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HEARING CHARTER

COMMITTEE ON SCIENCE AND TECHNOLOGY
U.S. HOUSE OF REPRESENTATIVES

“Geoengineering: Assessing the Implications of
Large-Scale Climate Intervention”

THURSDAY, NOVEMBER 5, 2009
10:00 A.M.
2318 RAYBURN HOUSE OFFICE BUILDING

Purpose

On Thursday, November 5, 2009, the House Committee on Science & Technology
will hold a hearing entitled “Geoengineering: Assessing the Implications of
Large-Scale Climate Intervention.” Geoengineering can be described as the delib-
erate large-scale modification of the earth’s climate systems for the purposes of
counteracting climate change. Geoengineering is a controversial issue because of the
high degree of uncertainty over potential environmental, economic and societal im-
pacts, and the assertion that research and deployment of geoengineering diverts at-
tention and resources from efforts to reduce greenhouse gas emissions. The purpose
of this hearing is to provide an introduction to the concept of geoengineering, includ-
ing the science and engineering underlying various proposals, potential environ-
mental risks and benefits, associated domestic and international governance issues,
research and development needs, and economic rationales both supporting and op-
posing the research and deployment of geoengineering activities. This hearing is the
first in a series on the subject to be conducted by the Committee, with subsequent
hearings intended to provide more detailed examination of these issues.

Witnesses

e Professor John Shepherd, FRS is a Professorial Research Fellow in Earth
System Science at the University of Southampton, and Chair of the UK Royal
Society working group that produced the report Geoengineering the Climate.
Science, Governance and Uncertainty.

¢ Dr. Ken Caldeira is a professor of Environmental Science in the Department
of Global Ecology and Director of the Caldeira Lab at the Carnegie Institution
of Science at Stanford University, and a co-author of the Royal Society report.

e Mr. Lee Lane is a Resident Fellow and the Co-director of the Geoengineering
Project at the American Enterprise Institute (AEI) and former Executive Di-
rector of the Climate Policy Center.

e Dr. Alan Robock is a Distinguished Professor of Climatology in the Depart-
ment of Environmental Sciences at Rutgers University and Associate Director
of Rutgers Center for Environmental Prediction.

e Dr. James Fleming is a Professor and Director of Science, Technology and
Society at Colby College and the author of Fixing the Sky: The Checkered His-
tory of Weather and Climate Control.

Background

Climate

Global warming is caused by a change in the ratio between the amount of incom-
ing shortwave radiation from the sun and the outgoing longwave radiation. Green-
house gases (GHG’s), such as carbon dioxide and methane, decrease the ability of
longwave radiation to escape earth’s atmosphere. This makes it more difficult for
radiation to “escape” and therefore, causes higher radiation absorption. The trapped
energy causes higher global temperatures. Proposals for geoengineering typically in-
clude activities that alter the earth’s climate system by either directly reflecting
solar radiation back into space or removing greenhouse gases from the atmosphere
to stabilize the intake-output ratio.

In pre-industrial times, the atmospheric concentration of carbon dioxide (CO>) re-
mained stable at approximately 280 parts per million (ppm). Today the concentra-



4

tion stands at approximately 385 ppm and is steadily increasing. While some indus-
trialized countries’ emissions have remained flat in recent years—due in part to
slowing economic growth and reduction of economic energy-intensity—overall global
emissions are still growing more rapidly than most 1990s climate projections had
anticipated,! currently increasing CO, concentrations by approximately 2 ppm per
year.

Estimates on safe and plausible CO, concentration targets vary greatly. Climate
scientists at the National Oceanic and Atmospheric Administration (NOAA) and a
consensus of other scientific authorities identify 350 ppm as the long-term upper
limit of atmospheric carbon concentrations that avoid significant environmental con-
sequences. A climate panel led by NASA’s Dr. Jim Hansen identified the ecological
“tipping point,” the level at which atmospheric carbon, without additional increases,
would produce rapid climate changes outside of our control, to be 450 ppm.23 The
U.S. Global Change Research Program has also identified a stabilization target of
450 ppm in order to “keep the global temperature rise at or below . . . 2° F above
the current average temperature, a level beyond which many concerns have been
raised about dangerous human interference with the climate system.”

Pending U.S. climate legislation and international initiatives under the United
Nations Framework Convention on Climate Change (UNFCCC) would establish
goals for reducing domestic and global greenhouse gas emissions and accelerating
development of low-carbon or zero-carbon energy technologies. However, many in
the international climate community hold that even the most aggressive achievable
emissions reductions targets will not result in the avoidance of adverse impacts of
climate change and ocean acidification. Given global economic growth trends, many
consider reaching 450 ppm and temperature increases of more than 2° C to be immi-
nent. The Intergovernmental Panel on Climate Change (IPCC) estimated in its 2007
assessment report that, under various emissions scenarios, the global temperature
average will rise between 1.1 and 6.4° C by the year 2100, resulting in sea level
rise of 18 to 59 cm in the same time frame.

Further complicating these projections is the possibility of non-linear, “runaway”
environmental reactions to climate change. Two such reactions that would amount
to climate emergencies are rapidly melting sea ice and sudden thawing of Arctic per-
mafrost. Sea ice reflects sunlight, and as it melts it exposes more (darker) open
ocean to sunlight, thus absorbing more heat and accelerating melting and sea level
rise. Likewise, as Arctic permafrost thaws it releases methane, a more powerful
greenhouse gas than CO,, which then further decreases the Earth’s albedo and ac-
celerates warming.

Geoengineering

It is for these reasons that geoengineering activities are considered by some cli-
mate experts and policymakers to be potential “emergency tool” in a much broader
long-term and slower acting global program of climate change mitigation and adap-
tation strategies. Dr. John Holdren, director of the Office of Science and Technology
Policy and President Obama’s lead science advisor, asserted that while
geoengineering proposals are currently problematic due to potential environmental
side effects and financial costs, the possibility “has got to be looked at” as an emer-
gency approach.? While the deployment of geoengineering will likely remain a very
controversial subject, an increasing number of experts are calling for a robust and
transparent international research and development program to help determine
which, if any, geoengineering proposals have potential for slowing climate change,
and which carry unacceptable environmental or financial risk.

Scientific hypotheses resembling geoengineering were published as early as the
mid 20th century, but serious consideration of the topic has only begun in the last
few years. In 1992 the National Academies of Sciences published a brief review of

1The Global Carbon Project’s CO, emissions trends notes that CO, emissions from fossil fuels
and industrial processes have increased from 1.1% a year from 1990-1999 to 3.0% a year from
2000-2004. This growth represents a faster rate of increase than projected by even the most
fossil-intensive scenarios projected in by the IPCC in the late 1990s. Archived at htip://
www.globalcarbonproject.org | global | pdf | TrendsInCO2Emissions.V15.pdf as of October 20,
2009.

2 Michael McCracken notes that the lowest concentration at which economic analyses [suggest]
that stabilization seem even remotely possible is 450 ppm. See McCracken p. 2.

3Hansen, James et al. Target Atmospheric C02: Where Should Humanity Aim? Open Atmos-
pheric Science Journal., 2, 217-231, doi:10.2174/1874282300802010217.

4 Associated Press Interview with Seth Borenstein, April 8, 2009. See also his clarifying follow
up email, published by Andrew C. Revkin, New York Times, April 9, 2009.
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climate engineering concepts® and provided rough cost estimates for injecting
aerosols into the stratosphere to reflect sunlight.6 The Academies will also finalize
a report in early 2010 which, in part, formally addresses geoengineering. The Inter-
governmental Panel on Climate Change (IPCC) plans to do the same in its 5th re-
port, to be finalized in 2014. The U.S. Department of Energy penned a White Paper
in 2001 recommending a $64 million, five-year program for research as part of the
National Climate Change Technology Initiative, but it was not published. NASA
held a workshop in April 2007 to discuss solar radiation management options. In
May 2008, the Council on Foreign Relations held the forum Geoengineering: Work-
shop on Unilateral Planetary Scale Geoengineering. Earlier in 2009, the Defense Ad-
vanced Research Projects Agency (DARPA) began consideration of funding certain
geoengineering research initiatives, and NSF has funded independent research
projects on potential implications.” Last Friday, the Massachusetts Institute of
Technology hosted a public symposium, “Engineering a Cooler Earth: Can We Do It?
Should We Try?”

In September of this year, the United Kingdom’s Royal Society—an equivalent to
the U.S. National Academies—published what many consider to be the most signifi-
cant report on geoengineering entitled Geoengineering the Climate: Science, Govern-
ance and Uncertainty, which outlines various geoengineering methods and the asso-
ciated challenges in research, ethics and governance. Otherwise, in general, the
body of work on geoengineering consists of a limited number of individual scientific
papers exploring variations of a few potential strategies, and the body of evaluative
information on specific topics remains modest and mostly theoretical. The specific
ecological safety issues and ethical considerations, similarly, have been assessed by
only a handful of scientists and ethicists. Cost estimations for the various strategies
are generally rough. Some are inexpensive enough to be undertaken unilaterally by
independent nations or even wealthy individuals, while others entail immensely ex-
pensive technologies that would likely only be carried out through international
partnerships.

The Royal Society report and other studies divide geoengineering methods into
two main categories: Solar Radiation Management (SRM) methods that reflect
a portion of the sun’s radiation back into space, reducing the amount of solar radi-
ation trapped in the earth’s atmosphere; and Carbon Dioxide Removal (CDR)
methods that involve removing CO; from the atmosphere. SRM and CDR present
fundamentally different challenges of governance, ethics, economics, and ecological
impacts and experts most often assess them as wholly separate topics.

Carbon Dioxide Removal (CDR) or Air Capture (AC)

CDR purports to remove greenhouse gases from the atmosphere, either by dis-
placement or by stimulating the pace of naturally occurring carbon-consuming
chemical processes. CDR strategies have the advantage of lowering the carbon con-
tent of the atmosphere. However, several of the options would be slow to implement
and may be impossible to reverse. Those strategies involving a release of chemicals
could also have a significant effect on vulnerable oceanic and terrestrial ecosystems.
In addition, the chemical strategies would require increased mining efforts and the
transportation of needed materials, which would carry its own environmental impli-
cations. Some of the potential strategies include:

Afforestation /avoided deforestation—planting new trees on earlier deforested
lands or otherwise promoting forest growth results in greater carbon absorption. In
addition, old growth forests are efficient carbon consumers. Many believe a more
comprehensive plan for avoiding old-forest destruction could be a useful contribution
to greenhouse gas management.8

Biological sequestration—Because terrestrial vegetation removes atmospheric car-
bon, carbon sinks can sequester carbon as biomass or in soil. This biomass could

5National Academy of Sciences. “Chapter 28: Geoengineering.” In Policy Implications of
Greenhouse Warming: Mitigation, Adaptation and the Science Base, 422-464. National Acad-
emies Press, 1992.

6 Council on Foreign Relations, workshop notes, May 2008.

7For example, Rutgers University received a research grant in May 2008 to be led by Alan
Robock and Richard P. Turco to perform collaborative research on the implications of strato-
spheric aerosols and sun shading.

8The Canadian Forest Service’s Forest Carbon Accounting Program educates land managers
and the public on forestry’s contribution to GHG management and establishes a National Forest
Carbon Monitoring Accounting and Reporting System (NFCMARS). Archived online at http://
carbon.cfs.nrcan.ge.ca/ CBM-CFS3 _e.html as of October 20, 2009. Scientific sources on the im-
pact of trees on atmospheric carbon generally attribute between 15 and 20% of global GHG
emissions to deforestation.
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be used for fuels or sequestered permanently as biochar or other organic materials.
The Committee held a hearing entitled Biomass for Thermal Energy and Electricity:
A Research and Development Portfolio for the Future on October 21, 2009 that ad-
dressed this among other topics.

Enhanced weathering techniques—Silicate materials react with CO, to form car-
bonates, thereby reducing ambient CO,. Silicate rocks could be mined and dispersed
over agricultural soils, or released and dissolved into ocean waters (discussed
below).

