineering in administration
discussions, saying, “It’s got to be looked at. We
don’t have the luxury of taking any approach off
the table”" A month later, Secretary of Energy
Steven Chu, addressing the St. James’s Palace
Nobel Laureate Symposium in London, recom-
mended a global initiative to help contain global
warming by giving roofs, roads and pavements
brighter, more reflective colors.? In June 2009, the
U.S. National Academies held a two-day work-
shop on “Geoengineering Options to Respond
to Climate Change: Steps to Establish a Research
Agenda,”?" and in July the Novim Group released
a report entitled Climate Engineering Responses to
Climate Emergencies,” which set out a decade-long
agenda for research to reduce uncertainty sur-
rounding the benefits and risks associated with the
geoengineering concept of stratospheric aerosol
injection. In September 2009, the Royal Society —

the U.Ks most prestigious scientific organization

— published the most comprehensive study of
geoengineering options to date, Geoengineering
the Climate: Science, Governance and Uncertainty.
In early 2010, the Committee on Science and
Technology of the U.S. House of Representatives
held major hearings on geoenineering.*

This growing willingness to give geoengineer-
ing a second look is provoking a strong counter-
reaction from other scientists, environmentalists
and civil society groups who remain strongly op-
posed to geoengineering.”® Some observers have
questioned whether scientists and engineers, as a
group, can even begin to address the social and
ethical dimensions of intervening in complex,
large-scale systems. Bill Wulf, former head of the
National Academy of Engineering, said recently
that “the complexity of newly engineered systems,
coupled with their potential impact on lives, the
environment, etc., raises a set of ethical issues that
engineers have not been thinking about.”* As a
result, political decision makers are certain to face
choices regarding geoengineering over the years
ahead that will be highly controversial as well as

fateful for the welfare of the nation and the planet.



BOX 2.

Over the past few years a controversy has raged in the media about errors in the work of the
Intergovernmental Panel on Climate Change (IPCC) and the soundness of the whole enterprise of climate
science. How serious are the issues involved?

Critics have pointed to two main errors in the IPCC's Fourth Assessment Report: Climate Change
2007.The first error involves Himalayan glaciers. In a regional chapter on Asia in Volume 2 of the report,
Impacts, Adaptation and Vulnerability, authors from the region erroneously projected that 80 percent
of Himalayan glacier area would very likely be gone by 2035. The figure was taken from a non-peer
reviewed local source. However, the primary volume of the assessment report, The Physical Science
Basis, contains a 45-page chapter by several of the world's leading glacier experts in which the correct
projections are used. |t was one of these experts, Georg Kaser from Austria, who first noticed and cor-
rected the Himalaya error in Volume 2.

The second error in the IPCC report involves sea level in the Netherlands. Volume 2 of the report states
that “the Netherlands is an example of a country highly susceptible to both sea level rise and river flood-
ing because 55% of its territory is below sea level” This figure was provided by the Dutch government'’s
own Environmental Protection Agency, which later published a correction stating that the sentence
should have read “55% of Netherlands is at risk of flooding; 26% of the country is below sea level; and
29% is susceptible to river flooding.”

These errors reflect a lapse in the high standards to which the IPCC tries to hold itself. But they are small
errors that have no impact whatsoever on the larger picture of climate change being put together by the
world’s scientific community.

The same is true of the so-called Climategate controversy around e-mails written by scientists at the
University of East Anglia in the U.K. Critics charged that the e-mails showed that data was being manipu-
lated to make climate change look worse than it is. Four separate investigations have now cleared the
scientists involved of all charges of wrongdoing, but the controversy does raise issues that always need to
be attended to within the scientific community — issues of full openness and transparency of research and
of rigor in acknowledging and analyzing uncertainties. In retrospect, however, the controversy did not call
into question any specific aspects of the picture of climate change emerging from the scientific community.

The most serious issue posed by these recent controversies is not failures of climate science but the
opening of the Overton window, a concept in political theory that describes a window or boundary within
which people involved in public discussions have to stay to have their ideas taken seriously. In most of
Western Europe, people who dismissed the reality of climate change went “outside the window" of
legitimate discussion several years ago and were dismissed by the media as cranks. It took several more
years for this to happen in the U.S. But now these controversies have opened wide the window, at least
in the U.S. and the U.K. The views of climate change deniers and critics have been getting more expo-
sure in the media than have the recent findings from the scientific community.

Serious damage has already been done. Gallup’s annual update on Americans’ attitudes toward the envi-
ronment shows a public that over the last two years has become less worried about the threat of global

warming, less convinced that its effects are already happening, and more likely to believe that scientists

themselves are uncertain about its occurrence. In response to one key question, 48% of Americans now
believe that the seriousness of global warming is generally exaggerated, up from 41% in 2009 and 31%

in 1997 when Gallup first asked the question.
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1. Major Concerns
About Geoengineering

While there is a growing willingness to give geo-
engineering a second look, it is still a highly con-
troversial topic. Most of the controversy and crit-
icism deals with shortcomings and potential side
effects of SRM geoengineering schemes, which
pose much higher risks than CDR methods. But
some critics argue a broader case, questioning the
wisdom of doing any kind of geoengineering, at
least given the current state of knowledge, and
the absence of a governance regime to make it
more likely that decisions of global import are
made fairly and wisely. Below are 10 of the ma-
jor concerns about geoengineering that policy
makers need to be aware of and give due consid-
eration. There are countering arguments that ad-
dress some of these concerns and make the case
for the potential benefits of geoengineering, but
the objective here is to give voice to the major
concerns that have been expressed in the litera-

ture on geoengineering and in other forums.

Unintended Negative
Consequences

Many scientists — ecologists in particular — remain
skeptical of SRM geoengineering, arguing that
there are too many gaps and uncertainties in our
understanding of geophysical and ecological sys-
tems to safely engineer the climate on a global
scale.” Greater understanding could reduce the
risks, but the climate system may be inherently
too complex — and therefore the possibility of
unanticipated harmful side effects too large — for
us to ever consider geoengineering very safe.”
Because geoengineering interventions have to be
deployed on a massive scale to affect the climate
of the entire planet, any harmful unintended con-
sequences are also likely to be massive.

Nearly every analysis to date has focused on
potential negative side effects of single geoen-

gineering methods. A realistic geoengineering

9



TABLE 1

METHOD DESCRIPTION CONCERNS
Stratospheric Lofting large quantities of aerosol ® Possible degradation of the stratospheric ozone layer
Aerosols particles into the stratosphere using * Regional impacts on precipita-
aircraft, artillery or balloons in order to tion and river flow patterns
reflect sunlight back into space. Sulfate e |mpacts of acid deposition as par
aerosols have been discussed most ticles eventually settle to Earth
frequently, but other types of engineered e |mpacts on crops and natural vegetation of an overall
aerosols might be even more effective reduction of direct photosynthetically active radiation
e Reduced efficiency of solar energy sys-
tems that rely on direct sunlight
e Potential psychological effects of whit-
ening of the sky, loss of blue sky
e Termination effect — if aerosol injection is stopped
for any reason, the climate will change abruptly
Cloud Brightening clouds to reflect sunlight e Enormous engineering challenge

Brightening

back into space by increasing the
number of condensation nuclei in
clouds over parts of the ocean. This
can be done by lofting fine particles

of sea salt derived from ocean water
using conventional ships, aircraft or
specially designed, automated sea
craft. Other approaches use potentially
more effective hydrophilic powders.

Non-uniformity of effects — may change re-
gional weather and ocean circulation patterns
Pollution by materials used, if not sea salt

Space-based
Methods

Reducing the amount of sunlight reach-
ing the Earth by putting sun shields

in near-Earth orbit or at the L1 point

a million miles from Earth, where the
gravitational pull of the Earth and the
sun are equal. Sun shield concepts
range from reflectors made of lunar
glass to a superfine aluminum mesh or
swarms of trillions of thin metallic disks.

Enormous logistical demands

Great uncertainties regarding effectiveness,
cost and time required to implement

Effects on plants and solar energy systems
of reduced direct solar radiation

Inability to “turn off”

A brighter night sky — in some configurations,
the Milky Way might never again be visible
Large amounts of orbiting material could

be a hazard to manned space flight

Increasing the
Reflectivity

of the Built
Environment

Painting roofs, roadways and pavements
brighter shades to reflect sunlight.

High cost for low cooling impact

Increasing the
Reflectivity

of Vegetated
Surfaces

Choosing lighter-colored species and
varieties of crops and vegetation

for grasslands, open shrub land and
savannas to increase their reflectivity.

Potential loss of biodiversity

Need to ensure no loss of important
characteristics such as growth rates, disease
resistance and drought tolerance

Increasing the
Reflectivity of
Desert Areas

Increasing the reflectivity of large
areas of desert by covering them with
a polyethylene-aluminum surface or
another highly reflective material.

Massive ecological impacts on covered areas
Potential to change large-scale patterns of
atmospheric circulation, such as the East Asian
monsoon that brings rain to sub-Saharan Africa
High cost

Increasing the
Reflectivity
of Ice

Retarding the melting of polar and
glacial ice by covering them with
floatable, removable blankets that
are both reflective and insulating.

Feasibility and expense



approach, however, is likely to be more complex.
For example, methods like stratospheric aero-
sol injection or cloud brightening would affect
global temperatures, but not other impacts of the
growing CO, concentrations in the ocean and
atmosphere, like acidification. Other active ef-
forts would therefore be needed to counter ocean
acidification and offset other ecological impacts.?’
Those efforts might have their own side effects,
making it all the more difficult to do geoengi-
neering safely.

Unintended negative impacts could be partic-
ularly severe in situations where there is no way to
shut down the geoengineering system or stem its
effects. Once aerosols are put into the stratosphere,
there is no way to quickly remove them. In the
event of excessive cooling from miscalculation or
alarge volcanic eruption, severe regional droughts,
failures of monsoon rains in Asia or other serious
negative impacts, we would have to wait a year or
more for the aerosol particles to settle out. Even
when a geoengineering action with negative im-

pacts can be quickly halted, there is no assurance

10 Concerns
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that the climate and the Earth’s ecosystems, once
perturbed, would return to their original state.
Tables 1 and 2 contain descriptions of SRM
and CDR, the major types of geoengineering
methods, and the concerns that have been raised
about each of them.” Many of these concerns
may turn out to be unjustified, and others may
be remediable; however, some could emerge as

show-stoppers. All deserve serious attention.
Potential Ineffectiveness

An important paper by Tim Lenton and his stu-
dent Naomi Vaughn of the Tyndall Centre for
Climate Change Research and the University of
East Anglia in the U.K.?! is the first attempt to as-
sess the potential effectiveness of a broad range of
geoengineering strategies and rank them in terms
of performance — how much heat absorption dif-
ferent methods can prevent (see Table 3). Several
geoengineering options did not fare well in this
analysis; for example, increasing the reflectivity of

the built environment emerged as a fairly weak
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TABLE 2

METHOD

DESCRIPTION

CONCERNS

Improved Ecosystem
and Land- Use
Management

(this can also

be viewed as an
adaptation strategy)

Integrated local and regional land- use manage-
ment that incorporates multiple ecosystem ser
vices, including carbon storage, water regulation
and biodiversity conservation. Reforestation and
reduced deforestation on a national/global scale

e Land-use conflicts between
reforestation and agriculture

e Carbon stored in vegetation can
easily be released by fire, drought
or deliberate deforestation

Bioenergy with
Carbon Capture
and Sequestration

Biomass used as fuel for electricity generation or
hydrogen production, with capture and seques-
tration (CCS) of the resulting CO2. [Bioenergy
without CCS is, at best, carbon-neutral and

does not remove CO2 from the atmosphere.]

e Fuel vs. food: incentive for biomass
production can reduce the availability
and increase the cost of food crops
e Environmental impacts of intensive growing
e Availability and safety of sequestration sites

Biochar

Sequestering in the soil agricultural and
forestry wastes burned through pyroly-
sis to produce biochar (charcoal).

e Supply of biomass wastes

e Long-term impacts of high biochar
applications are not yet known (moderate
applications can increase soil fertility)

Biomass Ocean
Sequestration

Sequestering carbon by putting tree logs and
other biomass residue into the deep ocean.

e Potential disruption of nutrient cycling
and growth of marine ecosystems

* Energy use and expense required for
processing, transporting and burying

Terrestrial- Enhanced
Weathering Methods

Methods to accelerate the natural removal of
CO2 from the atmosphere by the weathering of
carbonate and silicate rocks. Methods include
spreading finely ground olivine on agricultural
soils, reacting CO2 with carbonate rock in chemi-
cal plants and releasing the resulting bicarbonate
into the sea, and enhanced reactions of CO2
with minerals such as basalts and olivine in situ.