Carbon capture and sequestration (CCS)—Already the subject of several U.S. and
international research and development initiatives for electric power plant applica-
tions,? in this case CCS describes the capture of ambient GHGs and storage in geo-
logic reservoirs, such as natural cave systems and depleted oil wells. Some
geoengineering papers refer to this strategy as Carbon Removal and Storage (CRS).

Oceanic upwelling and downwelling—the natural ocean circulation processes are
increased and accelerated in order to transfer atmospheric GHGs to the deep sea,
a kind of carbon sequestration, using vertical pipes.

Chemical ocean fertilization—The addition of iron, silicates, phosphorus, nitrogen,
calcium hydroxide and/or limestone could enhance specific natural chemical proc-
esses which consume carbon, such as carbon uptake by phytoplankton.

Solar Radiation Management (SRM) or Sunlight Management

Solar Radiation strategies do not modify CO; levels in the atmosphere. Instead,
they reflect incoming radiation to reduce the atmosphere’s solar energy content and
restore its natural energy balance. Proposed reductions of solar radiation absorption
are usually 1-2% 10; around 30% is already reflected naturally by the earth’s surface
and atmosphere.!! The methods are space, land, or ocean-based and involve either
introducing new reflective objects within or outside of the atmosphere, or an in-
crease in the reflectivity or albedol2? of existing structures and landforms. SRM
could reduce increases in temperature, but it may not address the non-temperature
aspects of greenhouse-induced climate changes. SRM strategies would generally
take effect more quickly than CDR strategies. However, once started, some would
likely require constant maintenance and/or replenishment to avoid sudden and dras-
tic increases in temperature. Some SRM proposals include:

Stratospheric Sulfate Injections—A spray of sulfates into the second layer of
earth’s atmosphere 13 could reflect incoming solar radiation to reduce absorption.
This process occurs naturally after a volcanic eruption, in which large quantities of
sulfur dioxide are released into the stratosphere.14

White roofs and surfaces—Painting the roofs of urban structures and pavements
of urban environments white would increase their albedo by 0.15-0.25 (15-25%).
This strategy was suggested by DOE Secretary Steven Chu in May of 2009 at the
St. James Palace Nobel Laureate Symposium.

Cloud brightening [ Tropospheric Cloud Seeding—A fine spray of salt water or sul-
furic acid is injected into the lowest level of our atmosphere to encourage greater
cloud formation over the oceans, which would increase the local albedo.

Land use changes—Portions of the earth’s natural land cover could be modified
for more reflective growth patterns, such as light colored grasses. Also, existing agri-
cultural crops could be genetically modified to reflect more sunlight.

Desert reflectors—Metallic or other reflective materials could be used to cover
largely underused desert areas, which account for 2% of the earth’s surface.

Space-based reflective surfaces—One large satellite or an array of several small
satellites with mirrors or sunshades could be placed in orbit to reflect a portion of
sun radiation before it reaches the earth’s atmosphere. Reflectors could also be
placed at the sun-earth Lagrange (L. 1) point, where the gravitational pulls from
each body act with equal force and therefore allow objects to “hover” in place.

9For example, FutureGen and the Clean Coal Power Initiatives (CCPI) at DOE support
RD&D for carbon capture and sequestration.

10The Royal Society report suggests a reduction of 1.8% (RS 23).

11Novim 8. This inherent reflectivity of the earth is often referred to as “planetary albedo.”

12 Albedo is usually presented as a number between 0 and 1, 0 representing a material in
which all radiation is absorbed and 1 a material which reflects all radiation.

13 Roughly 6 to 30 miles above the earth’s surface.

14The naturally-occurring sulfur emissions from the 1991 eruption of a volcano in the Phil-
ippines, Mt. Pinatubo, are thought to have decreased the average global temperature by ~0.5°
C for a 1-2 year period by increasing global albedo. Another example of such short term atmos-
pheric cooling is often attributed to the eruption of El Chicon in March 1982.
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Key Strategies for Levying Assessments of Geoengineering Methods

Very little applied research to demonstrate the efficacy and outside consequences
of geoengineering proposals has been conducted so far; study has largely been lim-
ited to computer simulations. According to the Royal Society, outside of the existing
RD&D programs for carbon sequestration and forest management, the only pro-
posals that have undergone sustained research by the scientific community are cer-
tain types of ocean fertilization.®> Such research will likely need to be conducted
over many years. Thus, experts argue that broad, collaborative discussions of pro-
posed geoengineering methods should happen in the near term so policymakers can
be sufficiently informed of their options well in advance of potential emergency cli-
mate events.

The primary costs for program deployment can be determined with some measure
of accuracy, but a program’s secondary costs (ecological, political, etc) and economic
benefits will be more difficult to measure. Strenuous modeling is required to identify
potential ecological impacts on, among other considerations: precipitation patterns
and the hydrological cycle, ozone concentrations, agricultural resources, acid rain,
air quality, ambient temperatures, and species extinction. Other factors to be exam-
ined include human health impacts, the costs incurred on consumers and taxpayers,
impacts on minerals markets and increased mining needs,¢ job creation or dissolu-
tion, international opinion/consensus, data collection and monitoring needs, sources
of technology and infrastructure, and the energy demands incurred by large scale
deployment. Many of these criteria can be quantified in relatively absolute scientific
and economic terms, but others will be difficult to measure and even more difficult
to weigh against one another.

Geoengineering methods with more encapsulated impacts (e.g. reforestation and
white roofs) are expected to be easier to research and implement from a governance
standpoint, but the evaluation of concentrated impacts on community natural re-
sources and microeconomies remains a challenge.

The reversibility of any geoengineering proposal is also a factor. Reversibility in-
cludes both the time it takes to end the program itself (e.g. the time it takes for
stratospheric sulfate injections to dissipate) and the time in which the externalities
will be ended and/or remediated (e.g. the time it takes for additional sulfates in the
ecosystem to recede). Identifying the party responsible for reversing a
geoengineering application, should it become necessary, is also a key front end con-
sideration.

Lastly, both the cost of carbon credits and public opinion are expected to heavily
impact which strategies would be most viable. Just as a significant price on carbon
would encourage the development of carbon-neutral energy sources, a higher price
per ton of CO,, paired with offsets allowances, would likely increase the economic
viability of many CDR options such as reforestation and CCS. Similarly, public pref-
eren}fedfor particular strategies will affect the viability of application for different
methods.

Experts in the field believe that the risks and costs associated with the various
geoengineering strategies must not only be assessed in comparison to one another,
but also relative to the potential costs of inaction on climate change or insufficient
mitigation efforts.

Risks and Detriments

Unilateral deployment—It is possible for a non-governmental group or individual
to undertake one of the higher-impact, lower-cost geoengineering initiatives unilat-
erally, perhaps without scientific support or any risk management strategy. As rec-
ognized in the Royal Society report, the materials for stratospheric injections, for ex-
ample, would be readily available and affordable to a small group or even a wealthy
individual. For this reason and others, national and global security are also key con-
celzins with geoengineering and international governance may be needed at the front
end.

Moral hazard—Another concern is that the public knowledge of widespread imple-
mentation of geoengineering represents a moral hazard, in which a person or group
perceiving itself insulated from risk is more likely to engage in risky or detrimental
behavior. The Royal Society suggests that there is significant risk in large-scale ef-
forts being treated as a “get out of jail free card,” in which carbon sensitive con-
sumer decision-making for mitigation will wane. Federal funding and political mo-

15Royal Society 19
16 For example, stratospheric injections and ocean fertilization would require large chemical
inputs of mined materials.
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mentum for mitigation could also be compromised if geoengineering is seen as a su-
perior substitute for traditional mitigation and adaptation.

Ocean Acidification—A clear and significant disadvantage of geoengineering is
that, unlike carbon mitigation strategies, most strategies do not reduce the progress
of ocean acidification or destruction of coral reefs and marine life due to higher
ocean temperatures. CDR methods address ambient carbon levels and could indi-
rectly affect ocean carbon levels by slowing the rate of carbon uptake, but it is not
clear that decreases in atmospheric carbon would help reverse ocean acidification.
SRM methods do not address carbon levels at all.

Accidental Cessation of SRM—One critical drawback of SRM methods specifically
is that, because they do not modify atmospheric carbon concentrations, a disruption
of service could result in large and rapid changes in climate, i.e. a return to the un-
mitigated impact of increased carbon levels. If SRM methods are undertaken with-
out congruent controls on GHG emissions, then we would be constantly at risk of
dramatic climate changes if the SRM program ends. These potential rapid, poten-
tially catastrophic impacts must be carefully considered before implementation at
any scale. A concurrent charge against geoengineering is that we may not have the
political power, funds, foresight or organization, either domestically or internation-
ally, for long-term governance of projects of this scale without incurring unaccept-
able negative impacts.

Food and Water Security—A large-scale initiative impacting weather patterns
could greatly modify the precipitation patterns in particular geographic areas, jeop-
ardizing local food and fresh water supplies for local populations. For example, a
drought incurred by unforeseen impacts of artificial cloud formation could suppress
crop growth. Poor and developing nations may be particularly susceptible to such
impacts.

Butterfly Effect—Ultimately, there is near certainty that some consequences of
geoengineering methods cannot be anticipated and will remain unseen until full-
scale deployment. Skeptics have alleged the possibility of an ecological “butterfly ef-
fect,” in which the secondary effects of geoengineering are so wildly unforeseen that
a large scale ecological crisis could occur. Some scientists argue that the possibility
that such harmful side effects may be larger than the expected benefits should deter
consideration of some or all geoengineering proposals.

Governance and International Issues

Any effective, large-scale modification of the climate will necessarily have global
consequences. While the technical aspects of essentially every geoengineering meth-
od will require a great deal of additional research and examination, the legal, gov-
ernmental, socio-political and ethical issues may ultimately be greater challenges to
deployment. There are several fundamental questions on geoengineering governance
that would need to be addressed: Who decides what methods are used? What regu-
latory mechanisms are there, and who establishes them? Who pays for the research,
implementation, and surveillance? Who decides our ultimate goals and the pace in
which we take toward achieving them? While some international treaties or agree-
ments may be applicable to certain geoengineering applications, there are currently
no regulatory frameworks in place aimed at geoengineering specifically.l? Further-
more, several proposed geoengineering strategies may directly violate existing trea-
ties. These frameworks may pose an additional challenge for geoengineering imple-
mentation, but they may also provide guidance on ways to address the complex
issues of jurisdiction and responsibility at the international scale.

One challenge to address is the likelihood of inequitable effects on particular local-
ities. Large-scale efforts conducted in a particular place may produce greater net im-
pact on that region. For example, stratospheric aerosols injections in the Midwest
United States might result in decreased crop outputs in the region. In addition, a
weather pattern, ecosystem balance or wildlife population modified as an effect of
geoengineering could yield a disproportionate effect somewhere outside the source
area. This could, for example, cause erratic precipitation patterns in a non-
participatory nation.

It is not clear whether one or more existing international frameworks such as the
Intergovernmental Panel on Climate Change (IPCC) or the United Nations Frame-
work Convention on Climate Change (UNFCCC) could be the appropriate managing
entity of global geoengineering governance issues, or if the unique features of
geoengineering would require the creation of a new international mechanism. In ad-
dition, as geoengineering is multidisciplinary, several domestic agencies at the Fed-

17Royal Society 5
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eral level have clear jurisdiction over topics imbedded in all or some of the sug-
gested geoengineering methods as well as their immediate research and develop-
ment needs. A number of cabinet-level departments and Federal agencies may be
directly pertinent to the concurrent agricultural, economic, international security,
and governance issues.

Analogous Government Initiatives

The early years of nuclear weapons testing display a number of similarities to
geoengineering, including the difficulties of levying cost-benefit analyses of their im-
pacts, uncertain ecological impacts, an unknown geographic scope of impact, and po-
tential intra- and intergovernmental liability issues. This relationship is noted by
the ETC Group for the U.S. National Academies workshop on geoengineering held
earlier this year.18 Before the Limited Test Ban Treaty was signed in 1963, several
nations regularly performed nuclear tests underwater and in the atmosphere with-
out international agreement, regulation, or transparency. Of course, the con-
sequences of nuclear radiation and the potential for creating weapons are inherently
international, but domestic experimentation preceded diplomatic considerations. The
global impacts on both human health and international diplomacy, incurred without
international consent, were considerable.

Human-engineered weather modification shares these characteristics as well. The
most commonly used strategy is cloud-seeding, in which particles 19 are sprayed into
the air to stimulate condensation and cloud formation. This practice is thought to
modify precipitation patterns2° in order to enhance crop growth, manage water re-
sources and promote human safety from natural hazards like floods and droughts.
In 2003, the National Academies’ National Research Council published its fourth re-
port on weather modification, Critical Issues in Weather Modification Research. As
of report publication there were 23 countries engaging in weather modification on
a large scale, and China is the Nation most aggressively pursuing it, with an annual
budget of over $40 million for hail suppression and precipitation enhancement. How-
ever, NAS concluded that “there is still no convincing scientific proof of the efficacy
of intentional weather modification efforts. In some instances there are strong indi-
cations of induced changes, but this evidence has not been subjected to tests of sig-
nificance and reproducibility.”2! No consensus on the cause-and-effect relationship
between cloud seeding and weather patterns has been determined, but it still con-
tinues to be practiced worldwide.

Public Perception and Ethical Implications

Due to the large uncertainties associated with most geoengineering methods, the
opinions of the general public and the scientific community at this time generally
vary from cautiously optimistic to unequivocally opposed. While a portion of the sci-
entific community is committed to investigating the possibilities of geoengineering,
another portion is resistant because geoengineering and carbon mitigation could be
seen by some as direct substitutes22 and therefore in competition with one another,
as discussed above.

The general public may have qualms with geoengineering for several reasons. A
given method’s efficacy and safety may not coincide with the general public’s percep-
tion, which then may unduly influence momentum toward an unjustified strategy.
However, negative public perceptions of geoengineering may also prove to be a pow-
erful catalyst for emissions reductions.23 A study by the British Market Research
Bureau found that while participants were cautious or hostile toward
geoengineering, “several agreed that they would actually be more motivated to un-
dertake mitigation actions themselves” after a large-scale geoengineering applica-
tion was suggested.24

One major ethical issue is that even in a best case scenario, some nations are ex-
pected to benefit more than others. Moreover, the effects won’t necessarily reflect

18 Geoengineering’s Governance Vacuum: Unilateralism and the Future of the Planet. For the
National Academies workshop Geoengineering Options to Respond to Climate Change: Steps to
Establish a Research Agenda. Washington, DC. June 15-16, 2009.

19 Usually silver iodide or frozen CO,

20 A highly visible example of an application of weather modification occurred during the 2008
Summer Olympic Games in China, when the Beijing Weather Engineering Office used cloud
seeding to delay rainfall for several hours in order to accommodate the Games’ opening cere-
monies.

21NAS 3

22 Barrett 1

23 Barrett 2

24 Royal Society 43
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which nations have contributed the most to the carbon problem (the debtors), nor
those agent nations who devise, fund and execute the geoengineering activities. An-
other is the “Dr. Frankenstein” ethical concern, in which some believe deliberate
human modification of the global climate is both a dangerous and inappropriate ac-
tivity in the first place.

Because geoengineering threatens to alter biological processes at a large scale,
many are concerned that inequitable negative impacts may occur. Undue burdens
may be placed on a particular locality, even if the locality or nation neither engaged
in geoengineering nor produced a disproportionate share of anthropogenic carbon
emissions. Because deployment and even applied research can hold global implica-
tions, open information access and an open equitable forum for international dia-
logue are expected to be requisite for a responsible approach to geoengineering.
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Chairman GORDON. Good morning. I would like to welcome ev-
eryone to today’s hearing of the House Committee on Science and
Technology entitled Geoengineering: Assessing the Implications of
Large-Scale Climate Intervention.

I believe this hearing marks the first time that a Congressional
committee has undertaken a serious review of proposals for climate
engineering. That is not surprising because this is a very complex,
controversial subject that has had little formal debate in the
United States.

Geoengineering carries with it a tremendous range of uncertain-
ties, ethical and political concerns, and the potential for cata-
strophic environmental side-effects. But we are faced with the
stark reality that the climate is changing, and the onset of impacts
may outpace the world’s political and economic ability to avoid
them.

Therefore, we should accept the possibility that certain climate
engineering proposals may merit consideration and, as a starting
point, review research and development as appropriate. At its best
geoengineering might only buy us some time. But if we want to
know the answers we have to begin to ask the tough questions.
Today we begin what I believe will be a long conversation.

In fact, my intention is for this hearing to serve as the introduc-
tion to the concept of climate engineering. Over the next eight
months the Committee will hold two to three more hearings to ex-
plore underlying science, engineering, ethical, economic and gov-
ernance concerns in fuller detail.

I am pleased to announce that this will be part of an inter-par-
liamentary project with our counterpart in the United Kingdom
House of Commons Science and Technology Committee. When
members of the Commons Committee visited us last spring, the
Chairman, Phil Willis, proposed that we work together on issues of
common interest. Geoengineering has decidedly global implications,
and research should be considered in the context of a transparent
international process.

Yesterday the Commons Committee voted to undertake a parallel
effort to examine the domestic and international regulatory frame-
work that may be applicable to geoengineering. We will be in close
contact with them, sharing the findings from our own efforts. When
they complete their work in the spring, the Chairman of the Com-
mittee will testify before us in a hearing on domestic and inter-
national governance issues.

But before we begin this discussion today I want to make some-
thing very clear upfront. My decision to hold this hearing should
not in any way be misconstrued as an endorsement of any
geoengineering activity, and the timing has nothing to do with the
pending negotiations in Copenhagen. I know we will run the risk
of misleading headlines.

However, this subject requires very careful examination, and will
likely only be considered as a potential stopgap tool in a much
wider package of climate change mitigation and adaptation strate-
gies. It will require years of internationally coordinated research
for us to better understand our options, to examine the impacts,
and to know if any activity warrants deployment. In the meantime
nothing should stop us from pursuing aggressive long-term domes-
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tic and global strategies for achieving deep reductions in green-
house gas emissions.

This issue is too important for us to keep our heads in the sand.
We must get ahead of geoengineering before it gets ahead of us, or
worse, before we find ourselves in a climate emergency with inad-
equate information as to the full range of options. As Chairman of
the committee of jurisdiction, I feel a responsibility to begin a pub-
lic dialogue and develop a record on geoengineering.

With that, I look forward to a good, healthy discussion, and I
turn it over to my distinguished Ranking Member, Mr. Hall, for his
opening statement.

[The prepared statement of Chairman Gordon follows:]

PREPARED STATEMENT OF CHAIRMAN BART GORDON

Good morning. I would like to welcome everyone to today’s hearing of the House
Committee on Science and Technology entitled, “Geoengineering: Assessing the Im-
plications of Large-Scale Climate Intervention.”

I believe this hearing marks the first time that a Congressional Committee has
undertaken a serious review of proposals for climate engineering. That is not sur-
prising; it is a very complex and controversial subject that has seen little formal de-
bate in the U.S.

Geoengineering carries with it a tremendous range of uncertainties, ethical and
political concerns, and the potential for catastrophic environmental side-effects. But
we are faced with the stark reality that the climate is changing, and the onset of
impacts may outpace the world’s political and economic ability to avoid them.

Therefore, we should accept the possibility that certain climate engineering pro-
posals may merit consideration and, as a starting point, review research and devel-
opment as appropriate. At its best geoengineering might only buy us some time. But
if we want to know the answers we have to first ask the tough questions. Today
we begin what I believe will be a long conversation.

In fact, my intention is for this hearing to serve as the introduction to the concept
of climate engineering. Over the next 8 months the Committee will hold two to three
more hearings to explore underlying science, engineering, ethical, economic and gov-
ernance concerns in further detail.

I am pleased to announce that this will be part of inter-parliamentary project
with our counterparts in the United Kingdom House of Commons Science and Tech-
nology Committee. When members of the Commons Committee visited us last
spring the Chairman, Phil Willis, proposed that we work together on issues of com-
mon interest. Geoengineering has decidedly global implications, and research should
be considered in the context of a transparent international process.

Yesterday the Commons committee voted to undertake a parallel effort to exam-
ine the domestic and international regulatory frameworks that may be applicable
to geoengineering. We will be in close contact with them, sharing the findings from
our own efforts. When they complete their work in the spring the Chairman of the
Committee will testify before us in a hearing on domestic and international govern-
ance issues.

Before we begin this discussion today I want to make something very clear up-
front—my decision to hold this hearing should not in any way be misconstrued as
an endorsement of any geoengineering activity, and the timing has nothing to do
with the pending negotiations in Copenhagen. I know we run the risk of misleading
headlines.

However, this subject requires very careful examination, and will likely only be
considered as a potential stopgap tool in a much wider package of climate change
mitigation and adaptation strategies. It will require years of internationally-coordi-
nated research for us to better understand our options, examine the impacts, and
know if any activity warrants deployment. In the meantime nothing should stop us
from pursuing aggressive long-term domestic and global strategies for achieving
deep reductions in greenhouse gas emissions.

This issue is too important for us to keep our heads in the sand. We must get
ahead of geoengineering before it gets ahead of us, or worse, before we find our-
selves in a climate emergency with inadequate information as to the full range of
options. As Chairman of the committee of jurisdiction, I feel a responsibility to begin
a public dialogue and develop a record on geoengineering.
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With that, I look forward to a healthy discussion, and I yield to the distinguished
Ranking Member, Mr. Hall for his opening statement.

Mr. HALL. Mr. Chairman, I could make the shortest opening
speech in the history of this committee.

Chairman GORDON. Okay.

Mr. HALL. I could say geoengineering, hello, but I won’t do that.
I will just say to you that I thank you for holding this hearing
today, and once again, the Commerce and this Committee in our
duties are taking on issues that are really the forefront of cutting-
edge science, and I appreciate your leadership.

As many of my colleagues will agree, the debate about climate
change is far from over, and I am sure that you have conducted
and participated in that and came to the conclusion that the fact
that there are still many, many opinions as to the causes, the ef-
fects and the potential solutions demonstrates how much uncer-
tainty there is out there and how crucial it is for our Nation to con-
tinue to search for answers.

Geoengineering, or climate engineering, is the intentional modi-
fication of the earth’s environment to promote—and just go to the
definition and see that it is so broad that you could apply the term
to almost any human changes that are made by humans and their
surrounding environment, from building dams to deforestation. The
actions are more local or regional in scope. The types of modifica-
tions we will be discussing are global in nature, and therefore, no
matter what our preconceptions are, the implications of such tech-
nologies are far-reaching.

I understand that the hearing is to be the first of a series of
hearings on this topic, further exploring the scientific basis under-
pinning the concept of geoengineering, and the ethical concerns and
issues surrounding any future development and deployment sce-
narios could be extremely helpful in advancing the discussion about
geoengineering.

I will reserve my full judgment on this issue until all the facts
are in, but I have to admit I am a bit skeptical about this non-tra-
ditional approach. I know that our witnesses here today represent
a variety of different viewpoints on geoengineering, and I am eager
to listen to their thoughts about the issue. I am sure we will have
plenty of questions to ask them. I really look forward to a very live-
ly discussion, and I expect we are going to have one.

So I think I have to thank you again, Mr. Chairman. This kind
of opens up, you know—Alfred Hitchcock did The Birds. You re-
member that movie? And I have been working all since that time
on a movie that have the elephants, flying elephants, you know,
like Hitchcock had those birds that just were going to disturb the
whole world. I don’t know if I can get that underway or not, but
we will maybe work that in in some of this here.

I would yield back to my Chairman, James Bond, and I thank
you very much for letting me talk.

[The prepared statement of Mr. Hall follows:]

PREPARED STATEMENT OF REPRESENTATIVE RALPH M. HALL

Thank you, Mr. Chairman. I would like to thank you for holding this hearing
today on geoengineering. Once again, this Committee is tackling issues that are the
forefront of cutting edge science, and I appreciate your leadership.
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As many of my colleagues will agree, the debate about climate change is far from
over. I am sure that you concluded that the fact that there are still so many opin-
ions as to the causes, the effects and the potential solutions, demonstrates how
much uncertainty is out there and how crucial it is for our nation to continue to
search for answers.