* Requires mining, processing and trans-
portation on the scale of current coal
mining and cement production

e Disposal (or use) of large amounts
of solid waste material

e Uncertainties about impacts on

soil pH and vegetation
* High energy use and cost

Ocean-based
Enhanced
Weathering Methods

Mining carbonate materials and put-
ting them into the sea.

e Costs and impacts of large-scale mining

¢ Potential effects on ocean chemistry and
biology not fully understood, but increases
in alkalinity from carbonate materials
could act to counter ocean acidification

Air Capture
(“artificial trees”)

Industrial processes to extract CO,
from ambient air for sequestration.

e Technically feasible, but not clear if cost-
effective processes can be developed
* Availability and safety of sequestration sites

Ocean Fertilization

Adding iron, nitrogen or phosphates to ocean
water as nutrients to stimulate the growth of
phytoplankton that absorb CO2 during photosyn-
thesis. Some of this organic matter sinks into the
deep ocean, sequestering the carbon it contains.

e Potential disruption of the
ocean carbon system
* May increase anoxic regions of

the ocean (i.e., “dead zones")
e Not as effective as hoped for removing carbon

Ocean Upwelling,
Downwelling

Ocean fertilization by using vertical pipes to pump
nutrient-laden waters from several hundred me-
ters depth to the surface and to promote down-
welling of dense water in the subpolar oceans.

e Same concerns as ocean fertilization
* Huge engineering undertaking and
cost for modest impacts

Magnetic Ejection
of CO2 Into Space

Using Earth’s magnetic field, given a helping hand
by lasers and microwave beams, as a conveyor
belt that vents CO2 molecules into space.

Workability

Safety

Energy requirements
Atmospheric impacts

Adapted from T.N. Lenton & M.E. Vaughn, “The radiative forcing potential of different climate engineering options,
Atmospheric Chemistry and Physics, 9, 5539-5561, 2009.



The belief that an easy
technological fix for global
warming is available could
undermine our political and
social resolve to deal with
the underlying cause of the
problem by reducing green-
house gas emissions.

strategy. Ocean fertilization produces useful re-
sults only if sustained on a millennial timescale.
Enhancing ocean upwelling or downwelling has

trivial effects on any meaningful timescale.

Risk of Undermining Emissions-
Mitigation Efforts

The belief that SRM could be an easy technological
fix for global warming could undermine our political
and social resolve to deal with the underlying cause
of the problem by reducing greenhouse gas emis-
sions. Reducing emissions involves politically dif-
ficult actions, such as mandating energy-efficiency
standards, increasing the cost of carbon by taxation
or cap and trade schemes, going against the wishes of
powerful fossil energy corporations and halting de-
forestation around the world. It requires an expensive
and time-consuming effort to transform the entire
energy infrastructure, improving the efficiency of all
our energy-using technologies and building new en-
ergy sources on a massive scale. If politicians are led to
believe that geoengineering can reduce or eliminate
the need for these difficult actions, allow fossil fuel
use to continue and accomplish all this quickly and at
low cost, they will logically be inclined to back away
from mitigation and adaptation efforts and to direct
funding to geoengineering.

This is not just a theoretical concern; it 1s be-

ginning to happen. The Copenhagen Consensus
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on Climate Project, organized by Bjorn Lomborg,
recently developed a prioritized list of the most
— and least — effective ways of reining in glob-
al temperature increases. The Project’s panel of
experts concluded that the most effective use
of resources would be to invest in research on
SRM technologies such as cloud brightening and
stratospheric aerosols; the least effective approach-
es involve reducing emissions by increasing the
cost of fossil fuels.®® In their popular recent book
SuperFreakonomics, Steven D. Levitt and Stephen J.
Dubner say that technologies like wind turbines
and solar photovoltaic cells are more trouble than
they are worth and characterize efforts to use less
oil as “like wearing sackcloth.” Why bother doing
these expensive and difficult things, they ask, when
all we have to do to prevent climate change 1s in-
ject some sulfate aerosols into the stratosphere?
“For anyone who loves cheap and simple solu-
tions,” they say, “things don’t get much better.”*
Several of the U.S. think tanks that in the past
have denied the existence of climate change or
minimized its significance are now recommend-
ing geoengineering to policy makers as an al-

ternative to emissions reductions. The American

Geoengineering initiatives
that allow large buildups of
CO, to occur would need to
have internationally sanc-
tioned control that is ultra-
reliable and proof against
mechanical failures, human
error, economic depres-
sions and funding failures,
wars, terrorism, natural
disasters and simple apathy
across many centuries.
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Ranking the Cooling Power of Geoengineering Options

Enterprise Institute has a large geoengineering
project and has been an active participant in
Lomborg’s Copenhagen Consensus on Climate
Project. A recent Hudson Institute paper argues
that “successful geoengineering would permit
Earth’s population to make far smaller reductions
in carbon use and still achieve the same retarding
effect on global warming at lower cost.” David
Schnare at the Heartland Institute advocates
geoengineering as “much less expensive than
seeking to stem temperature rise solely through
the reduction of greenhouse gas emissions” and
as “delivering results in a matter of weeks rather
than the decades or centuries required for green-

house gas reductions to take full effect.”**

Risk of Sudden Catastrophic
Warming

This concern stems directly from the possibil-
ity that of the prospect of successful SRM geo-
engineering would make emissions reductions

seem less urgent and take the heat off politicians.

Then, as the editors of Scientific American recently
wrote, carbon dioxide would continue to build
up in the atmosphere, “breaching the level of 450
parts per million by volume (ppmv) that many
climatologists now recommend as the upper limit,
then passing the 550 ppmv mark that is the goal
of many current policy initiatives, and eventually
reaching ... a level not seen on Earth since the
days of the dinosaurs.” The danger then becomes
that if the geoengineering effort should ever falter,
“a century’s worth of warming would hit us.”%
It would hit with a speed unprecedented in the
Earth’s history, making adaptation nearly impos-
sible for large numbers of plant and animal species,
and perhaps for human society.

Unchecked carbon dioxide emissions would
build up in the ocean as well as the atmosphere.
Carbon dioxide has a lifetime in the atmosphere

of about a hundred years, but large amounts of

CO, stored in the ocean would outgas for a

much longer time, keeping the atmosphere lad-
en with CO,.This means that any geoengineer-

ing initiatives that allow such build-ups to occur




would need to have internationally sanctioned
control that is ultra-reliable and proof against
mechanical failures, human error, economic de-
pressions and funding failures, wars, terrorism,
natural disasters and simple apathy across many
centuries. It may be, therefore, that the social
and institutional requirements for some forms of
geoengineering are much more daunting than
the engineering requirements.”

The extreme danger described here results
from the improper use of SRM geoengineering
as a substitute for emissions reduction so that CO,
concentrations in the atmosphere and ocean con-
tinue to rise. A short-term use of geoengineering
to limit the extent of warming or avoid a climate
“tipping point,” combined with strong and active
efforts to increase energy efficiency and to transi-
tion to Carbon free energy sources, would pose

much lower risks.
Equity Issues

Geoengineering efforts are likely to produce
differential impacts in different parts of the
world: while some nations will benefit, others
may experience worsening climate conditions.
Evidence for this comes from past experience
with volcanic eruptions, which inject material
high into the atmosphere, producing a cooling
effect in the same way as stratospheric aerosol
injection, cloud brightening or a space shield
would work — by blocking a fraction of sunlight
from reaching the Earth’s surface. The 1991
eruption of Mount Pinatubo on the Philippine
island of Luzon injected an estimated 20 mega-
tons of sulfur dioxide into the stratosphere, pro-
ducing a cooling that lasted several years. But
cooling was not the only effect. Researchers at
the National Center for Atmospheric Research
showed in 2007 that the Pinatubo eruption

MAJOR CONCERNS ABOUT GEOENGINEERING | STIP

reduced precipitation, river flow and soil mois-
ture in several regions, increasing the incidence
of drought.’” An analysis of 20%-century obser-
vations indicates that volcanic eruptions always
caused detectable regional decreases in global

land precipitation.™

Studies looking further
into the past find the same pattern. For exam-
ple, the eight-month-long eruption of the Laki
fissure in Iceland in 1783-1784 was followed
by drought and famine in Africa, India and
Japan.* The reason for these droughts is that
with reduced incoming shortwave solar radia-
tion and surface cooling, less energy is available
for evaporation.

A recent study by two of the lead authors of
the Intergovernmental Panel on Climate Change
Fourth Assessment Report stresses the impor-

tance of differential regional impacts:

“The combination of a strong greenhouse
effect with a reduction of incoming solar
radiation could have substantial effects on
regional precipitation, including reductions
that would rival those of past major droughts.
Geoengineered changes in the environment
could thus lead not only to ‘winners and los-
ers’ but even to conflicts over water resources
and the potential for migration and instabil-
ity, making shortwave climate engineering
[“shortwave” = SRM] internationally very

controversial.”"

There are other studies, however, where mod-
els predict that, for most regions of the planet,
SRM will reduce the stresses due to temperature
and precipitation compared to a world with no
SRM. So we face a situation where the use of
SRM is certain to produce an inequality of re-
sults in different parts of the world, but where
there are large uncertainties about the extent and

impact of those inequalities.*!
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Difficulty of Reaching Agreement

The crux of the challenge of reducing GHG
emissions is reaching political agreement within
our nation and internationally. The science re-
lated to emissions reduction is well established,
most of the needed technologies already exist and
public support for renewable energy and more
energy-efficient products is fairly high. The nega-
tive impacts of these technologies are very small
compared with those of the technologies in cur-
rent use, their costs can be spread over the natural
capital-replacement cycle and the changes needed
to reduce emissions have enormous co-benefits
in terms of energy security, national security, a
healthier environment, competitiveness and job
creation. But the politics is still extremely difficult.