Geoengineering, or climate engineering, is the intentional modification of the
Earth’s environment to promote habitability. The definition is so broad that you
could apply the term to any changes humans make in their surrounding environ-
ment, from building dams to deforestation. These actions are more local or regional
in scope. The types of modifications we will be discussing this morning are global
in nature, and therefore no matter what our preconceptions are, the implications of
such technologies are far reaching.

I understand that this hearing is to be the first of a series of hearings on the
topic. Further exploring the scientific basis underpinning the concept of
geoengineering, and the ethical concerns and issues surrounding any future develop-
ment and deployment scenarios could be extremely helpful in advancing the discus-
sion about geoengineering. I will reserve my full judgment on this issue until all
the facts are in, but I have to admit I am a bit skeptical about this nontraditional
approach.

I know that our witnesses here today represent a variety of different viewpoints
on geoengineering, and I am eager to listen to their thoughts about the issue. I'm
sure that we will have plenty of questions to ask them, and I look forward to a lively
discussion.

So I have to thank you once again for holding this hearing, and I look forward
to hearing from our distinguished witnesses.

[The prepared statement of Mr. Costello follows:]

PREPARED STATEMENT OF REPRESENTATIVE JERRY F. COSTELLO

Good Morning. Thank you, Mr. Chairman, for holding today’s hearing to examine
the future of geoengineering strategies for reducing greenhouse gas emissions and
counteracting climate change.

This committee has met several times to discuss the implications of climate
change and the best mechanisms to counter its effects. Throughout these discus-
sions, we have emphasized the importance of working with our international part-
ners to ensure that the global problem of climate change is addressed through a
global solution.

I am pleased to welcome our colleagues from the United Kingdom with whom this
committee has worked to explore the potential of geoengineering as a means of re-
ducing greenhouse gas emissions.

I have been a strong supporter of many geoengineering techniques currently in
use today, in particular the use of carbon capture and storage technology for coal,
to reduce the amount of carbon released into the atmosphere. These demonstrated
technologies allow us to combat climate change and continue using abundant nat-
ural resources. However, I am concerned about the unintended consequences of
some geoengineering proposals. These untested techniques could have irreversible
effects that may permanently change the chemical, physical and biological make-up
of our oceans and land. While I recognize that these proposals are still in their ear-
liest stages, I believe it is important to address these concerns early in the research
effort.

I would like to hear from our witnesses how they will address these risks during
the in-depth discussions on the potential of geoengineering. Further, as research
and development projects move forward, how will these concerns be addressed and
what protections will be put in place.

I welcome our panel of witnesses, and I look forward to their testimony. Thank
you again, Mr. Chairman.

[The prepared statement of Ms. Johnson follows:]

PREPARED STATEMENT OF REPRESENTATIVE EDDIE BERNICE JOHNSON

Good morning, Mr. Chairman.

I would like to welcome today’s panel to our hearing, focused on research and
work done in the field of geoengineering.

Perhaps the greatest challenge the science community will face in the years ahead
is being able to moderate climate change and global warming.
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While I believe that cutting emissions of greenhouse gases is a priority in climate
mitigation, we must also prepare for the possibility that our environment will con-
tinue

to degrade.

There is no simple, solution, and while geoengineering may be possible, we still
face many hurdles to its implementation and success.

There are a range of methods that are currently being considered in the field of
geoengineering and I look forward to hearing more about their potential today.

We need global solutions to this global problem. We cannot proceed with any ap-
proach until we thoroughly examine the potential downside and all of the legal and
ethical ramifications.

There is a great deal of uncertainty in this field and as we proceed with future
hearing look forward to examining all the consequences of implementing this type
of science.

Today’s hearing represents a commitment on behalf of this Committee and Con-
gress to work in a global capacity to foster this type of research.

The witnesses who will join us are true subject experts. It is my hope that they
can provide committee members with good information that is based on science.

It is my hope that we can move forward proactively to devise policies for a broad
approach to the problem of global warming.

Thank you for hosting today’s full committee hearing to learn more about
geoengineering.

Chairman GORDON. Well, Professor Shepherd, welcome to Amer-
ica. If there are other Members who wish——

Mr. HALL. I knew that would get me in trouble.

Chairman GORDON. If there are other Members who wish to sub-
mit additional opening statements, your statements will be added
to the record at this point.

And now it is my pleasure to introduce our witnesses. Professor
John Shepherd is a Professional Research Fellow in Earth System
Science at the University of Southampton and Chair of the Royal
Society Geoengineering Working Group that produced the report
Geoengineering The Climate: Science, Governance & Uncertainty.
And it is the University of Southampton not located in New York.
Dr. Ken Caldeira is a Professor of Environmental Science in the
Department of Global Ecology at the Carnegie Institute of Wash-
ington and co-author of the Royal Society Report. Mr. Lee Lane is
the Co-Director of the American Enterprise Institute for Public Pol-
icy Research’s Geoengineering Project. Dr. Alan Robock is a Pro-
fessor at the Department of Environmental Science at the School
of Environmental and Biological Sciences at Rutgers University.
Dr. Robock, Mr. Rothman wanted us to give you his best. He is ill
today but wanted to be with you. And Dr. James Fleming is a Pro-
fessor and Director of the Science, Technology and Society Program
at Colby College and the author of Fixing the Sky: The Checkered
History of Weather and Climate Control.

As our witnesses should know, we will have five minutes for your
spoken testimony. Your written testimony will be included in the
record for the hearing, and when you have completed your spoken
testimony we will begin the questions. Each Member then will have
five minutes to question the witnesses.

So we begin in the order, Dr. Caldeira.

Dr. CALDEIRA. Isn’t Dr. Shepherd first?

Chairman GORDON. Well, I am reading from my report here, and
so you are first in that regard but if you would like to yield to Dr.
Shepherd, then we will do that. So if you will turn on your mic,
we will all be better off.
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STATEMENT OF DR. KEN CALDEIRA, PROFESSOR OF ENVIRON-
MENTAL SCIENCE, DEPARTMENT OF GLOBAL ECOLOGY, THE
CARNEGIE INSTITUTION OF WASHINGTON, AND CO-AUTHOR,
ROYAL SOCIETY REPORT

Dr. CALDEIRA. Chairman Gordon, Ranking Member Hall, Mem-
bers of the Committee, I thank you for giving me the opportunity
today to speak with you about why it makes sense for us as Amer-
ican taxpayers to invest some of our hard-earned dollars in explor-
ing ways to cost-effectively reduce the environmental threats that
are facing us.

I am a climate scientist working at the Carnegie Institution De-
partment of Global Ecology. I have been studying climate and
ocean acidification for over 20 years and investigating
geoengineering options for more than 10 years.

Climate change poses a real risk to Americans. The surest way
to reduce this risk is to reduce emissions of greenhouse gases, such
as carbon dioxide. We can build a 2lst-century energy system
based on solar and nuclear power along with carbon capture and
storage from coal-, oil- and gas-fired power plants. I believe we can
and will make this transformation to the clean energy system of
the future. However, even if we decide to start building our 21st-
century energy system today, because of the long time lags in-
volved, we will still face threats from climate change.

The options we are discussing today can be divided into two cat-
egories with very different characteristics, solar radiation manage-
ment [SRM] approaches and carbon dioxide removal [CDR] ap-
proaches.

Solar radiation management methods, which you could also call
sunlight reflection methods, seek to reduce the amount of climate
change by reflecting some of the sun’s warming rays back to space.
We know this basically works because volcanoes have cooled the
earth in this way. Preliminary research suggests that we could rap-
idly and relatively cheaply put tiny particles high in the strato-
sphere and that this would cause the earth to cool quickly.

Nobody thinks these approaches will perfectly offset the effects
of carbon dioxide. For example, these methods do not address the
problem of ocean acidification. However, preliminary climate model
simulations indicate that these approaches could offset most cli-
mate change in most places most of the time.

While these approaches may be able to reduce overall risk, they
could and likely will introduce new environmental and political
risks.

In contrast, carbon dioxide removal approaches seek to reduce
the amount of climate change and ocean acidification by removing
carbon dioxide from the atmosphere. Essentially, these options re-
verse carbon dioxide emissions in the atmosphere by pulling carbon
dioxide back out of the atmosphere.

There are two basic types of carbon dioxide removal methods.
One is to use growing forests or other plants to store carbon in or-
ganic forms. The other is to use chemical techniques. We could
build centralized carbon dioxide removal factories or perhaps
spread out finely ground-up minerals that would remove carbon di-
oxide from the atmosphere.
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With the exception of proposals to fertilize the oceans, carbon di-
oxide removal methods are unlikely to introduce new, unprece-
dented risks, so cost is likely to be the primary consideration gov-
erning deployment.

Let me mention in closing that I do not think the term
“geoengineering” is very useful in informed discussions. The term
has been used by so many people to refer to so many different and
poorly defined grab bags of distantly related things that I do not
believe the term can help us to think clearly about the decisions
we need to make.

So to conclude, we need multi-agency research programs in both
sunlight reflection methods and carbon dioxide removal approaches
to find cost-effective ways to protect American taxpayers from un-
necessary environmental risk. Because these two basic approaches,
the solar radiation management approaches and the carbon dioxide
removal approaches, differ in so many dimensions, it seems unwise
to link these research programs closely together.

Solving our climate change problem is largely about cost-effective
risk management. There are many different ways that risk might
be diminished, and the most important of these is to reduce green-
house gas emissions. However, we also need to improve our resil-
ience so that we can better adapt to the climate change that does
occur. We also need to understand whether there are ways that we
can cost-effectively remove carbon dioxide and perhaps other green-
house gases from the atmosphere. Lastly, we should try to under-
stand whether thoughtful, intentional interventions into the cli-
mate system might be able to undo some of the damage that we
are doing with our current, inadvertent intervention.

The problem is too serious to allow prejudice to take options off
of the table. I thank you for your attention, and I would be happy
to answer your questions.

[The prepared statement of Dr. Caldeira follows:]

PREPARED STATEMENT OF KEN CALDEIRA
1. Summary

Climate change poses a real risk to Americans. The surest way to reduce this risk
is to reduce emissions of greenhouse gases.

However, other options may also be available which could in some circumstances
cost-effectively contribute to risk reduction. These options can be divided into two
categories with very different characteristics:

e Solar Radiation Management (SRM) approaches seek to reduce the amount
of climate change by reflecting some of the sun’s warming rays back to space.

O The most promising Solar Radiation Management proposals appear to be
inexpensive (at least with respect to direct costs), can be deployed rap-
idly, and can cause the Earth to cool quickly. They attempt symptomatic
relief without addressing the root causes of our climate problem. Thus,
these methods do not address the problem of ocean acidification. While
these approaches may be able to reduce overall risk, there is the poten-
tial that they could introduce additional environmental and political risk.
Solar Radiation Management approaches have not yet been given careful
consideration in international negotiations to diminish risks of climate
change. The primary consideration governing whether such systems
would be deployed is our level of confidence that they would really con-
tribute to overall risk reduction.

e Carbon Dioxide Removal (CDR) approaches seek to reduce the amount of cli-
mate change and ocean acidification by removing the greenhouse gas carbon
dioxide from the atmosphere.
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O The most promising of the Carbon Dioxide Removal approaches appear
to be expensive (relative to SRM methods, but perhaps competitive with
methods to reduce emissions), slow acting, and take a long time before
they could cool the Earth. However, they address the root cause of the
problem—excess CO; in the atmosphere. There is no expectation that
these methods will introduce any new unprecedented risks. Some Carbon
Dioxide Removal approaches associated with forests and agricultural
practices have received attention in international negotiations and in car-
bon offsetting schemes. The primary consideration governing whether
Carbon Dioxide Removal approaches would be deployed is cost relative to
options to reduce greenhouse gas emissions.