The crux of the challenge of geoengineering
is also likely to be reaching political agreement,
and it may well be even more difficult to reach
agreement on geoengineering than on emissions
reductions. The science related to geoengineering
and its potential impacts is not well established, few
of the potential technologies have actually been
developed and public awareness of this entire area
of technology is still low. The negative impacts of
some geoengineering technologies may be large,
all of the more powerful SRM technologies are
controversial and liability for harmful impacts
could be a legal nightmare. No international in-
stitutions or arrangements exist to authorize field
tests or deployments or to make decisions about
“where the thermostat should be set.” The results
of geoengineering initiatives could be geographi-
cally uneven, producing angry losers as well as
winners. The north-south divisions so evident at
the Copenhagen Summit would almost certainly
be intense around geoengineering. Finally, some
people believe for religious or philosophical rea-
sons that it is wrong for humans to interfere so

fundamentally with the Earth’s natural processes.

Potential for Weaponization

Several countries have a long history of efforts to
modify weather for military purposes. In the U.S,,
the leading example is the Central Intelligence
Agency’s top-secret Project Popeye rain-making
campaign that ran from 1966 to 1972 in an effort
to swamp North Vietnamese supply lines along
the Ho Chi Minh trail, drown out North Viet-
nam’s rice crops and disrupt anti-war protests by
Buddhist monks.** Many of the world’s military
powers remain interested in weather control. The
UN’s World Meteorological Association reported
that at the turn of the century at least 26 gov-
ernments were routinely conducting weather-al-
tering experiments, although it could not distin-
guish between military and non-military efforts.
The U.S. military continues to pursue work in
this area. A 2001 Air Force study, Weather as a
Force Multiplier: Owning the Weather in 2025, con-
cludes that weather control “can provide battle
space dominance to a degree never before imag-
ined” by allowing U.S. forces to generate rainfall
and enhance storms to disrupt enemy operations,
deny precipitation to reduce freshwater supplies
and induce drought, disrupt communications and
radar, and remove fog and cloud cover to view
enemy activities.*

The United States and 84 other coun-
tries have signed the UN Convention on
the Prohibition of Military or Any Other
Hostile Use of Environmental Modification
Techniques.” But if geoengineering research
should lead to major advances in knowledge
and techniques relevant for weather control, it
is hard to imagine that knowledge not being
put to use. In this respect, geoengineering is
no different from other powerful technologies,
from rocketry and atomic energy to computers
and genetic engineering that have been put to

military as well as peaceful uses.



Reduced Efficiency of Solar Energy

Scientists estimate that the warming caused by
a doubling of carbon dioxide in the atmosphere
from the pre-industrial level can be compensat-
ed by a 1.8 percent reduction in solar radiation
reaching the Earth’s surface — a level of reduction
achievable by SRM technologies.* Unfortunately,
one of the side effects of this reduction would be
to significantly lower the amount of electricity
generated by solar pwer.

The response of solar energy systems to to-
tal available sunlight is not linear and it varies
depending on the kind of solar energy system.
Solar technologies that use “concentrators” to
focus sunlight work best with direct sunlight
because diffuse sunlight that arrives from many
directions is difficult to concentrate. These sys-
tems would be most affected by geoengineer-
ing methods to reduce solar radiation. Research
at the National Oceanic and Atmospheric
Administration in Boulder, Colorado, shows
that for every 1 percent reduction in solar ra-
diation, the average output of solar systems that
rely on direct sunlight drops by 4 to 5 percent.*
Efficiency reductions of this size might affect
the economics of solar thermal electric systems
and other solar technologies that use concen-
trators, slowing the shift away from fossil fuels.
Solar technologies that do not use concentrators

would be affected much less.

If geoengineering research
should lead to major
advances in knowledge
and techniques relevant for
weather control, it is hard
to imagine that knowledge
not being put to use.
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Danger of Corporate Interests
Overriding the Public Interest

Dozens of patent applications have already been
filed for different geoengineering technologies,
raising important questions about the future of
geoengineering. Could patents on proprietary
technologies allow the private sector to gain too
much influence over research and development
decisions? Could the drive for shareholder profits
override the public interest and lead to inappro-
priate deployments? Would companies undermine
mitigation efforts by influencing governments to
allow geoengineering technologies to qualify for
carbon credits or to meet emissions-reduction tar-
gets? Questions like these have not yet received

the attention they deserve.

Danger of Research Driving
Inappropriate Deployment

Researching geoengineering technologies can
lead to inappropriately developing and deploying
them. While this is certainly not inevitable, it is a
pattern that has occurred in other technical ar-
eas. Dale Jamieson has studied this problem in the
field of medical research, where over time many
treatments and devices have come into use even
though they ultimately were proved ineffective,
damaging or ethically problematic.* Jamieson ar-
gues that while most historical cultures have had
a bias toward caution, modern culture tends to
view opposing the deployment of a new tech-
nology as holding back progress. More important,
the social dynamics of the research community
itself sometimes drives an unreflective shift from
research to use.

“A research program often creates a com-
munity of researchers that functions as an in-

terest group promoting the development of the
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technology that they are investigating. Since the
researchers are the experts and frequently hold
out high hopes for a rosy future if their technol-
ogy is developed, it can be very difficult for deci-
sion makers to resist their recommendations. In
many cases the social and ethical issues created by
the deployment of the technology are explored
only after we are committed to it, but by then it
is too late.”"

A problem particular to geoengineering re-
search is that real-world experimentation can
slip into development and actual deployment.
Research will naturally move from laboratory
and computational work to small-scale field tests.
If results of such tests are positive, they may seem
to justify larger-scale tests to see how effective
the technology can be. If small-scale tests pro-
duce inconclusive results, there will be pressure

to move to more “real-world” large-scale tests.

This dynamic has already played out in the case of
ocean fertilization. Despite a series of small-scale
field experiments with inconclusive or negative
results, some researchers continue to argue that
much larger-scale tests are needed to fully assess

the efficacy of the technology.*®

Taken together, these concerns suggest that the
best future would be one in which geoengineer-
ing is not needed. The idea that SRM geoengi-
neering is an easy technological fix that can re-
place efforts to reduce greenhouse gas emissions
should be rejected. But questions remain. Can
we reduce global GHG emissions fast enough to
prevent dangerous climate change? Might geo-
engineering be needed despite all its difficulties

and dangers?
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2. Can We Reduce

Greenhouse Gas

Emissions Fast Enough?

The question of whether we can reasonably ex-
pect to reduce GHG emissions fast enough to
prevent dangerous climate change is central to
formulating policy toward geoengineering. Un-
fortunately, there is no way to answer this question
with a high degree of certainty. There is no objec-
tive way to assess how rapidly the U.S. and global
energy infrastructure could be “decarbonized” if
we decide this is a high priority, and it is far from
clear what circumstances might trigger strong ac-
tion to shift away from fossil fuels.

There are also scientific uncertainties in im-
portant areas such as how clouds are affecting cli-
mate change and the influence of aerosols and
other climatically active ingredients that industry,
farming and land clearance add to the atmosphere.
The computer models developed to forecast cli-
mate change are the most complex and sophis-
ticated models developed in any area of science,
but their accuracy depends on the assumptions
and data fed into them, and there are areas where
the data are still sparse. A small number of serious
scientists, stressing these uncertainties, depart from

the mainstream of scientific opinion on climate

change. They do not dispute that carbon dioxide
and other greenhouse gases are being added to the
atmosphere or that some amount of warming is
occurring, but argue that these greenhouse gases
will not cause as much warming as is generally
assumed and that much of the warming of recent
decades can be explained by natural fluctuations
that are larger in scale and longer in duration than
current climate science recognizes.” All serious
scientists doing good, objective work — includ-
ing dissenters from mainstream work on climate
change — deserve to be respected.

Despite this tiny number of serious, knowl-
edgeable dissenters, and the much larger numbers
of ideological dissenters who simply do not want
to believe in climate change, a high degree of con-
sensus has developed within the climate science
community about climate trends. It is a “moving
consensus,” evolving over time as new research
findings emerge. This consensus is summarized, at
least roughly, by the periodic assessment reports
of the IPCC.

A large body of new research published
since the last IPCC assessment report in 2007 is

19



20

STIP | GEOENGINEERING FOR DECISION MAKERS

presenting an increasingly alarming view of the
scale of the climate challenge and the urgency of

dealing with it.
Climate Trends

During 2010, a record-shattering heat wave in
Russia sparked wildfires that drove residents from
Moscow and devastated the country’s wheat crop.
Another heat wave lingered in Mexico and the East
Coast of the United States. A fifth of Pakistan went
under water and millions were deluged by floods
in places ranging from Australia to California. Pro-
digious snowstorms broke seasonal records in the
United States and Europe. A huge chunk of ice
broke ofta glacier in Greenland, the most significant
climate event there in 50 years. No single event or
small set of events can “prove” that climate change
is real —although climate change deniers were quick
to celebrate the large snowfall in Washington, D.C.,,
in the winter of 2009 as evidence against climate
change. But beyond such specific,local events, more
fundamental, long-term, measurable global trends

have been underway.

Carbon dioxide emissions are “worse than
worst case.” The IPCC’ third assessment re-
port, published in 2001, included a wide range
of climate change scenarios. The worst-case sce-
nario with the highest estimates of warming as-
sumed rapid economic growth, slow progress in
improving energy efficiency and only weak efforts
to reduce dependency on fossil fuels. But within
just a few years it became clear that rapid growth
in China, India, Brazil and other fast-developing
countries was putting global emissions on a path
that was higher than that worst-case scenario.The
global growth rate of carbon dioxide emissions
from fossil fuel burning accelerated from 1 per-
cent per year during the 1990s to 3.4 percent be-
tween 2000 and 2008.%° The global recession that

arrived in 2008 temporarily slowed this rise, but
continuing rapid growth in emerging nations may
mean that this “worse-than-worst-case scenario”
should now be regarded as the most likely one in

the absence of determined intervention.”'

Global temperatures are rising. Over the past
30 years, the average global temperature has in-
creased by an average of 0.19 degree C per decade
(about 0.36 degree F).5? Some climate skeptics ar-
gue that now we are actually experiencing a global
cooling. But the latest surface temperature figures
released by the National Aeronautics and Space
Administration (NASA) and the National Oce-
anic and Atmospheric Administration (NOAA)
show that 2010 tied 2005 as the hottest year since
1880, when modern temperature records began®.
The other hottest recorded years have all occurred
since 1998.>

Data from the Hadley Centre for Climate
Change in the UK. do, however, suggest that
there has been a pause in the trend to higher
global temperatures. This is not unexpected. Both
temperature records and climate models show
that there is a great deal of short-term natural
variability in global temperatures caused by the
Pacific decadal oscillation of ocean temperature,
cycles of solar activity, El Nifio/La Nifia changes
in wind currents, changes in the amount of wa-
ter vapor in the stratosphere, volcanic aerosols
and other factors. A graph of global temperatures
over the past century looks much like a graph of
the Dow Jones Industrial Average in a bull mar-
ket: there are variations up and down, and it is
possible to confuse a temporary pause or down-
ward tic with a reversal of global warming, even
though the overall trend is sharply up.*® Most sci-
entists expect the current pause to end soon, and
the resumption of warming will come as a jolt as
the temperature catches up with the greenhouse

56

gases added during the pause.
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Arctic sea ice is melting more quickly than
anticipated. Most climate models have underes-
timated the rate of Arctic sea ice loss over the past
three decades by a factor of three.’” The extent
of Arctic sea ice at its summertime minimum has
shrunk by 34 percent just since 1979.%* Recent
studies project that the Arctic could be ice-free
during the summer by as soon as 2030.%

Both the Greenland and Antarctic ice sheets
are losing mass at an accelerating rate. Melting
along the edges of the Greenland ice sheet has
been clearly documented since 1990. Independent
measurements from different satellites indicate
that Greenland entered a period of accelerated
melting starting in the summer of 2004.%" This
increased melting around the edges substantially
exceeds annual snowfall in the interior regions,
which means that Greenland’s ice is losing mass
and contributing to sea level rise." The West
Antarctic ice sheet is also exhibiting accelerated
melting. Ten major ice shelf collapses have oc-
curred there in the past decade, most recently
in April 2009.% Until late 2009, East Antarctica
was thought to be too cold and stable to lose ice,
but the latest satellite measurements show ice loss
there as well.®® In both Greenland and Antarctica,
ice shelves along the edges of the land mass act
to prevent the movement of land-based ice into
the ocean. As these barriers melt and collapse, the
glaciers behind them begin to flow more rapidly
to the sea, lubricated by meltwater that sinks to

the base of the glaciers.