We need multi-agency research programs in both Solar Radiation Management
and Carbon Dioxide Removal. (Every agency that has something to contribute
should be given a seat at the table.) Because Solar Radiation Management and Car-
bon Dioxide Removal approaches differ in so many dimensions, it seems unwise to
link them closely together. In particular, Carbon Dioxide Removal approaches have
more in common with efforts to reduce CO, emissions than they have with Solar
Radiation Management approaches.

e Solar Radiation Management research might best be led by agencies that
have a strong track record in the highest quality science, with no vested in-
terest in the outcome of such research, such as the National Science Founda-
tion or perhaps NASA.

e Carbon Dioxide Removal research that focuses on storing carbon in reduced
(organic) forms might best be led by agencies that are already involved in con-
ventional Carbon Dioxide Removal methods involving agricultural or forestry
practices. Carbon Dioxide Removal approaches which employ centralized
chemical engineering methods to remove CO, from the atmosphere might best
be led by agencies, such as DOE, already involved in carbon dioxide capture
from power plants. It is less clear where research into distributed chemical
approaches might fit best, although leadership by the National Science Foun-
dation is a possibility.

2. Background

Climate change represents a real risk to Americans

It is increasingly obvious that modern industrial society is affecting climate. It is
less clear how much this climate change will affect the average American. Neverthe-
less, it is reasonable to think that there is a significant risk that climate change
will be more disruptive to our economy than a few million mortgage defaults.

Economists estimate that it might take 2% of our GDP to squeeze carbon dioxide
emissions out of our energy and transportation systems. I believe that the risk is
high that, if we continue to produce devices that dump carbon dioxide waste into
the atmosphere, climate change will lead to problems that dwarf the subprime mort-
gage debacle. The recent subprime mortgage crisis, driven by defaults on several
million mortgages, led to an approximately 4% reduction in worldwide GDP growth.
’Ijhle{refore, I believe a rational investor would invest 2% of our GDP to avoid this
risk.

When I am speaking, I often ask:

If we already had energy and transportation systems that met our needs without
using the atmosphere as a waste dump for our carbon dioxide pollution, and I
told you that you could be 2% richer, but all you had to do was acidify the
oceans and risk killing off coral reefs and other marine ecosystems, all you had
to do was heat the planet, and risk melting the ice caps with rapid sea-level rise,
risk shifting weather patterns so that food growing regions might not be able to
produce adequate amounts of food, and so on, would you take all of that environ-
mental risk, just to be 2% richer?

Nobody I have ever spoken with has said that all of this environmental risk is
worth being 2 % richer. (Some years, I have gotten a 2% raise and barely noticed
it.) So, I think we have to agree that the main issue with solving the climate-carbon
problem is not the cost per se—it is that the cost is high enough to make it difficult
to generate the necessary level of cooperation needed to solve the problem.

I do not know how much climate change will affect the average American. While
I cannot with confidence predict great damage, I can predict great risk.

The carbon-climate problem is about risk management—and the best, surest, and
clearest way to reduce environmental risk associated with greenhouse gas emissions
is to reduce greenhouse gas emissions.
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If you take the risk of climate damage seriously, you want to take action to dimin-
ish risk by reducing greenhouse gas emissions, but you would not want to limit
yourself to only one risk-reduction approach.

There may be novel approaches that could also help us manage risk associated
with greenhouse gas emissions. However, these novel approaches are poorly under-
stood and have been inadequately evaluated. There has been a paucity of the kind
of research and development that would let us understand the positive and negative
properties of these approaches. These novel approaches are not alternatives to re-
ducing greenhouse gas emissions; they are supplementary measures that might help
us reduce the risk of climate-related damage. Some of them are approaches that
America might need in a time of crisis.

3. Introduction to the concept of “geoengineering”

“Geoengineering” is a catch-all term, used to refer to a broad collection of strate-
gies to diminish the amount of climate change resulting from greenhouse gas emis-
sions. The term “geoengineering” is used in different ways by different authors and
there is no generally agreed-upon definition, although features common to strategies
referred to by the word “geoengineering” generally include:

(1) Intent to affect climate
(2) Affecting climate at a regional to global scale
(3) Novelty or lack of familiarity

Emitting CO; by driving a car is not generally considered geoengineering because,
while it affects global climate, there is no intent to alter climate. Planting a shade
tree to provide a cooler local environment is not generally considered geoengineering
because, while there is intent to alter climate, it is not at a sufficiently large scale.
Promoting the growth of forests as a climate mitigation strategy involves an intent
to affect climate at global scales; however, we are familiar with forest management,
so this approach does not have the novelty that would cause most people to use the
word “geoengineering” to refer to it.

The term “geoengineering” also has another meaning related to the engineering
of tunnels and other structures involving the solid Earth. Furthermore, the term
“geoengineering” has been applied to large scale efforts to alter geophysical systems,
such as the old Soviet plan to reroute northward flowing rivers so that they would
instead flow south towards central Asia.

Because “geoengineering” has been used by different people to refer to many dif-
ferent types of activities, and there is no single universally agreed definition, it is
my opinion that the term “geoengineering” no longer has much use in informed dis-
cussions. More than that, use of the term “geoengineering” can have a negative in-
fluence on the ability to conduct an informed discussion, since there is little that
can be said generally about such an ill-defined and heterogeneous set of proposals.

4. An introduction to the major “geoengineering” strategies

“Geoengineering” strategies can be divided into two broad categories:

(1) Solar Radiation Management (SRM) and related strategies that seek to di-
rectly intervene in the climate system, without directly affecting atmospheric
greenhouse gas concentrations.

(2) Carbon Dioxide Removal (CDR) and related strategies that seek to diminish
atmospheric greenhouse gas concentrations, after the gases have already been
released to the atmosphere.

These two broad classes of strategy are so different, that they should be treated
as being independent of each other. Solar Radiation Management approaches
(SRM—can also be thought of as Sunlight Reflection Methods) attempt to limit dam-
age from elevated greenhouse gas concentrations—these methods are designed to
provide symptomatic relief. In contrast, Carbon Dioxide Removal strategies try to
remove the atmospheric drivers of climate change—these methods are designed to
address the root causes of our climate problem.

Solar Radiation Management proposals will inherently involve actions by govern-
ments, because the primary issues driving deployment of such approaches will in-
volve questions of environmental risk reduction, equity, governance, and so on. (Of
course, a clear scientific and technical basis needs to be developed to act as a foun-
dation for these policy discussions.)

In contrast, Carbon Dioxide Removal proposals would likely be driven by actions
of private corporations, because the primary factor driving deployment is likely to
be a price on carbon emissions. If it is more cost-effective to remove carbon dioxide
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from the atmosphere than to prevent an emission to the atmosphere, and local envi-
ronmental issues have been adequately addressed, then there will be an economic
driver to remove carbon dioxide from the atmosphere.

Because the issues around Solar Radiation Management (and related approaches)
differ so greatly from issues around Carbon Dioxide Removal (and related ap-
proaches), it is best to address these two classes of possible activities separately.

4.1 Solar Radiation Management (SRM) and related strategies

4.1.1. Overview of Solar Radiation Management

While proposals to intentionally alter climate go back a half century or more, rel-
atively little research has been done on these strategies. Therefore, everything said
about these approaches must be regarded as provisional and preliminary. The re-
cent report on Geoengineering by the U.K. Royal Society provides a good summary
of this preliminary research.

The sun warms the Earth. Greenhouse gases make it harder for heat to leave the
Earth. With additional greenhouse gases warming the Earth, one way to cool things
back down is to prevent the Earth from absorbing so much sunlight.

There are two classes of proposal that appear to be able to address a significant
part, if not all, of globally averaged mean warming: (1) placing small particles high
in the atmosphere to reflect sunlight to space or (2) seeding clouds over the ocean
to whiten them so that they reflect more sunlight to space.

The leading proposal for reflecting large amounts of sunlight back to space is the
emplacement of many small particles in the stratosphere. We have good reason to
believe that such an approach will fundamentally work because volcanoes have per-
formed natural experiments for us. It is thought that the rate of particle injection
needed to offset a doubling of atmospheric CO; content is small enough that it could
be carried in a single fire hose. The determination of whether we would ever want
to deploy such a system would not depend on cost of the deployment, but rather
on an assessment of whether it was really able to contribute to overall risk reduc-
tion, taking both environmental and political factors into consideration.

In 1991, the Mt. Pinatubo volcano erupted in the Philippines, introducing a large
amount of tiny particles into the stratosphere. This caused the Earth to cool by
around 1 degree Fahrenheit. Within a year or two, most of this material left the
stratosphere. Had we replenished this material, the total amount of cooling would
have been more than enough to offset the average amount of warming from a dou-
bling of atmospheric CO; concentration.

There are questions about how good a short term eruption is as an analogue for
a continuous injection of material into the stratosphere. Nevertheless, the natural
experiment of volcanic eruptions give us confidence that the approach will basically
work, and while there might be negative consequences, the world will not come in-
stantly to an end, and that after stopping a short-term deployment, the world is
likely to return to its previous trajectory within years.

Nobody should think that any Solar Radiation Management strategy will work
perfectly. Sunlight and greenhouse gases act differently on the atmosphere. Sunlight
strikes the surface of the Earth where it can both warm the surface and help to
evaporate water. Greenhouse gases for the most part absorb radiation in the middle
of the atmosphere. So, changes in sunlight can never exactly compensate for
changes in greenhouse gases.

However, preliminary simulations indicate that it should be possible to offset most
of the climate change in most of the world most of the time. Climate model simula-
tions show that deflecting some sunlight away from the Earth can make a high CO,
world more similar to a low CO2 world at most times and at most places. However,
the climate might deteriorate in some places. This raises important governance
issues in that Solar Radiation Management approaches (or Solar Reflection Meth-
ods) have the potential to cause harm at some times in some places, even if they
are able to reduce overall environmental damage and environmental risk.

4.1.2. Concerns relating to Solar Radiation Management

While there is some expectation that Solar Radiation Management approaches
can diminish most of the climate change in most of the world most of the time, it
is possible that there could be bad effects that would render this offsetting undesir-
able. These bad effects could be environmental, or they could be socio-political.

With regard to environmental negatives, it is possible there could be adverse
shifts in rainfall, or damage to the ozone layer, or unintended impacts on natural
ecosystems. These unintended consequences should be a major focus of a Solar Radi-
ation Management research program. Furthermore, we must bear in mind that
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Solar Radiation Management proposals do not solve problems associated with ocean
acidification (but they do not significantly affect ocean acidification).

With regard to socio-political negatives, some countries might actually prefer their
warmer high CO; climate or perhaps they might be (or believe they are) negatively
impacted by a Solar Radiation Management scheme—or perhaps countries might
differ in the amount or type of Solar Radiation Management to be deployed. These
sorts of issues could cause political tension.

It is also possible that the perceptions that there is a technical fix could lull peo-
ple into complacency, and diminish pressure for emissions reductions. However,
when the U.K. Royal Society conducted a preliminary focus group, they found that
people were even more willing to put effort into emissions reduction after hearing
the extreme measures scientists are considering to reduce climate risk. Just because
we wear seatbelts, that does not mean we will drive more recklessly. Seat belts can
remind us that driving is a dangerous activity.

4.1.3. Governance, regulation, and when to deploy

4.1.3.1. Gradual deployments

Often, in discussions of Solar Radiation Management, there is an assumption that
we are speaking about large scale deployments and some system of global govern-
ance is necessary. While discussions of governance and regulation of both experi-
ments and deployments are necessary, it is not clear at this time what form that
governance or those regulations should take.

For example, it is thought that sulfur emissions from power plants might today
be reflecting about 1 W/m2 back to space that would have otherwise been absorbed
by Earth. This could be causing the Earth to be about 1 degree Fahrenheit cooler
than it would otherwise be. In other words, if we cleaned up all of the sulfur emitted
by power plants worldwide, the Earth might heat up another degree.

Because sulfur lasts a year or more in the stratosphere but generally less than
a week in the lower atmosphere, if we were to emit just a few per cent of the sulfur
now emitted in the lower atmosphere into the upper atmosphere instead, we would
get the same average cooling effect with a more than 95% reduction in overall pollu-
tion. What if China were to say, “For each power plant that we fit with sulfur scrub-
bers, we will inject a few percent of that sulfur in the stratosphere—and we will
get the same average cooling effect with a greater than 95% reduction in our sulfur
emissions.”?

Today, ships at sea burn high sulfur oil. These ships can leave white contrails in
their wake, reflecting sunlight to space. The International Maritime Organization
has requested that these sulfur emissions be curtailed for reasons related to pollu-
tion and health—and the expected outcome is additional global warming. What if
these ships were retrofitted with cloud seeding devices that would produce these
same contrails, but without releasing any pollution? (It has suggested that a sea-
water spray would do the job.)

It is not clear whether these things would be good things to do or bad things to
do. It is not clear what kind of governance or regulatory structures should be built
around such activities. One reason why we need a research program and discussions
about governance and regulation is so that we can make informed decisions about
such issues.

4.1.3.2. Emergency deployments

While such gradual deployments might be one path to implement Solar Radiation
Management schemes, there is another possibility.

In every emissions scenario considered by the Intergovernmental Panel on Cli-
mate Change, temperatures continue to increase throughout this century. Because
of lags in the climate system and the long time scales involved in transforming our
energy and transportation systems, the Earth is likely to continue warming
throughout this century, despite our best efforts to reduce emissions. Our actions
to diminish emissions can reduce the rate of warming and reduce the damage from
warming, but it is probably already too late for us to see the Earth start to cool
this century, unless we engage in solar radiation management (or related climate
system interventions).

What if we were to find out that parts of Greenland were sliding into the sea,
and that sea-level might rise 10 feet by mid-century? (Such rapid sea level rises ap-
parently happened in the geologic past, even without the kind of rapid shock we are
now applying to our climate system.) What if rainfall patterns shifted in a way that
caused massive famines? What if our agricultural heartland turned into a perpetual
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dustbowl? And what if research told us that an appropriate placement of tiny par-
ticles in the stratosphere could reverse all or some of these effects?

That was a lot of “what if's”, but nevertheless there is potential that direct inter-
vention in the climate system could someday save lives and reduce human suffering.
Moreover, direct intervention in the climate system might someday save lives and
reduce suffering of American citizens. I do not know what the probabilities of such
outcomes are, but I believe that if we take the risks associated with climate change
seriously, we must investigate our options carefully and without prejudice.

We do not want our seat belts to be tested for the first time when we are in an
automobile accident. If the seat belts are not going to work, it would be good to
know that now. If there is something really wrong with thoughtfully intervening in
the climate system, we should try to find that out now, so that if a crisis occurs,
policy makers are not put in the decision of having to decide whether to let people
die or try to save their lives by deploying, at full scale, an untested system.

We need the research now to establish whether such approaches can do more good
than harm. This research will take time. We cannot wait to ready such systems
until an emergency is upon us.

4.1.3.3. Building governance and regulatory structures

We should proceed cautiously in developing governance and regulatory structures
that could address Solar Radiation Management approaches both in the deployment
phase and in the research phase.

At this point we know very lithe. It is very easy to sound as if you are taking
the moral high ground by saying, “It is wrong to intentionally intervene in the cli-
mate system, so it should be disallowed.” However, every simulation of a Solar Radi-
ation Management method that used a “reasonable” amount of solar offsetting has
found that there is potential to offset most of the climate change in most places
most of the time. If we really believe that climate change has the potential to cause
loss of life and suffering, and we believe that Solar Radiation Management ap-
proaches may have the potential to cost-effectively reduce that loss of life and suf-
fering, it could be immoral not to research and develop these options.

Information on Solar Radiation Management approaches is at this point highly
preliminary and has not been widely disseminated. Pushing too early for formal
agreements may lock political entities into hard positions that will be difficult to
modify later. Therefore, what is needed now for governance is a period of discussion,
careful consideration, and learning.

With respect to experiments, no additional regulation is needed for small scale
field experiments designed to improve process understanding where there is no ex-
pectation of any detectable lasting effects and no detectable trans-boundary effects.

Discussions need to begin about how to develop norms that might govern larger
experiments where there is potential for detectable climate effects or where signifi-
cant trans-boundary issues must be addressed.

Since these larger experiments and deployments could affect people in many coun-
tries, it is important that these discussions occur both internationally and domesti-
cally. Initially, it is probably best if these discussions proceed informally, perhaps
with the facilitation of scientific unions or professional organizations.

In short, we need to do the informal groundwork now, so that we can develop the
shared understanding that is necessary for the development of good governance and
regulatory structures.

4.1.4. Additional Solar Radiation Management strategies

While this discussion has focused on introducing small particles high in the at-
mosphere, a number of other approaches have been proposed that attempt to reduce
the amount of climate change caused by increased greenhouse gas concentrations
in the atmosphere. These include proposals to whiten clouds over the ocean, to mix
heat deeper into the ocean, to whiten roofs and roads, to put giant satellites in
space, and so on.

For a number of reasons, I believe that placing small particles high in the atmos-
phere is the most promising category of Solar Radiation Management approaches.
However, approaches to whiten clouds over the ocean or mix heat downward into
the deep ocean, both appear feasible and may be able to be scaled up to offset a
large fraction of century-scale warming. Of these two options, whitening marine
clouds seems more benign, but neither of these approaches has been subject to suffi-
cient scrutiny.

Most other proposed Solar Radiation Management (and related) approaches, ei-
ther cannot be scaled up sufficiently (e.g., proposals to whiten roofs and roads) to
be a “game changer”, or cannot be cost-effectively scaled up quickly enough (e.g.,
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massive satellites placed between the Earth and Sun) to make a difference this cen-
tury.

4.1.4. Institutional arrangements for research

Within the United States, agencies such as National Science Foundation or NASA
might be in the best position to lead research into Solar Radiation Management, al-
though DOE, NOAA, and other agencies also may have important roles to play.

It is important that this research be internationalized and conducted in as open
and transparent a way as possible.

While laboratory and small scale process studies in the field need no additional
regulation at this time, larger scale field studies will require some form of norms,
governance, or regulation. Discussions need to take place, both domestically and
internationally, to better understand how to strike the best balance between allow-
ing the advancement of science and technology while safeguarding our environment.

4.2 Carbon Dioxide Removal (CDR) and related strategies

We emit greenhouse gases to the atmosphere, causing the Earth to warm. Is there
potential to actively remove these gases from the atmosphere?

The answer is, ‘yes, we are confident that there are ways to remove substantial
amounts of carbon dioxide from the atmosphere.’” By addressing the root cause of
the climate change problem (high greenhouse gas concentrations in the atmosphere),
Carbon Dioxide Removal strategies diminish climate risk. They also reduce ocean
acidification. Carbon dioxide removal methods do not introduce significant new gov-
ernance or regulatory issues.

I would suggest that within the domain of Carbon Dioxide Removal there are at
least two, and possibly three or more, relatively independent research programs.

Because Carbon Dioxide Removal approaches represent a miscellaneous collection
of approaches, there is no one taxonomy that would uniquely classify all of these
proposals. Nevertheless, Carbon Dioxide Removal approaches can be divided into
two categories:

o Strategies that use biological approaches (i.e., photosynthesis) to remove car-
bon dioxide from the atmosphere and store carbon in a reduced (organic)
form.

e Strategies that use chemical approaches to remove CO; from the atmosphere.

Biological approaches may be subdivided in several different ways, but one way
is to divide them into land-based and ocean-based approaches. Proposed land-based
biological approaches include planting forests, changing agricultural practices to re-
sult in more carbon storage, and burying farm waste. All of these methods are lim-
ited by the low efficiency of photosynthesis, and thus require significant land area,
although in some cases this land can be multi-use. Many of these approaches are
already the subject of considerable study and are already being considered in discus-
sions about how to limit climate change. Current research indicates that bio-
logically-mediated carbon storage in the ocean is problematic in several dimensions,
and is not likely to represent a significant contributor to solving our climate change
problems.

Chemical approaches may be divided into two categories: centralized approaches
and distributed approaches. Centralized approaches seek to build industrial chem-
ical processing facilities to remove carbon dioxide from the atmosphere and store it
in a form that cannot interact with the atmosphere. The most promising avenue ap-
pears to be to store the carbon dioxide underground in compressed form, as with
conventional carbon capture and storage. Distributed approaches seek to spread
chemicals over large areas of the land or ocean, where they can react with carbon
dioxide and cause the carbon dioxide to be removed from the atmosphere.

There are additional hybrid approaches that do not fit easily into this taxonomy.
For example, it has been suggested that plants could be grown and then burned in
power stations to generate electricity, and then the CO> could be captured from the
power stations and stored underground.

More thought needs to be put into finding institutional homes for these research
elements. While all of these research efforts are likely to require multi-agency input,
it is likely that research into biologically based methods might best be led by agen-
cies that have strong track records in the biological sciences or experience with agri-
culture and forestry issues. Research into the centralized chemical approaches
might best be led by DOE, but this is uncertain.
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5. Closing comments

Solving our climate change problem is largely about cost-effective risk manage-
ment. There are many different ways that risk might be diminished. The most im-
portant of these is to diminish greenhouse gas emissions. However, we also need to
improve our resilience so that we can better adapt to the climate change that does
occur. We also need to understand whether there are ways that we can cost-effec-
tively remove carbon dioxide and perhaps other greenhouse gases from the atmos-
phere. Lastly, we should try to understand whether a thoughtful intentional inter-
vention in the climate system might be able to undo some of the damage of a
thoughtless unintentional intervention in the climate system. This problem is too se-
rious to allow prejudice to take options off the table.

Climate C STATE OF THE WORLD 2009

Geoengineering to Shade Earth

Ken Caldeira

In June 1991, Mount Pinatubo in the Philip-
pines erupted explosively—the biggest erup-
tion of the twentieth century. The volcano
created a column of ash and debris extend-
ing upward 40 kilometers (about 25 miles).
The eruption ejected around 2o million tons
of sulfur dioxide into the stratosphere, where
it oxidized to form sulfate dust particles. The
stratosphere is the part of the atmosphere
that is higher than where jets normally fly.

As a result, about 2 percent of the
sunlight passing down through the stratos-
phere was deflected upward and back into
space. The dust particles were big enough to
scatter sunlight away from Earth but small
enough to allow Earth's radiant heat energy
to escape into space. Earth cooled about half
a degree Celsius (almost 1 degree
Fahrenheit) the following year, despite the
continued increase in greenhouse gas con-
centrations. This raises an obvious guestion:
Could we similarly put dust into the stratos-
phere to offset climate change?*

Earth is heated by sunlight and cooled
by the escape of radiant heat into space.
Earth's atmosphere is relatively transparent
in the wavelengths that make up sunlight
but somewhat opaque in the wavelengths
that make up escaping radiant heat energy.
As greenhouse gases accumulate, the
atmosphere becomes more opaque to out-

Ken Caldeira is a climate scientist at the Depart-
ment of Clobal Ecology at the Carnegie Institution
for Science in Stanford, California,
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going radiant heat. With greater amounts of
radiant heat trapped in the lower
atmosphere, Earth's surface warms.;

The most obvious approach to keeping
Earth cool is to reduce greenhouse gas con-
centrations in the atmosphere, so that heat
energy can escape more easily into space.
But another strategy involves reducing the
amount of sunlight absorbed by Earth. If
greenhouse gases accumulating in the
atmosphere are like closing the windows of
a greenhouse and trapping heat inside, then
“geoengineering” approaches seek to keep
Earth cool by putting the greenhouse par-
tially in the shade. They try to reverse warm-
ing by preventing sunlight from being
absorbed by Earth.#

A number of modeling and theoretical
studies have looked into such climate engi-
neering schemes. The consensus appears to
be that these will not perfectly reverse the
climate effects of increased greenhouse
gases but that it might be technically feas-
ible to use geoengineering to reduce the
overall amount of climate change. Obvi-
ously, however, these schemes would not
reverse the chemical effects of increased car-
bon dioxide (CO,) in the environment, such
as ocean acidification or the CO -fertilization
of land plants.®

Several approaches have been suggested
for deflecting sunlight away from Earth. The
most science-fiction scheme would be to
place sunlight-blocking satellites between
Earth and the sun. But in order to compen-

WWW.WORLDWATCH.ORG
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sate for the current rate of increases of green-
house gases in the atmosphere, governments
would need to build and put in place more
than a square mile (about 3 square kilome-
ters) of satellite every hour. Most people
would probably agree that such an enor-
mous effort would be better applied to
reducing greenhouse gas emissions.®

The placement of sulfur dust particles in
the stratosphere appears to be the leading
candidate for most easily engineering Earth's
climate. (Numerous other approaches have
been suggested, including some designed
to increase the whiteness of clouds over
the ocean with sea salt particles formed by
spraying seawater in the lower atmosphere.)
Tiny particles have a lot of surface area, so 2
lot of sunlight can be scattered with a rela-
tively small amount of dust. The full amount
of sulfur from Mount Pinatubo, if it had
remained in the stratosphere for a long time,
would have been more than enough to offset
the warming (at least, on a global average)
from a doubling of atmospheric carbon diox-
ide content. The actual short-lived cooling
from the Mount Pinatubo eruption turned
out to be much less because the oceans
helped keep Earth warm despite the reduc-
tion in the amount of absorbed sunlight.”