Sea level rise may reach 1 to 2 meters by the
end of the century. The IPCC’ 2007 assessment
report projected a global sea level rise of 0.18 to
0.59 meter (0.59 to 1.94 feet) by the end of the
21 century. That estimate was deliberately con-
servative, based primarily on the thermal expan-
sion of the oceans as they warm, because there was

no consensus on how much land-based ice might

melt and enter the oceans. Recent studies focused
on capturing the ice contribution to sea level rise
project increases that range from 0.5 to 2.0 meters
(1.64 to 6.56 feet) by 2100.% Beyond 2100, a sea
level rise of several meters must be expected over
the next few centuries, even if efforts to reduce

GHG emissions are successful.®

Ocean acidification is increasing rapidly.
Ocean acidification is “the other CO, prob-
lem” that deserves much more attention. In an
attempt to generate that attention, 150 leading
marine scientists from 26 countries came to-
gether in 2009 to call for immediate action by
policy makers to sharply reduce CO, emissions
in order to avoid widespread and severe damage
to marine ecosystems from ocean acidification.®
As increasing amounts of carbon dioxide are ab-
sorbed by the world’s oceans, the dissolved gas
forms carbonic acid, making ocean water more
acidic. This reduces the amount of carbonate in
the oceans, which makes it harder for corals and
shell-forming organisms of all kinds to grow. A
new model designed to assess the rate at which
the oceans are acidifying suggests that changes in
the carbonate chemistry of the deep ocean may
exceed anything seen in the past 65 million years.
The model also predicts much higher rates of en-
vironmental change at the ocean’s surface in the
future than have occurred in the past, potentially
exceeding the rate at which plankton can adapt.*’
Another recent modeling study concluded that if
atmospheric concentrations of CO, double from
the pre-industrial level to 550 ppmv, ocean eco-
systems would be severely disrupted and “all coral
reefs will cease to grow and start to dissolve.”®®
The seriousness of these climate trends is un-
derscored by the reaction they are provoking in
the insurance industry. Climate Change: Adapt or
Bust, a report by Lloyd’s of London, summarizes

scientific evidence that global temperatures, sea
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levels and extreme weather events are increasing
faster than previously thought and argues that for
the insurance industry to survive it must adapt
its responses to these trends sooner rather than
later.”” An analysis by Swiss Re reviews the im-
pacts that accelerating climate change could have
on property, casualty, life and health insurance and
concludes that these trends could create major
vulnerabilities affecting the company’s reserves, its
ratings and its very solvency.”” Munich Re recent-
ly announced a strategic re-direction to address
climate change, which it describes as “one of the
greatest risks facing mankind.” Its annual review
of natural catastrophe experience cites the asser-
tion in the Stern Review of the Economics of
Climate Change that unchecked, human-caused
global climate disruption will cause trillions of
dollars of damages in our lifetimes, with impacts

comparable to those of a world war.”!

Dangrous Climate Change

When do rising global temperatures become
truly dangerous? There is no exact and certain
answer to this critical question. In the absence
of full agreement delineating dangerous from
acceptable climate change, limiting global
warming to 2 degrees C (3.6 degrees F) has
emerged as the principal focus of international
and national policy.”

In the absence of full
agreement delineating
dangerous from accept-
able climate change,
limiting global warming to
2 degrees C (3.6 degrees

F) has emerged as the prin-
cipal focus of international
and national policy

Policy makers often approach climate goal
setting by positing targets such as “an 80 percent
reduction in emissions by 2050.” However this ap-
proach can be misleading because a goal like this
can be achieved by a wide variety of trajectories
with large differences in cumulative emissions which
are what really count in affecting the climate.
Cumulative emissions are best stated in terms of
CO,, or carbon dioxide equivalent, the unit of
measurement used to indicate the global warming
potential of each of six major greenhouse gases. It
serves as a simultaneous measure of the concentra-
tion of carbon dioxide and other greenhouse gases.

A few years ago, most climate scientists as-
sumed that if the cumulative build-up of atmo-
spheric CO,, could be held to or returned to 550
ppmv by 2100, it would be sufficient to prevent
warming from exceeding 2 degrees C. Climate
policy in most nations still reflects that 550 ppmv
goal. However, most climate scientists have revised
their estimate of what is needed to stay below the
2 degree C threshold to 450 ppmv. Some scien-
tists, like NASA’s James Hansen, argue that the
goal of limiting warming to 2 degrees C is “a rec-
ipe for disaster,” and that we should strive to stop
warming at 1.5 degrees C by returning to 350
ppmv CO,_as quickly as possible from the cur-
rent level of 390 ppmv.” This view is the basis for
the 350.0rg global grassroots campaign. 350 ppmv
was also the goal advocated at the Copenhagen
Summit by island nations whose existence is
threatened by sea level rise.

According to a much-cited recent synthesis
of results from a wide variety of climate models
by Malte Meinshausen and his colleagues, lim-
iting cumulative emissions to 550 ppmv CO2e
would result in an 82 percent mid-value prob-
ability of exceeding 2 degrees C. Limiting cumu-
lative emissions to 450 ppmv would give roughly
a 50/50 chance of staying below 2 degrees C. To

provide a 93 percent mid-value probability of not
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exceeding 2 degrees C, GHG emissions would
need to be stabilized at or below 350 ppmv.”
Regardless of whether cumulative GHG emis-
sions can be stabilized at 350 ppmv in this century,
it seems reasonable that CO, will eventually need
to come down to this level, and the sooner the
better. At the current level of 390 ppmv, the world
is already experiencing a loss of glaciers and the
freshwater supplies they provide, a rapid loss of
Arctic summer ice, increasing melting along the
edges of the Greenland and Antarctic ice sheets,
sea level rise, expansion of the subtropics, increas-
ingly extreme forest fires and floods, serious ocean

acidification and a worldwide loss of biodiversity.
Tipping Points

The greatest danger of allowing cumulative emis-
sions to rise into what appears to be a danger zone
above 450 ppmv (and possibly lower) is that we
could pass “tipping points” of significant irrevers-
ible change.

The most critical of these tipping points is
triggering the release of greenhouse gases from
the biosphere itself on a scale that dwarfs the
effects of human fossil fuel burning. This would
overwhelm any efforts we could make to cut
back carbon emissions. We would be powerless
to stop an abrupt change to a new, hotter climatic
state that could undermine agriculture in many
parts of the world and have extreme impacts on
global society.

Since 2003, scientific papers have explored
several of these potential climate tipping points.
There is still significant uncertainty about how
close we are to each of them, but the basic
mechanisms by which they would operate are

well understood.

Melting Arctic Sea Ice. Light-colored ice and

snow reflect sunlight back into space, while darker

water absorbs more radiation, heats, and subse-
quently emits long wave radiation that is trapped
by GHGs and increases the Earth’s temperature.
As melting Arctic ice shrinks the size of the po-
lar ice cap, it exposes more dark ocean surface,
which absorbs more heat, which melts more ice,
exposing more dark water, and so on and on in a
self-amplifying process. This so-called ice-albedo
positive feedback largely accounts for the faster-
than-expected melting of Arctic sea ice. By one
estimate, the extra heat that would be added to the
Earth by the complete melting of the Arctic ice
cap would be roughly equivalent to the amount of
warming produced by all the GHG emissions we

have put into the atmosphere to date.”

Water Vapor in the Lower Atmosphere. Warm-
ing driven by carbon dioxide and other green-
house gases allows the air to hold more moisture.
Increasing amounts of water vapor in the lower
atmosphere trap heat, and increasing temperatures
allow the air to hold even more moisture, creating

a positive feedback loop.”

Thawing Arctic Permafrost. Another self~am-
plifying process is the thawing of Arctic perma-
frost, which releases methane, a far more potent
greenhouse gas than carbon dioxide, which ac-
celerates melting and further methane release.
Researchers studying the permafrost in northern
Siberia report that methane emissions there in-
creased by 58 percent between 1974 and 2000.”
Recently a team of British scientists recorded a
massive spike in the amount of methane seeping
from Arctic permafrost, a rise by almost one-third
over the past five years.”® The Arctic is still a com-
paratively small source of atmospheric methane,
but this accelerating release 1s troubling because if
the Arctic permafrost continues to melt it could
ultimately boost current levels of atmospheric

methane ten-fold.
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TIPPING POINTS

Melting Arctic Sea Ice

Water Vapor in the Lower Atmosphere

Thawing Arctic Permafrost

Thawing Arctic Sea Floor Permafrost

Tropical Forest Dieback

Shut-off of the AtlanticThermohaline Circulation

Thawing Arctic Seafloor Permafrost. Much
larger quantities of methane are trapped within
icy lattices of hydrogen bonds, known as hydrates
or clathrates,that lie within the pores of sediments
under the seafloor. These hydrates are covered by a
lid of solid permafrost that keeps the methane from
escaping. In 2007, a team of researchers from Rus-
sia and other nations measured growing concentra-
tions of dissolved methane in Arctic sea water and
observed methane plumes bubbling to the surface
in shallow waters along the Siberian Shelf. Howev-
er,we do not know the normal background level of
methane activity in this area, and it has not yet been
definitely shown that the methane scientists have
found comes from methane hydrates.” If it can be
proved that seafloor hydrates are releasing grow-
ing quantities of methane into the atmosphere, it
will be a truly alarming development. The Siberian
Shelf alone is estimated to contain 1,400 billion
tons of methane in gas hydrates, which is equivalent
to nearly twice as much carbon as is contained in all
the trees, grasses and flowers currently growing on
the Earth. If just 1 percent of this methane escaped
into the atmosphere over a few decades, it would be

enough to trigger abrupt climate change.®

Tropical Forest Dieback. Large amounts of car-
bon are locked up within the plant material of the
world’s forests. When forests are taken down, that
carbon goes into the atmosphere. Deforestation in
the tropics today accounts for nearly 20 percent
of all carbon emissions due to human activities.*
Large tropical forest areas like the Amazon in effect
create their own climate by recycling precipitation
— holding rainwater that evaporates and falls again
as rain. Climate models project that under condi-
tions of a 3-to-4 degree C global warming a more
persistent E] Nifio state would lead to drying over
much of the Amazon Basin.*> Continued defor-
estation and drying would reduce the rainforest’s
ability to hold water, creating a downward spiral
where forest dieback increases global warming,
which further increases forest dieback, releasing

more and more carbon into the atmosphere.