The sulfur from Mount Pinatubo
remained in the stratosphere only for a year
or two. To maintain a dust shield in the
stratosphere for the long term would require
continual dust injection. It is thought that a
small fleet of planes, or perhaps a single
fire hose to the sky suspended by balloons,
would be enough to keep the dust shield in
place. Costs are uncertain, but it might total
less than a few billion dollars a year. The
amount of sulfur required would be a few
percent of what is currently emitted from
power plants and so would contribute some-
what to the acid raid problem.?

Why might policymakers want to deploy

WWW.WORLDWATCH.ORG

Mount Pinatubo erupting on June 12, 1991, as
seen from Clark Air Force base eight miles away

climate engineering systems? The main rea-
son is to reduce climate damage and the risk
of further damage from greenhouse gases.
Some commentators deny the reality of
human-caused greenhouse warming but
think it worth developing climate engineer-
ing systems as an insurance policy—just

in case events prove them wrong. Others
accept human-induced climate change but
think reducing emissions will be either too
costly or too difficult to achieve, so they
favor climate engineering as an alternative
approach. Some people fear that a climate
crisis may be imminent or already unfolding
and that these systems are needed right
away to reduce negative climate impacts
such as the loss of Arctic ecosystems while
the world works to reduce greenhouse gas
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emissions in the longer term. Still others
think climate engineering is needed as an
emergency response system in case an unex-
pected climate emergency occurs while
greenhouse gases are being reduced.®

There are also many reasons not to
develop climate engineering, some of them
having to do with climate science and some
having to do with social systems. These
schemes will not work perfectly, for example,
and there is some chance that unanticipated
consequences will prove even more environ-
mentally damaging than the problems they
are designed to solve. Concerns include pos-
sible effects on the ozone layer or patterns
of precipitation and evaporation. Climate
engineering would not solve the ocean acidi-
fication problem, although it would not
directly make it worse either.®

Some observers fear that the mere
perception that there is an engineering fix to
the climate problem will reduce the amount
of effort placed on emissions reduction.
Climate engineering could lull people into
complacency and produce even greater
emissions and ultimately greater climate
damage. (On the other hand, such schemes
also could frighten people into redoubling
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efforts to reduce greenhouse gas emis-
sions.) And it might work well at first, with
negative consequences manifesting them-
selves strongly only as greenhouse gas
concentrations and the offsetting climate
engineering effort both continued to grow.”

Climate engineering will affect everyone on
the planet, but there is no clear way to dev-
elop an international consensus on whether
it should be attempted and, if so, how and
when. It would likely produce winners and
losers and therefore has the potential to
generate both political friction and legal lia-
bility. Conflict over deployment could produce
political strife and social turmoil. (On the
other hand, any success at reducing climate
damage could lessen strife and turmoil.)

From the perspective of physical science
and technology, it appears that climate engi-
neering schemes have the potential to lower
but not eliminate the risk of climate damage
from greenhouse gas emissions, yet unantic-
ipated effects and difficult-to-predict political
and social responses could mean increased
risk. Thus the bottom line is that climate
engineering schemes have the potential to
make things better, but they could also make
things worse.

WWW.WORLDWATCH.ORG
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Chairman GORDON. Thank you, Dr. Caldeira. And Professor
Shepherd, you are recognized.

STATEMENT OF PROFESSOR JOHN SHEPHERD, FRS, PROFES-
SIONAL RESEARCH FELLOW IN EARTH SYSTEM SCIENCE,
NATIONAL OCEANOGRAPHY CENTRE, UNIVERSITY OF
SOUTHAMPTON, AND CHAIR, ROYAL SOCIETY
GEOENGINEERING REPORT WORKING GROUP

Professor SHEPHERD. Good morning, Mr. Chairman, Ranking
Member, members of the Committee, ladies and gentlemen, thank
you very much for the invitation to come and testify to you this
morning. It is a privilege to have that opportunity, and my testi-
mony will be largely based on the Royal Society study that you
mentioned, Mr. Chairman, which was undertaken over the past
year and which I chaired. The report of this study was published
in September, and it is available on the Royal Society’s website,
and printed copies have been made available to the Committee.

The aim of this study was really to try and produce an authori-
tative and wide-ranging review to reduce the confusion and misin-
formation which exists in some quarters about this rather con-
troversial and novel issue in order to enable a well-informed debate
on the subject, and so it is a great pleasure for me to be here at
the beginning of such a debate, and I hope that our work will be
useful.

The Working Group was composed of 12 members, mainly sci-
entists and engineers from the U.K., but also included a sociologist,
a lawyer and an economist and one member from the U.S.A., Dr.
Caldeira on my left, and one from Canada. And the members of the
group were not proponents of geoengineering; they reflected a very
wide range of opinions on the subject, and all recognize that the
primary goal is to make the transition to the low-carbon economy
that Dr. Caldeira has already mentioned which we shall need to do
eventually irrespective of climate change simply because fossil fuels
are a finite resource.

So our terms of reference were to consider and as far as possible
to evaluate proposed schemes for geoengineering, which we took to
mean the deliberate, large-scale intervention in the earth’s climate
system primarily in order to moderate the global warming. Our
study was based primarily on a review of the literature but also by
a call for submissions of evidence, of which we received some 75.

Since time is short, I would like to move directly to summarize
the key messages of our study and first among these is that
geoengineering is not a magic bullet. None of the methods that
have been proposed provide an easy or immediate solution to the
problems of climate change. There is a great deal of uncertainty
about various aspects of virtually all the schemes that are being
discussed. So at present, this technology, in whatever form it takes,
is not an alternative to emissions reductions which remain the
safest and most predictable method of moderating climate change,
and in our view cutting global emissions of greenhouse gases must
remain our highest priority.

However, we all recognize that this is proving to be difficult, and
in the future, given adequate research, geoengineering may be use-
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ful to support the efforts to mitigate climate change by conven-
tional means.

We concluded that geoengineering is very likely to be technically
possible, but there are major uncertainties and risks with all meth-
ods concerning not only their effectiveness but also their costs,
their unintended environmental impacts, and the social con-
sequences and mechanisms needed to manage them.

So in our view, this is not a technology which is ready for deploy-
ment in the immediate future. It is, however, a technology that
may be useful at some point in the future if we find that we have
need of it. But it will not be available unless we undertake the nec-
essary research, not only on the technology but particularly also on
the environmental and social impacts of such proposals. And to do
that we need to have a widespread public debate and widespread
public engagement and especially to develop an acceptable system
of governance. Geoengineering by intention will affect everybody on
the planet because it is an intentional moderation of the environ-
ment, and consequently everybody has an interest in the outcome.
And we need to find a way to engage the opinions of a very diverse
group of people on the planet in order that this can be done in an
orderly and acceptable manner.

Dr. Caldeira has reviewed the major differences between some of
the methods, which I support entirely. And I would say finally, too
little is known about the technologies at this stage to pick a win-
ner. What we need is research on a small portfolio of promising
techniques of both major types in order that our Plan B will be well
prepared, should we ever need it.

Mr. Chairman, thank you very much.

[The prepared statement of Professor Shepherd follows:]

PREPARED STATEMENT OF JOHN SHEPHERD
Preamble

This testimony is based extensively on the results of the U.K. Royal Society study
undertaken during 2008 and 2009, which I chaired, entitled “Geoengineering the
Climate: Science, Governance & Uncertainty”. The report of this study was
published in September 2009. It is available at on-line at htip:/ /royalsociety.org/
document.asp?tip=0&id=8770, and printed copies of it have also been made avail-
able to the Committee. For the study we considered Geoengineering to be the delib-
erate largescale intervention in the Earth’s climate system, in order to mod-
erate global warming. The study was based primarily on a review of the available
literature (concentrating so far as possible on published papers which have been
peer reviewed) but also supplemented by a call for submissions of evidence (of which
~T75 were received).

Key Messages

e Geoengineering is not a magic bullet: none of the methods proposed provides
an easy or immediate solution to the problems of climate change, and it is not
an alternative to emissions reductions.

e Cutting global emissions of greenhouse gases must remain our highest
priority. However, this is proving to be difficult, and geoengineering may in the
future prove to be useful to support mitigation efforts.

¢ Geoengineering is very likely to be technically possible. However, there
are major uncertainties and thus potential risks with all methods, con-
cerning their effectiveness, costs, and social & environmental impacts.

e Much more research is needed before geoengineering methods could realisti-
cally be considered for deployment, especially on their possible environmental im-
pacts (as well as on technological and economic aspects).
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e Widespread public engagement and debate is also needed, especially to de-
velop an acceptable system of governance & regulation (for both eventual de-
ployment and for some research activities)

Other major issues

Geoengineering comprises a very wide range of methods which vary in many
ways. This includes:

e Methods that remove greenhouse gases from atmosphere (e.g. engi-
neered air capture).
O These address the root cause of problem and would be generally pre-
ferred, but they only act slowly and are likely to be costly.

o Methods that reflect a little sunlight (e.g. small particles in the upper at-
mosphere)

O These act quickly, and are relatively cheap, but have to be main-
tained so they may not be sustainable in the long term (there is a
major problem if you stop) and they do nothing for ocean acidification
(the “other CO, problem”).

We do not yet have enough information, so it is too soon to pick winners, and
if geoengineering is ever deployed we may need a combination of both types of meth-
od. We therefore need to commence serious research and development on sev-
eral of the promising methods, as soon as possible.

1) Introduction

It is not yet clear whether, and if so when, it may become necessary to consider
deployment of geoengineering to augment conventional efforts to moderate climate
change by mitigation, and to adapt to its effects. However, global efforts to reduce
emissions have not yet been sufficiently successful to provide confidence that the re-
ductions needed to avoid dangerous climate change will be achieved. There is a seri-
ous risk that sufficient mitigation actions will not be introduced in time, despite the
fact that the technologies required are both available and affordable. It is likely that
global warming will exceed 2° C this century unless global CO, emissions are cut
by at least 50% by 2050, and by more thereafter. There is no credible emissions sce-
nario under which global mean temperature would peak and then start to decline
by 2100. Unless future efforts to reduce greenhouse gas emissions are much more
successful then they have been so far, additional action such as geoengineering may
be required should it become necessary to cool the Earth this century.

Proposals for geoengineering for climate intervention are numerous and diverse,
and for our study we deliberately adopted a broad scope in order to provide a wide-
ranging review. There has been much discussion in the media and elsewhere about
possible methods of geoengineering, and there is much misunderstanding about
their feasibility and potential effectiveness and other impacts. The overall aim of
study was therefore to reduce confusion & misinformation, and so to enable
a well-informed debate among scientists & engineers, policy-makers and the
wider public on this subject.

The working group which undertook the study was composed of 12 members (list-
ed below). These were mainly scientists & engineers, but also included a sociologist,
a lawyer and an economist. The members were mainly from U.K. but included one
member from the U.S.A. and one from Canada, and the study itself had an inter-
national remit. The WG members were not advocates of geoengineering, and held
a wide range of opinions on the subject, ranging from cautious approval to serious
scepticism.