Shut-off of the Atlantic Thermohaline Circula-
tion. The Gulf Steam that keeps much of Europe
and the east coast of North America much warmer
than these areas would otherwise be is driven by a
process called thermohaline circulation. It is like a

gigantic conveyor belt of warm surface water that
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streams northward from the tropical Atlantic Ocean
until, in the far North Atlantic, it becomes so cold
and salty — and therefore so dense — that it plunges
downward and moves south, continuing the circu-
lation pattern. If climate change causes water in the
North Atlantic to become too warm, or melting ice
makes the water sufficiently less salty, this density-
driven circulation could halt. R esearch suggests that
this circulation has fluctuated and even stopped nu-
merous times in the Earth’s distant past, and that
these changes have happened not in geologic spans
of thousands of years, but rather in decades. It is pos-
sible, therefore, that global warming could actually
lead to a form of abrupt climate change that in-
volves extreme cooling in some parts of the world.®

Several other potential tipping points have been
identified, including Greenland and West Antarctic
ice sheet instability, boreal forest dieback and dis-
ruption of monsoon circulation in the Indian sub-
continent, the Sahara/Sahel and West Africa.

The common characteristic of all these tip-
ping points is that they could produce sudden
climate change.

An extremely important implication of the tip-
ping point concept is that “overshooting strategies”
pose serious dangers. These strategies aim to stabilize
the atmospheric concentration of GHGs at 450 ppmv
or lower between 2100 and 2150, but overshoot that
target by a very sizable amount during the century
ahead. This is the de facto strategy of the Obama
administration, China and virtually all other na-
tions today. However, faith in the ability to do a large
overshoot and then return to a safer climate may be
misplaced if the overshoot passes irreversible tipping

points or triggers self-amplifying climate change.

Preventing Dangerous Climate
Change

What level of action appears necessary to sig-

nificantly reduce the risk of dangerous climate

change by limiting warming to 2 degrees C or
less? Several recent studies frame the answer in

different ways.

B Computer modeling at the Met Office’s
Hadley Centre for Climate Prediction and
Research in the U.K. suggests that a “business
as usual” approach of continued sluggish ef-
forts to deal with climate change would cause
almost unthinkable damage to human society
and the natural world. With emissions increas-
ing by more than 100 percent by 2050, the
end-of-century rise in global average temper-
ature could go as high as 7.1 degrees C (12.7
degrees F).** The Hadley Centre climate mod-
el illustrates the costs of delaying the peak and
downturn of global emissions. Each 10 years of
delay adds another 0.5 degree C to the likeliest

end-of-century figure.

B Areportfromthe UN Environmental Program
timed to influence the Copenhagen Summit
estimates that climate change will move well
into the danger zone by the end of the centu-
ry even if the world’s leaders fulfill all of their
most ambitious pledges for reducing GHG
emissions. The authors took the upper-range
targets of nearly 200 nations’ climate policies
— including U.S. cuts that would reduce do-
mestic emissions 73 percent from 2005 levels
by 2050, along with the European Union’s
pledge to reduce its emissions 80 percent from
1990 levels by 2050 — and found that even
if all those targets were reached the average
global temperature is still likely to rise by 3.5
degrees C (6.3 degrees F).* Another analysis
done shortly after the Copenhagen Summit
concluded that the total current commit-
ments of the worlds nations would lead to
approximately 3.9 degrees C (7.0 degrees F)
warming b 2100.%
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B A recent paper by Kevin Anderson and Alice
Bows at the Tyndall Centre for Climate
Change in the U.K. updates the computer
modeling that formed the basis for the IPCC’s
2007 assessment report, putting in more pes-
simistic assumptions about the rate of emis-
sions, the biosphere’s ability to absorb carbon
emissions over time and other factors. At the
same time, the authors make a series of fairly
optimistic assumptions, such as global emis-
sions peaking in 2020, overall emissions falling
by 3 percent per year after 2020 with energy
and process emissions falling by 3.5 percent,
a rapid end to deforestation and a halving of
emissions from global food production. The
result of this scenario is that cumulative emis-
sions stabilize at 650 ppmv CO,_ with an as-
sociated warming of roughly 4 degrees C.*” In
Anderson and Bows’ modeling, stabilization at
450 ppmv CO,, requires that emissions peak
by 2015 followed by annual reductions of 4
percent in CO,_ and of 6.5 percent in energy

and process emissions.

B In NASA climatologist James Hansen’s 350
ppmv pathway, carbon emissions need to be
limited to about 750 gigatons* between 2000
and 2050. Approximately 330 gigatons were
emitted between 2000 and 2009, so we have
already consumed nearly half of the 50-year
350 ppmv budget. To keep to the budget, emis-
sions need to peak by 2011, then drop rapidly,

soon reaching a rate of 10 percent per year. If

emissions peak just four years later, in 2015,
a 20 percent annual rate of decline is need-
ed. Hansen’s pathway demands an immediate
worldwide halt in the construction of coal-
fired power plants without carbon capture and
sequestration. It also assumes “negative emis-
sions” of 150 gigatons based on carbon dioxide
removal geoengineering efforts such as refor-
estation, biochar and biomass energy with car-

bon sequestration.®®

B Robert Socolow at Princeton University cal-
culates that stabilization at 2 degrees C requires
annual global CO,_emissions to fall to an aver-
age of two tons per capita by mid-century and
one ton by 2100. The world average annual
emission level today is 5 tons per capita and the

U.S. average is 20 tons per capita.”

There are significant uncertainties in all these
analyses, and new research constantly provides
new information, some of which makes the pic-
ture look darker and some brighter. Despite the
uncertainties, the overall picture of our situation
seems reasonably clear. Atmospheric stabilization
of carbon dioxide and other greenhouse gases be-
low the level that risks dangerous climate change
will require a societal mobilization and techno-
logical transformation at a speed and scale that
has few if any peacetime precedents. If a mobiliza-
tion on this scale cannot be achieved, we may find
ourselves in a situation where the only alternative

to dangerous climate change is geoengineering.

the size of a three-story building: (27ft x 27ft x 27ft). This is the amount of CO,‘the ave

person in an industrialized country emits each month. A gigaton of CO, is a billion times,
that much.
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3. Geoengineering Scenarios

As concerns about climate change grow and the
possibility that we may have to resort to geoen-
gineering to avert a climate catastrophe begins to
be taken more seriously, several different view-
points are emerging about how geoengineering
should or could be developed and used. Most of
this range of opinion can be described in terms of

five scenarios of how events could unfold:
B No Geoengineering

B Safe CDR Only

Technology Transformation
B Insurance Policy

B Needed Soon
Scenarios

No Geoengineering

Under this scenario, little geoengineering re-

search and development is done, and we depend

completely upon mitigation and adaptation to
deal with climate change. This state of affairs could
come about in different ways, from the inertia of
business-as-usual to the emergence of strong op-

position to geoengineering.

Safe CDR Only

Increasingly urgent efforts to respond to the climate
challenge include the use of CDR technologies to
complement emissions reduction through improve-
ments in energy efficiency and renewable energy
development. While research is conducted on SRM
technologies, their use continues to be rejected as

involving too many uncertainties and dangers.

Technological Transformation

Large increases in government spending for en-
ergy R&D combine with a burst of private sec-
tor innovation and entrepreneurship similar to
what occurred in the 1980s and 1990s with in-
formation technology. The result is a portfolio
of breakthrough solar, wind, battery and nuclear
technologies that are so clean, climate-friendly

and inexpensive that businesses and consumers
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flock to them, leaving coal and oil behind. Like
cell phone technology, the new low-cost energy
systems are adopted rapidly in countries that still
lack a well-developed energy infrastructure. CDR
technologies are seldom used because the new en-
ergy technologies are more cost-effective. R&D
is pursued on SRM methods, but the hope is that
rapid transformation of the energy system can

make SRM geoengineering unnecessary.”

Insurance Policy

This scenario assumes that there has been only
modest progress in reducing CO, emissions,
creating growing risks as CO, keeps increasing.
While emissions reduction through energy ef-
ficiency and renewable energy remains the pri-
mary strategy for dealing with climate change,
growing concern that this primary strategy could
fail leads to increasingly urgent efforts to devel-
op geoengineering technologies as an insurance
policy against a climate catastrophe. The main
emphasis is on developing the capability to do
“fast geoengineering” using stratospheric aerosols
and cloud-brightening technologies that can be
deployed and have large impacts quickly if we
find ourselves passing a climate tipping point.”!
Several CDR technologies are also developed and

put into place.

Needed Soon

Rapidly rising Arctic temperatures and increasing
methane emissions from melting permafrost con-
vince scientists that SRM geoengineering needs to
be used as soon as possible for preventing danger-
ous climate change. Stratospheric aerosols and cloud
brightening technologies are developed on a high-
priority basis. The goal is to deploy SRM as rapidly
as possible to halt and reverse Arctic melting but to
use it for as short a period of time as possible. How-

ever, scientists continue to press for greater effort

on emissions reduction, insisting that the capability
to do geoengineering should not be used to justify
inadequate climate policies and should never be

treated as a substitute for emissions reduction.

Do It All

In this scenario all the bases are covered. There is
major international effort to cut carbon emissions
by shifting away from fossil fuels, improving en-
ergy efficiency, and expanding the use of low/no
carbon energy sources. There is substantial R&D
funding for CDR, with the objective of quickly
using any CDR technologies that prove effec-
tive, safe and economic. There is also substantial
funding for research on SRM to use as a backup
if necessary if energy system tranformation and
CDR are not enough.

Each of these scenarios is distinct with respect
to decisions made by society, costs to society, risks
to society,and benefits to society. No Geoengineering
is the only scenario in which little or no geoen-
gineering R&D is done. It avoids the costs and
risks of geoengineering, but could increase the
costs and risks of climate change. Safe CDR is
probably only possible if there is a high value put
on carbon emissions ($200-300/ton), and requires
substantial expenditures on CDR technology de-
velopment. Technology Tiansformation is the ideal
outcome if achievable, so it is a desirable bench-
mark. It is distinguished from all other scenarios
because energy-related advances are so large that
it doesn’t require geoengineering. Insurance Policy
probably comes closest to the way major govern-
ments are acting today. It can lead to high risks
because progress in reducing CO, emissions is so
modest. Needed Soon focuses investment on “quick
fix” SRM approaches, especially stratospheric
aerosols. Do It All requires a level of investment
hard to achieve in an era of budget cutting, but it

arguably minimizes climate risks.



Failure Modes

It is important to understand how geoengineer-
ing could go wrong so we can consciously avoid
those possibilities. Six plausible failure modes are

outlined below.

Mitigation Undermined

The knowledge that climate engineering is pos-
sible makes climate change seem less fearful. This
weakens commitments to cutting GHG emis-
sions, and the world fails to head off dangerous

climate change.

Geoengineering Goes Wrong

Geoengineering technologies are deployed in a
climate emergency without adequate advance
R&D to rule out the use of dangerous options
and refine the best options. Unanticipated side ef-
fects make the situation worse and undermine the

legitimacy of geoengineering.

Going Rogue

A country suffering particularly severe climate
impacts decides to act unilaterally without wait-
ing for the approval of dithering international in-
stitutions. The rogue actor could also be a corpo-
ration or even an individual multi-billionaire. It
is within the realm of possibility that some future
“Warren Gates Branson III” would decide that
“all my money counts for nothing if the world’s
gone to hell” and set out on his own geoengi-
neering effort to save the planet.”? The resulting
policy and legal conflicts create a crisis of inter-

national governance.

Ocean Systems Collapse
SRM geoengineering is emphasized over reduc-
ing GHG emissions because it is easier, cheaper

and faster. The geoengineering efforts succeed in
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stopping and even rolling back global temperature
increases. However CO, levels continue to build
up in the atmosphere and the ocean, and within
a few decades ocean acidification causes a massive

collapse of marine ecosystems.

Sword of Damocles

SRM geoengineering is adopted as the primary
strategy for dealing with climate change. Rather
than aiming at avoiding geoengineering or using
it for as short a time as possible, policy makers
decide to employ it freely as a partial or complete
alternative to reducing the use of fossil fuels. As
a result, large concentrations of carbon dioxide
build up in the atmosphere and ocean, and over
the entire millennium ahead people live with the
threat of sudden, catastrophic climate change if
they should ever fail to maintain the geoengineer-

ing enterprise.”

Catastrophe

SRM geoengineering is substituted for emissions
reduction in order to allow the fuller exploitation
of fossil fuel resources.Very high CO, concentra-
tions build up over the century ahead. The geo-
engineering efforts that need to be sustained to
keep this CO, from abruptly changing the climate
are disrupted by war and depression. The climate
changes so violently and quickly that most life on
Earth cannot adapt in time. The human popula-

tion dies back sharply.

Over the generation ahead the six images set
our here — No Geoengineering, Safe CDR Only,
Technological Transformation, Insurance Policy,
Needed Soon and Do It All — will compete, in-
teract and take new forms in the arena of poli-
tics. Controversy is inevitable, and the stakes — the
well-being of human civilization and life on Earth

— will be very high.
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If SRM geoengineering is rejected but ef-
forts to reduce GHG emissions are not successful
enough because we started too late, set our goals
too low or could not achieve our goals, we would
risk a climate catastrophe. If geoengineering is
pursued, it risks politically undermining emis-
sions-mitigation efforts. If it is deployed without
adequate research to understand and minimize
dangerous side effects, it could make a bad situ-
ation worse and destroy its own credibility. If it
is deployed unilaterally, it could provoke a cri-

sis of international governance. If politicians are

tempted by the idea that cheap and fast geoen-
gineering can allow them to avoid the economic
and political costs of reducing CO, emissions, it
risks a collapse of ocean ecosystems and requires
that geoengineering efforts be reliably sustained
over many centuries through depressions, wars
and potential disturbances of every kind.
Threading our way safely through these pos-
sibilities will require wise decision making. The
nature of the governance processes used for mak-
ing those decisions will be a major factor shaping

how the future unfolds.



Should R&D on Geoengineering Be
Supported?

Concerns about the potential negative conse-
quences of geoengineering are justified, particu-
larly for SRM technologies. Even early-stage re-
search on geoengineering raises valid concerns,
such as the possibility that it could create a com-
munity of researchers that functions as a self-inter-
ested lobby promoting the use of the technology.

Nonetheless, there are strong arguments for
supporting R&D on geoengineering. In fact,
a new analysis by the U.S. General Accounting
Office (GAO) shows that funding for geoengi-
neering R&D is already underway and growing
in Europe. In the U.S., however, R&D has barely
begun. It is dominated by a single set of grants
from a private foundation with an insignificant
amount of money from NSE* The principal ra-
tionale for pursuing R&D is that nations around
the world may not be able to reduce GHG emis-
sions quickly enough to prevent dangerous cli-
mate change. Recent climate research presents

mounting evidence that dangerous climate change
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could emerge rapidly and portrays the challenge
of reducing emissions as more daunting than was
believed only a few years ago. Nothing remotely
like the required scale of effort is on the table
politically in the U.S. or other nations.

Given this situation, the moral argument for
doing R&D on geoengineering now 1is that if
there is even a modest chance we will fail to pre-
vent dangerous climate change through emission
reductions, then a resilient, farsighted approach
must include preparing to deal with that failure
before it occurs.

If it comes to a situation where geoengineer-
ing is the only recourse to a global climate ca-
tastrophe, decision makers will almost certainly
choose to do geoengineering. They should not
be put in the position of either letting danger-
ous climate change occur or deploying untested
technologies at full scale.

Another rationale for doing research now is
that it can reduce the danger of a “going rogue”
scenario, where geoengineering is done unilater-
ally. A rogue deployment of an untested geoengi-

neering technology could have highly damaging
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impacts. But if research indicates that deploying
that technology could be expected to have dread-
ful side effects, it is less likely to be used by a rogue
actor. We need to know what approaches to avoid

even if we are desperate.

The Importance of Upstream
Governance

If R&D on geoengineering is pursued, even on a
small scale, then governance immediately emerges
as an important issue. The central problem of geo-
engineering governance is the so-called Collin-
gridge dilemma,” an analysis of how efforts to
control a technology’s development face a double
bind. On the one hand, a technology’s negative
impacts cannot be easily predicted and often
become clear only after the technology is fully
developed and widely used. On the other hand,
after a technology has been fully developed and
deployed it is extremely difficult to control and
change. Put another way: the negative impacts of
an emerging technology can be most effectively
reduced or designed out when it is still in the
early, upsteam stages of the R&D process and its
unintended impacts are not yet very clear.

The Collingridge dilemma cannot be fully
resolved, but upstream governance is the most
effective approach for dealing with it. Upstream
governance involves iterative efforts, beginning at
the very start of the R&D process, to understand
potential environmental impacts and ethical, legal
and social implications of an emerging technolo-
gy. That evolving understanding, while imperfect,
can make possible wiser choices about rejecting a
technology or pursuing it and steering its devel-
opment to minimize negative impacts.

The concept of upstream governance strate-
gies that can provide an early warning of risks,
influence technology development and inform

more formal downstream oversight efforts has

been missing from nearly all geoengineering
governance discussions to date. It is sometimes
assumed that governance concerns become im-
portant only at the stage of large-scale testing and
deployment and, at that time, will involve com-
plex, binding, multilateral agreements. That view
needs to be rejected. Governance issues arise at
every stage, beginning even with theoretical stud-
ies, modeling and laboratory experiments.

The word governance, as used here, is the sum of
many ways that individuals and institutions, pub-
lic and private, manage their common affairs. It
includes the actions of government agencies, na-
tion states and international institutions, but it also
includes formal and informal efforts by scientific
organizations, non-governmental organizations
and many other non-state actors and networks
carrying out purposive acts of steering. From this
perspective, geoengineering governance includes
a broader array of potential actors and strategies
than has usually been considered.

Figure 3 is a summary of the upstream strate-
gies that have been used in other areas of techno-
logical development. Integrating strategies of this
kind into a cohesive framework for the upstream
governance of geoengineering is just as important
as developing a downstream governance frame-
work for international decision making about the
actual use of geoengineering.

These upsteam governance strategies are par-
ticularly important for R&D on SRM technolo-
gies, which pose greater risks than CDR strate-
gies. CDR also requires governance, but it is very
heterogeneous. Ocean fertilization, for example,
should be regulated because of its potential impact
on ocean ecosystems. Other forms, like air capture,
pose no risks beyond those of normal industrial
operations and do not need to be subjected to close
scrutiny and control. But effective upstream gover-
nance is critical for all SRM technologies, particu-

larly stratospheric aerosols and cloud brightening.
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FIGURE 3 Upstream Governance Strategies
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Self-governance: Self-governance efforts by
the scientific community have historically been
an important upstream governance option. The
most famous example is the Asilomar Confer-
ence organized by scientists in 1975 to examine
the implications of recombinant DNA research,
which had a substantial impact on subsequent
research. However, this approach has inherent
limitations. Voluntary self-regulation schemes
face unique challenges when applied to emerg-
ing technologies, where little data exist, risk as-
sessment models are uncertain, there are few or
no best practices and the social contract between
business and government is in flux. Also, scien-
tists developing new technologies are often poor
judges of the downstream impacts of their work.
Recent survey research with university-based na-

noscientists has indicated that researchers working
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on new technologies tend to view their work as

not producing any “new” or “substantial” risks,
while those scientists downstream of development
often feel the exact opposite.” As Princeton his-
torian Edward Tenner once noted, “There is a
tendency for advanced technologies to promote

self-deception.”

Ethical, Legal and Social Implications (ELSI)
Studies: As part of the Human Genome Proj-
ect, the federal government set aside 5 percent of
research funding to examine ELSI issues related
to genome sequencing. Many other countries ad-
opted the U.S. number. A similar set-aside could
be mandated in any federal research grants for
geoengineering; the approach could also be sug-
gested for other sources of funding, such as foun-

dations and private investors. As they did with the
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Applying Clarke’s First Law to Geoengineering

In 1962, scientist and science fiction writer Arthur Clarke published an essay entitled The

Hazards of Prophecy: The Failure of Imagination, in which he posited three laws of predic-

tion.The first law states, “When a distinguished but elderly scientist states that something/is\

possible, he is almost certainly right. When he states that something is impossible, he is ve

probably wrong!” Applied to geoengineering, this law implies that we need to pay attention X

not just to the significant unintended impacts that are projected to occur but also to those i

pacts that scientists and engineers assure us cannot happen. These should be treated as areas

requiring additional research and should be monitored carefully over time.

Genome Project, other countries could adapt this
set-aside strategy and apply it to any of the their

geoengineering research.

Lab-Scale Intervention: This involves embed-
ding social scientists, ethicists and/or risk assessors
directly in laboratories, a technique that has been
used in the areas of biotechnology and nanotech-
nology. It is designed to enhance direct interaction
between different social and natural science dis-
ciplines during the upstream research phase and
could help ensure that social and ethical issues are
addressed early in the development of geoengi-

neering approaches.”

Participatory Technology Assessment (PTA):
PTA incorporates citizen participation meth-
ods to complement expert analysis and can be
implemented at any scale, from local to global.
The recent World Wide Views exercise to gather
informed citizen input on climate change prior
to the COP15 negotiations involved over 4,000
people from 38 countries.” This exercise demon-
strates that public engagement efforts can be de-
signed that are cost-effective, timely and scalable.
A recent report recommended an institutional

network model for participatory technology

assessment, called ECAST (Expert and Citizen
Assessment of Science and Technology), which
integrates the capacities of non-partisan policy
research institutes with those of universities and

science museums.”’

Institutional Review Boards (IRBs): IR Bs have
typically been used to review research projects
that utilize humans in order to protect the rights
and welfare of the research subjects. The concept
could be expanded to require an institutional re-
view of research for field experiments that use
the Earth itself as a subject. IRB review require-
ments could be linked directly to research grants
given for geoengineering, and a means would
need to be created to provide reviews that tran-

scend single institutions.

Risk Assessment: It should be possible to mo-
bilize independent interdisciplinary efforts such
as the International Risk Governance Council in
Switzerland, which focuses on emerging systemic
risks for which governance deficits exist and aims
to provide recommendations for how policy mak-
ers can correct them, or groups like the Lighthill
Risk Network in the UK., which brings together

scientists, engineers and the insurance and (re)



insurance industries to assess emerging risks.'” The
major challenge facing risk assessment efforts will
be the lack of adequate data and models to even
begin to frame the risks involved with some geoen-
gineering scenarios.'” Research funding needs to

be directed to developing applicable models.

Environmental Impact Assessments (ElAs):
Geoengineering field experiments supported by
the federal government may require the submis-
sion of an EIA to the Environmental Protection
Agency under Section 102 of the National En-
vironmental Policy Act (NEPA). NEPA could
be used as a proactive tool to require EIAs for
any geoengineering experiments beyond a cer-
tain scale. The EIA requirement could be built
into multi-lateral agreements covering large-scale

geoengineering experiments.

Simulated Negotiations: As geoengineering
ideas proceed toward deployment, scenarios for
multi-party negotiations should become more
apparent. At that time, these negotiations could
be simulated using a variety of techniques—from
on-line, multi-player games to conflict resolution
models—to better understand what legal or infor-
mal oversight strategies might be workable, when
and under what conditions. Simulations could
also be incorporated into participatory technol-
ogy assessment efforts.

For the most part, geoengineering today is in
the earliest stage of theoretical studies, computer
simulations and studies of “natural experiments”
such as volcanic eruptions. This is the time for
committing to norms of openness and transparen-
cy and for beginning to engage in several of these
upstream governance strategies, including ELSI
studies and self-governance initiatives to set out
best practices for the least harmful and lowest-risk
conduct of research and testing on proposed geo-

engineering methods. And it is not too soon to
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begin giving rigorous and ongoing consideration
to the question of what circumstances or trigger
events might compel the use of geoengineering.
Work on that question needs to be constantly re-
viewed in the light of evolving research findings
on harmful effects of climate change and potential
climate tipping points.

Research on some geoengineering methods
has already moved from theory and modeling into
laboratory experimentation. Lab-scale interven-
tion that embeds social scientists, ethicists or risk
analysts directly in laboratories can help assure
that environmental and ELSI analyses continue
to receive adequate attention.

Research on SRM methods like stratospheric
aerosols and cloud brightening are already shad-
ing into lab-based development of technologies
such as devices for injecting aerosols into the
stratosphere or spraying sea water into clouds.
At this point in the development process there
is a possibility that corporate interests will try
to steer the research, patent technologies and
restrict access to research findings. Patents may
be acceptable in most areas of CDR technology,
but there are compelling reasons why all SRM
research should be in the public domain.The in-
herently higher risks in the deployment of SRM
compared with CDR methods in terms of caus-
ing sudden climate changes and other negative
impacts justifies a more open-source approach
to R&D on SRM technologies. An open-source
approach to SRM R&D can speed progress, pre-
vent private companies with proprietary tech-
nologies from gaining too much influence over
R&D and minimize the risk that the drive for
profits could lead to inappropriate testing and
deployment.

It 1s also possible that governments will frame
geoengineering research in terms of national se-
curity and attempt to classify some research find-

ings.'” The scientific community should stand
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BOX 3.

The Asilomar International Conference on Climate Intervention Technologies,'” held in April 2010,
brought together over 150 participants, including researchers working on geoengineering, scientists from
a variety of fields, leaders of environmental groups, ethicists and specialists in economics, risk, gover-
nance, business and policy. Unlike its namesake, the 1975 Asilomar Conference on Recombinant DNA
Research, which developed guidelines for work in the field, the 2010 conference was a free-form and
sometimes chaotic event with speakers, panels and both formal and informal discussions. Nevertheless,
there was considerable agreement among participants about many matters related to the governance of
geoengineering,'® including the importance of:

B Expanding efforts on mitigation and adaptation
B Never allowing geoengineering to be used as a substitute for mitigation
B Expanding research on climate science

B Expanding research on the efficacy of different geoengineering methods and on unintended impacts
and risks associated with different methods

B Developing ethical principles or guidelines for guiding research
B Reaching agreements on the kind of field experiments that are needed and how they should be ap-
proved; defining the difference between sub-scale experiments with small, local, temporary impacts

and large-scale experiments that require more thorough review and approval processes'?

B Developing legitimate international governance arrangements for decision making about the deploy-
ment of SRM technologies

B Educating the public about climate change and geoengineering

B Addressing the challenge of inequalities inherent in geoengineering — how to deal fairly with situa-
tions in which some geographical areas suffer negative impacts while others benefit

B Preventing private sector involvement in geoengineering from leading to a geoengineering lobby;
Granger Morgan, head of the Department of Engineering and Public Policy at Carnegie Mellon
University, summed up the general view: “Lobbying is the last thing we need on this.”



firm in its commitment to openness, transparency

and accessibility.

Field Experiments and Deployment

Field experiments designed to test the effective-
ness of technologies and identify environmental
risks are the next stage of geoengineering tech-
nology development. Several technologies are
entering this stage. For example, a team of UK
researchers is using a balloon to hoist one end of
a 1-kilometer-long hose aloft to spray water in
the atmosphere, testing a concept for pumping
aerosols into the stratosphere. Armand Neuke-
rmans, a California-based engineer, is preparing
to test a nozzle to spray seawater into clouds.
Ken Caldeira at the Carnegie Institution for
Science in Stanford, California has permission
to add an alkali, sodium hydroxide, to an area of
ocean to see if it can effectively counter ocean
acidification.

Experiments with the CDR technique of
ocean fertilization show both the difficulties
and value of this kind of experimentation. Five
ocean fertilization experiments were conducted
in the Southern Ocean between 1973 and 2008.
In response to widespread environmental con-
cerns, the 191 parties to the United Nation’s
Convention on Biological Diversity agreed in
2008 on a moratorium on all ocean fertilization
activities. Arguing that the moratorium did not
apply to their particular experiment, in 2009 an
Indo-European research consortium dumped 20
tons of iron sulfate in the Scotia Sea between
Argentina and the Antarctic Peninsula, setting off
a storm of controversy. Critics charged that this
experiment was in flagrant disregard of interna-
tional law and was large enough that it risked pro-
ducing dangerous side effects. Its negative effects
turned out to be negligible, but so were its in-

tended effects. The fertilization did stimulate the
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growth of CO,-absorbing plankton, but this was
negated by crustaceans known as amphipods that
swarmed in to eat the plankton before they could
die and sink below the ocean’s surface layer, tak-
ing the carbon they absorbed with them. So the
experiment proved valuable in demonstrating that
ocean fertilization is not a highly effective carbon
dioxide removal method.

This experiment also demonstrates how even
small field tests can create tensions and risk creat-
ing a crisis of legitimacy that frustrates the ability
to do further experimentation. To date, climate
scientists have seldom thought of themselves as
field scientists, and few have had to deal with field
testing, which is a far more political activity than
theoretical work or lab experiments. Climate
scientists can make their lives easier and their
work safer by welcoming the use of upstream
approaches such as IR Bs, formal EIAs and PTAs
to help ensure that dangerous experiments are
not undertaken.

In theory, field experimentation would pro-
ceed as David Keith has proposed, expanding
“gradually to scales big enough to produce barely
detectable climate effects and reveal unexpected
problems, yet small enough to limit risks”.'” In
practice, however, this kind of smooth expansion
of the scale of experiments may sometimes prove
unworkable because it may not be possible to reli-
ably distinguish “barely detectable climate effects”
caused by field experiments from the complex cli-
mate system’s background variability. As a result,
fairly large-scale experiments may be needed to
get a clear “signal” of the geoengineering tech-
nology’s impacts.

Eventually, large-scale or so-called climate
impacts testing would be needed to confirm the
effectiveness and safety of powerful SRM tech-
nologies like stratospheric aerosols and cloud
brightening. The tests have to be large enough

to have a clear impact on the climate and so are
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BOX 4

In a landmark consensus decision, the 193-member UN Framework Convention on Biological Diversity
(CBD) closed its tenth biennial meeting in Nagoya, Japan, on October 29, 2010, by passing a resolution
that would impose a de facto moratorium on geoengineering experiments.

The resolution, proposed by and lobbied for by the ETC Group, a Canadian environmental group, states
that “no climate-related geoengineering activities that may affect biodiversity take place until there is an
adequate scientific basis on which to justify such activities and appropriate consideration of the associ-
ated risks for the environment and biodiversity and associated social, economic and cultural impacts. ..."
The resolution defines geoengineering as “any technologies that reduce solar insolation or increase car
bon sequestration from the atmosphere on a large scale that may affect biodiversity,” a definition broad
enough to encompass virtually every technical option. The resolution does exempt “small-scale scientific
research studies that would be conducted in a controlled setting,” but only if they if they are “justified by
the need to gather specific scientific data and are subject to a thorough prior assessment of the potential
impacts on the environment.”

It is not clear what effect this action will have on geoengineering research. In the past, nations have not
considered CBD decisions legally binding, although past decisions have had some influence, particularly
in the area of genetically modified organisms. Moreover, the U.S. is not a party to the 1992 Convention.

The CBD moratorium’s language leaves many issues open. \Who will judge whether an “adequate scien-
tific basis” for experiments has been achieved? \What constitutes a “controlled setting” for small-scale
studies? How can the moratorium be enforced? Regardless of these unanswered questions, the action
clearly brings the subject of geoengineering governance to the fore and claims a major role for the UN in
future decision making. And whatever influence the moratorium has in the future, the resolution marks
a coming of age for the field of geoengineering, which has now become a sufficiently serious option to
arouse international efforts to control it.



essentially time-limited deployments. Upstream
governance strategies are inadequate for dealing
with large-scale field experiments.

Because large-scale testing is likely to have
serious trans-boundary impacts, a legitimate in-
ternational process needs to be developed for ap-
proval and oversight. There should be a morato-
rium on large-scale testing until such a process has
been agreed upon.

An international mechanism for large-scale
testing approval and oversight would need to be
mandatory rather than voluntary. A possible basis
for such a mechanism already exists in the approach
taken by parties to the London Convention and
London Protocol in regulating ocean fertilization
experiments. David Santillo and Paul Johnson at
the University of Exeter in the U.K. argue that
“this approach explicitly allows for “legitimate
scientific research ... supported by an assessment
framework under which the legitimacy and sci-
entific value of proposed research can be tested.”
An assessment framework of ethics, responsibili-
ties and standards to govern large-scale field ex-
periments needs to include criteria such as scien-
tific justification, thoroughness of risk assessment,
prior international consultation, transparency and
exclusion of projects with a commercial nature.'

To be legitimate, an international process for
large-scale testing approval and oversight will
need mechanisms for drawing on the best science
for assessing potential impacts and for providing
ways for the public to be brought into the deci-
sion process. It will need to have the power to
stop tests by any country or group if potential
negative impacts are judged to be too serious. A
major challenge will be defining the boundary
that distinguishes large-scale tests from sub-scale
field experiments.

The most difficult issues that arise with large-
scale testing—issues that become even more dif-

ficult in the event of actual deployment—involve
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responsibilities toward vulnerable populations.
Populations living at the edge of subsistence—
those with the least capacity to adapt to the im-
pacts of climate change and almost no voice in
international deliberations—are precisely the
populations that will be most vulnerable to any
negative side effects that geoengineering experi-
ments may have. On the other hand, these are the
populations most vulnerable to the climate change
impacts that geoengineering might forestall. What
responsibility, or even liability, do those conduct-
ing large-scale tests have for the harm they may
cause to vulnerable populations? In medical ex-
periments, doctors must secure informed consent
from the patient. Do the populations most vul-
nerable to harm by geoengineering experiments
deserve some opportunity for informed consent?
And if so, how can this be done?'”

Ultimately, if geoengineering technologies
are used, new international legal and institution-
al arrangements would be needed for decision
making about deployment and ongoing global-
scale intervention. Actual use of SRM technolo-
gies would require monitoring and surveillance
of ongoing global impacts at a scale and level of
sophistication that we are not yet ready to under-
take. It would pose novel governance challenges,
including the need for a rapid adjustment capa-
bility. International decision processes are typical-
ly consensus based and slow, but in the early stages
of a global-scale intervention there would almost
certainly be a need for rapid decisions about ad-
justments in some intervention variables.'’

Developing the needed international agree-
ments would be easier to the extent that re-
search is internationalized from an early stage,
with the work of individual scientists and na-
tional programs integrated into an international
framework. A coordinated, fully transparent in-
ternational effort would be not only more ef-

ficient than independent efforts but also more
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acceptable politically. Several proposals have
already been made for organizing an interna-
tional research effort through existing institu-
tions or a new, dedicated international collabo-
ration modeled along the lines of the European
Organization for Nuclear Research (CERN) or
the Human Genome Project.

Although the near-term priority is to develop
upstream governance arrangements, it is not too
soon to begin to cooperate in holding informal
but focused international dialogues about the
downstream governance arrangements needed
to make decisions about large-scale testing and
deployment. Decisions on these matters cannot

be made by one or a few countries and imposed

on the international system, and the issues in-
volved are so new and unfamiliar that it may be
premature to start a full-scale UN treaty-making
effort. The important need now is to organize
informal international dialogues that do not re-
quire participants to take positions or votes but
do allow them to learn, express their concerns
and think creatively together about the design
of geoengineering governance. Innovative up-
stream approaches like simulated negotiations
might be used as part of these discussions.

If SRM geoengineering does eventually prove
necessary, well-designed governance arrange-
ments will be as important for its successtul use as

carefully developed and tested technologies.
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5. Recommendations for
Decision Makers

Always consider geoengineering issues in a
broader context of climate change management,
which includes emissions reduction as the pri-
mary strategy and adaptation as the secondary
strategy, with geoengineering as a third strat-
egy to use only if clearly needed. An exclusive
focus on geoengineering is likely to lead to an

over-emphasis on this strategy.

Address the climate problem and geoengi-
neering in the context of related challenges,
such as energy security, vulnerability to ter-
rorism, water scarcity and food security, ocean
health, economic competitiveness and job
creation. Look for systemic approaches that
provide simultaneous solutions to the climate
problem and as many other related challenges

as possible.

Commit the U.S. fully to leadership in creat-
ing a 21*-century energy infrastructure that
incorporates major improvements in energy
efficiency and dramatic reductions in car-

bon dioxide emissions. This is the best way to

achieve simultaneous solutions to the climate
challenge, the energy challenge and other

challenges facing our society.

Support significantly greater funding for R&D
on technologies that can drive down carbon
emissions. This includes high-risk, high-re-
ward energy efficiency and supply options that
could be game changers if they prove feasible.
The likelihood that SRM geoengineering will
need to be used can be sharply reduced if we
are able to make significant jumps of techno-
logical progress beyond current energy-supply
technologies. There is a reasonable possibility
that breakthroughs can be achieved in pho-
tovoltaics, algal biofuels, new approaches to
nuclear fission, fuel cells, carbon capture and
storage, electrical storage and other areas be-
cause so little investment has been made in

innovative technological possibilities.

Because the task of reducing global GHG
emissions in time to avoid dangerous climate

change is difficult, geoengineering should not
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be taken off the table as an option for helping

address the climate problem.

Funding for geoengineering-related activity
should never be allowed to reduce support for
or divert funding from R&D on energy efh-
ciency and carbon-free energy sources, climate

science research or adaptation efforts.

Do not allow geoengineering to be used as a
source of carbon offsets, because this would

divert effort from emissions reduction.

Distinguish between the two different ap-
proaches to geoengineering, namely, CDR
and SRM. CDR methods, such as engineered
air capture, improved ecosystem management
and some forms of enhanced weathering can
remove CO, from the atmosphere without
perturbing natural systems or requiring large
land-use changes. If research shows that these
methods can be made cost-effective and safe,
then they can quickly play a valuable role,along
with mitigation, in reducing CO, concentra-
tions. Other CDR methods like biochar and
bioenergy with carbon capture and sequestra-
tion, which have major land-use implications,
can make a contribution at a small scale, but
require extensive research to assess their sus-
tainability if used on a large scale. Methods
that perturb natural systems, like ocean fertil-

ization, should be approached more cautiously.

Never treat SRM methods — especially the
more powerful ones such as stratospheric
aerosols, cloud brightening and space-based
approaches — as a substitute for emissions
mitigation. If these SRM methods are ever
used at all, it should be only as a time-limited
emergency measure with a clear exit strategy

to give more time for mitigation efforts to

succeed. Their use as a substitute for emissions
reduction would allow CO, to reach high
concentrations in the atmosphere and ocean,
posing a constant threat of sudden catastrophic
climate change if the geoengineering effort
should stop for any reason. If we fail to cut
emissions, no amount of geoengineering will

save us from catastrophe.

Do not consider deployment of stratospheric
aerosols, cloud brightening or space-based
methods in the near term. These SRM meth-
ods have not been studied enough to under-
stand their risks or to design them in a way that

optimizes their safety and effectiveness.

In R&D on SRM methods, give more atten-
tion to the idea of regional geoengineering
or “geoadaptation,” which could have more
localized, “where needed” effects and be espe-
cially important for use in polar areas to limit
permafrost thawing, ice sheet melting, and sea

level rise.

All geoengineering methods have significant
uncertainties about their likely costs, effective-
ness and risks. Funding should be provided for
rigorous and fully transparent research efforts
to reduce these uncertainties. This kind of re-
search can clarify priorities for further devel-
opment and make potential rogue actors less
trigger-happy by identifying the areas of SRM
geoengineering that pose the greatest poten-

tial risks.

Different geoengineering technologies pose
different levels of risk, with air capture and
some other forms of CDR posing the low-
est risks and powerful SRM technologies like
stratospheric aerosols posing the highest risks.

To make wise choices about the development



of the higher risk geoengineering technolo-
gies it is important to learn as much as pos-
sible as soon as possible about their potential
environmental impacts and ethical, legal and
social implications. This requires the use of
upstream governance approaches that begin at
the earliest stage of theoretical and modeling
studies and continue to be applied as research
moves into laboratory and field experiments.
Many strategies have been used in other areas
of technological development, and some or all
of them can be integrated into a framework
for the upstream governance of higher risk

geoengineering technologies.

+ The research community can institute
voluntary self-governance arrangements, de-
veloping a formal set of norms and best-
practice guidelines for conducting research

in an open and safe manner.

«  The federal government can mandate that
a percentage of all the research funding it
provides be set aside to examine ethical, le-
gal and social implications, as was done for

research on the human genome.

- The kind of lab-scale intervention that has
been used in some areas of research on
nanotechnology and biotechnology can
be applied, bringing social scientists,
ethicists or trained risk assessors directly
into laboratories to help ensure that risks
and social and ethical issues are addressed
early in the development of geoengineer-

ing approaches.

«  Participatory technology assessment can in-
corporate citizen participation methods
to complement expert analysis in studying

geoengineering risks and benefits. These
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and other strategies reviewed in this report
can be integrated into a cohesive upstream

governance framework.

«  The concept of institutional review boards
can be expanded to require institutional
review of field experiments that use the

Earth itself as a subject.

+ Independent, interdisciplinary risk assess-
ments can be commissioned from bodies
such as the International Risk Governance
Council in Switzerland or the Lighthill
Risk Network in the U.K.

« Environmental impact assessments can be re-
quired under the NEPA for any geoengi-

neering experiments beyond a certain scale.

« Simulated negotiations could help clarify
what approval and oversight strategies
might be workable for dealing with large-

scale field experiments.

B Asresearch on SRM methods like stratospher-

ic aerosols and cloud whitening shades into
lab-based development and preliminary field
testing of these technologies, commercial or
government interests may try to restrict access
to research findings. Therefore it is important
for government and the scientific community
to insist that all SRM research be in the public
domain, and to stand firm in a commitment
to openness, transparency and accessibility.
Because SRM technologies like stratospheric
aerosols are relatively inexpensive, fast acting,
and likely to have different outcomes in differ-
ent parts of the world, their development and
use could lead to serious international tensions
and conflicts. Openness and transparency are

needed to reduce that risk.
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B Large-scale field experiments that could have
significant trans-boundary impacts will be
legitimate only if they have international ap-
proval. Unapproved testing by national gov-
ernments or other entities could provoke a
crisis of legitimacy that severely constrains
geoengineering development. Therefore a
moratorium on large-scale or climate impact
testing should be put in place until a legiti-
mate international process for approval and
oversight has been agreed upon. However field
experiments without climate impacts or other

significant risks should be allowed.

B A possible model for an international mecha-
nism for approval and oversight of large-scale
testing is provided by the approach taken
by the London Convention and London
Protocol for regulating ocean fertilization
experiments. A review process using an as-
sessment framework of ethics, responsibilities
and standards would include criteria such as
scientific justification, thoroughness of risk
assessment, prior international consultation,
transparency and exclusion of projects with a

commercial nature.

B Developing the needed international agree-
ments will be easier if related research is inter-
nationalized from an early stage. Therefore it is
important to support the development of a coor-
dinated, fully transparent effort where the work
of individual scientists and national programs is

integrated into an international framework.

B Downstream governance arrangements need
to be developed for authorizing both large-
scale testing and actual deployment. Decisions
on these matters cannot be made by one coun-
try or a few countries and imposed on the

international system, and the issues involved

are so new and unfamiliar that it may be pre-
mature to start a full-scale UN treaty-making
effort. At this point, the important task is to
organize informal but focused international
dialogues about needed downstream gov-
ernance arrangements. Informal dialogues
where participants can learn, express their
concerns and think creatively together with-
out taking positions or votes can prepare the

way for more formal negotiations.

The best future by far would be one in which
geoengineering does not need to be done because
greenhouse gas emissions are rapidly reduced by
improvements in energy efficiency and new en-
ergy-supply technologies. But if the consensus
among climate scientists is correct, the window
of opportunity for reaching this future will not be
open for long. If it closes, the next-best future may
involve doing the same things, supplemented by
the careful and time-limited use of geoengineer-
ing. Beyond these two possibilities, much worse
futures loom.

The benefits of pursuing these best futures are
far greater than we usually assume. A large-scale
mobilization to decarbonize our energy system
would not only avoid dangerous climate change;
it would also end our addiction to oil, protect
the environment from oil spills and other envi-
ronmental impacts, defend our national security,
promote innovation, create jobs and assure U.S.
competitiveness as energy technology becomes
the next great global industry.

Even if geoengineering proves necessary, do-
ing it responsibly while rapidly cutting our green-
house emissions would be a large first step to-
ward becoming a mature technological society
in responsible control of its impacts and willing
and able to take on growing responsibility for the
welfare of future generations and the future of life

on the Earth.
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