The terms of reference for the study were to consider, and so far as possible
evaluate, proposed schemes for moderating climate change by means of
geoengineering techniques, and specifically:

1) to consider what is known, and what is not known, about the expected
effects, advantages and disadvantages of such schemes

2) to assess their feasibility, efficacy, likely environmental impacts, and
any possible unintended consequences

3) to identify further research requirements, and any specific policy and
legal implications.

The scope adopted included any methods intended to moderate climate change
by deliberate large-scale intervention in the working of the Earth’s natural climate
system, but excluded:
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a) Low-carbon energy sources & methods for reducing emissions of green-
house gases (because these are methods for conventional mitigation, not
geoengineering)

b) carbon capture & storage (CCS) at the point of emission, and

¢) conventional afforestation and avoided deforestation schemes (because
these are also not geoengineering per se and have been extensively con-
sidered elsewhere)

2) General issues

The methods considered fall into two main classes, which differ greatly in
many respects, including their modes of action, the timescales over which they are
effective, their effects on temperature and on other aspects of climate, so that they
are generally best considered separately. These classes are:

1) Carbon dioxide removal (CDR) techniques which address the root cause
of climate change by removing greenhouse gases from the atmosphere;

2) Solar Radiation Management (SRM) techniques that attempt to offset
the effects of increased greenhouse gas concentrations by reflecting a small
percentage of the sun’s light and heat back into space.

Carbon Dioxide Removal methods reviewed in the study include:

e Land use management to protect or enhance land carbon sinks;

e The use of biomass for carbon sequestration as well as a carbon neutral en-
ergy source ;

Acceleration of natural weathering processes to remove CO; from the atmos-
phere;

Direct engineered capture of CO, from ambient air;

The enhancement of oceanic uptake of CO5, for example by fertilisation of the
oceans with naturally scarce nutrients, or by increasing upwelling processes.

Solar Radiation Management techniques would take only a few years to have
an effect on climate once they had been deployed, and could be useful if a rapid re-
sponse is needed, for example to avoid reaching a climate threshold. Methods con-
sidered in the study include:

e Increasing the surface reflectivity of the planet, by brightening human struc-
tures (e.g. by painting them white), planting of crops with a high reflectivity,
or covering deserts with reflective material;

e Enhancement of marine cloud reflectivity;

o Mimicking the effects of volcanic eruptions by injecting sulphate aerosols into
the lower stratosphere;

e Placing shields or deflectors hi space to reduce the amount of solar energy
reaching the Earth.

The scale of the impact required is global, and its magnitude is large. To have
a significant effect on man-made global warming by an SRM method one would need
to achieve a negative radiative forcing of a few WIm2, and for an effective CDR
method one would need to remove several billion tons of carbon per year from the
atmosphere for many decades. We did not consider in any detail any methods which
were not capable of achieving effects approaching this magnitude.

There are many criteria by which geoengineering proposals need to be evalu-
ated, and some of these are not easily quantified. We undertook a preliminary and
semi-quantitative evaluation of the more promising methods according to our judge-
ment of several technical criteria only, namely their effectiveness, affordability, safe-
ty and timeliness. The cost estimates available are extremely uncertain, and it
would be premature to attempt detailed cost-benefit analysis at this time.

3) Technical Aspects: feasibility, cost, environmental impacts and side-ef-
fects

Our study concluded that geoengineering of the Earth’s climate is very likely to
be technically possible. However, the technology to do so is barely formed, and there
are major uncertainties regarding its effectiveness, costs, and environmental im-
pacts. If these uncertainties can be reduced, geoengineering methods could in the
future potentially be useful in future to augment continuing efforts to mitigate cli-
mate change by reducing emissions. Given these uncertainties, it would be appro-
priate to adopt a precautionary approach: to enable potential risks to be assessed
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and avoided requires more and better information. Potentially useful methods
should therefore be the subject of more detailed research and analysis, especially on
their possible environmental impacts (as well as on technological and economic as-
pects).

In most respects Carbon Dioxide Removal methods would be preferable to Solar
Radiation Management methods, because they effectively return the climate system
to a state closer to its natural state, and so involve fewer uncertainties and risks.
Of the Carbon Dioxide Removal methods assessed, none has yet been demonstrated
to be effective at an affordable cost, with acceptable side effects. In addition, re-
moval of CO; from the atmosphere only works very slowly to reduce global tempera-
tures (over many decades). If safe and low cost methods can be deployed at an ap-
propriate scale they could make an important contribution to reducing CO. con-
centrations and could provide a useful complement to conventional emissions reduc-
tions. It is possible that they could even allow future reductions of atmospheric CO,
concentrations (negative emissions) and so address the ocean acidification problem.

Carbon Dioxide Removal methods that remove CO, from the atmosphere without
perturbing natural systems, and without large-scale land-use change requirements,
such as CO; capture from air and possibly also enhanced weathering are likely to
have fewer side effects. Techniques that sequester carbon but have land-use implica-
tions (such as biochar and soil based enhanced weathering) may be useful contribu-
tors on a small-scale although the circumstances under which they are economically
viable and socially and ecologically sustainable remain to be determined. The extent
to which methods involving large-scale manipulation of Earth systems (such as
ocean fertilisation), can sequester carbon affordably and reliably without unaccept-
able environmental side-effects, is not yet clear.

Solar Radiation Management techniques are expected to be relatively cheap and
would take only a few years to have an effect on the climate once deployed. However
there are considerable uncertainties about their consequences and additional risks.
It is possible that in time, assuming that these uncertainties and risks can be re-
duced, that Solar Radiation Management methods could be used to augment conven-
tional mitigation. However, the large-scale adoption of Solar Radiation Management
methods would create an artificial, approximate, and potentially delicate balance be-
tween increased gas concentrations and reduced solar radiation, which would have
to be maintained, potentially for many centuries. It is doubtful that such a balance
would really be sustainable for such long periods of time, particularly if emissions
of greenhouse gases were allowed to continue or even increase. The implementation
of any large-scale Solar Radiation Management method would introduce additional
risks and so should only be undertaken for a limited period and in parallel with
conventional mitigation and/or Carbon Dioxide Removal methods.

Of the Solar Radiation Management techniques considered, stratospheric aerosol
methods have the most potential because they should be capable of producing large
and rapid global temperature reductions, because their effects would be more uni-
formly distributed than for most other methods, and they could be readily imple-
mented. However, potentially there are significant side-effects and risks associated
with these methods that would require detailed investigation before large-scale ex-
periments are undertaken. Cloud brightening methods are likely to be less effective
and would produce primarily localised temperature reductions, but they may prove
to be readily implementable, and should be testable at small scale with fewer gov-
ernance issues than other SRM methods. Space based SRM methods would provide
a more uniform cooling effect than surface or cloud based methods, and if long-term
geoengineering is required, may be a more cost-effective option than the other SRM
methods although development of the necessary technology is likely to take decades.

4) The Human Dimension (Public Attitudes, Legal, Social & Ethical issues)

The acceptability of geoengineering will be determined as much by social, legal
and political issues as by scientific and technical factors. There are serious and com-
plex governance issues which need to be resolved if geoengineering is ever to become
an acceptable method for moderating climate change. Some geoengineering methods
could probably be implemented by just one nation acting independently, and some
maybe even by corporations or individuals, but the consequences would affect all na-
tions and all people, so their deployment should be subject to robust governance
mechanisms. There are no existing international treaties or bodies whose remit cov-
ers all the potential methods, but most can probably be handled by the extension
of existing treaties, rather than creating wholly new ones. The most appropriate
way to create effective governance mechanisms needs to be determined, and a re-
view of existing bodies, treaties and mechanisms should be initiated as a high pri-
ority. It would be highly undesirable for geoengineering methods which involve ac-
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tivities or effects that extend beyond national boundaries (other than simply the re-
moval of greenhouse gases from the atmosphere), to be deployed before appropriate
governance mechanisms are in place.

Overall Conclusion

The safest and most predictable method of moderating climate change is
to take early and effective action to reduce emissions of greenhouse gases.
No geoengineering method can provide an easy or readily acceptable alter-
native solution to the problem of climate change.

Key recommendations:

e Parties to the UNFCCC should make increased efforts towards mitigating
and adapting to climate change, and in particular to agreeing to global emis-
sions reductions of at least 50% by 2050 and more thereafter. Nothing now
known about geoengineering options gives any reason to diminish these
efforts.

e Further research and development of geoengineering options should be
undertaken to investigate whether low risk methods can be made available if
it becomes necessary to reduce the rate of warming this century. This should in-
clude appropriate observations, the development and use of climate mod-
els, and carefully planned and executed experiments. We suggested an ex-
penditure of around £10M per year for ten years as an appropriate initial level
for a U.K. contribution to an international programme, to which we would hope
that the U.S.A. would also contribute a substantially larger amount.

Members of the working group

Chair
Professor John Shepherd, University of Southampton, U.K.

Members
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ety study on Ocean Acidification published in 2005, and chaired that on
Geoengineering the Climate published in 2009.

Chairman GORDON. Thank you, Professor Shepherd. And now,
Mr. Lane, you are recognized.

STATEMENT OF MR. LEE LANE, CO-DIRECTOR, AMERICAN
ENTERPRISE INSTITUTE (AEI) GEOENGINEERING PROJECT

Mr. LANE. Chairman Gordon, Ranking Member Hall, other Mem-
bers of the Committee, thank you very much for the opportunity
to appear here this morning.

I am Lee Lane. I am a Resident Fellow and head of the AEI
Geoengineering Project. The American Enterprise Institute is a
non-profit, non-partisan organization that engages in research and
education on issues of public policy. AEI does not take organiza-
tional stances on the issues that it studies, and the views that I
am going to express here this morning are entirely my own.

I want to begin by warmly commending the Committee for con-
vening this hearing, and my statement fundamentally urges that
you treat this session as a first step toward embarking upon a seri-
ous, sustained and systematic exploration by the U.S. Government
of research and development into solar radiation management in
particular, one of the two approaches to climate engineering dis-
cussed by Dr. Caldeira and Dr. Shepherd.

Solar radiation management, or SRM, as the Committee has
heard, envisions offsetting manmade global warming by slightly
raising the amount of sunlight that the earth reflects back into
space. In a recent study, a panel of five highly acclaimed econo-
mists, including three Nobel laureates, rated R&D for two solar ra-
diation management concepts as the first- and third-most produc-
tive kinds of investment that can be made in dealing with climate
change. Now, the panel that did those rankings was well aware of
the large uncertainties that continue to surround solar radiation
management, and they were also aware of the fact that, in the long
run, at least solar radiation management cannot replace the need
for greenhouse gas emissions reductions. But at the same time, the
panel was clearly very much aware of the vast potential that solar
radiation management has.

One preliminary assessment is that SRM, if deployed, might well
produce savings in terms of reduce damages from climate change,
in terms of $200 to $700 billion a year. So we have potentially a
good deal of upside with this technology.

The cost of an R&D effort into solar radiation management is
likely to be miniscule in comparison with these potential benefits.
SRM research is needed in part because for many nations, steep re-
ductions in greenhouse gas emissions cost more than the perceived
value of the benefits of making those reductions. The record of the
last 20 years of climate talks amply demonstrates that the pros-
pects for steep emissions reductions on a global scale are poor, and
they are likely to remain so for an extended period of time. Yet,
without such emissions reductions, and perhaps even with them,
some risk exists that quite harmful climate change might occur. An
SRM system might greatly reduce the potential for harm. SRM, it
is true, carries some hazards of its own. An R&D program, though,
provides the best chance of gaining the information that might be
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needed, both to assess the prospects of SRM in a more knowledge-
able way and also perhaps to find ways of minimizing those risks
in the future.

At this point, the top priority should be to gain added knowledge
about SRM. Eventually, the United States may wish to address
questions of international governance, but at this point, our first
goal should be to learn more about solar radiation management as
a tool.

I guess the single most important caution that I would like to
leave with the Committee is that the governance arrangements for
any research program, including one on solar radiation manage-
ment, can either serve to nurture R&D success or they can serve
to stifle it. And I think it is awfully important as we go forward
in considering how we want to manage research and development
into SRM that we keep in mind the need to balance the risks and
the benefits of how we structure our R&D efforts.

Thank you very much.

[The prepared statement of Mr. Lane follows:]

PREPARED STATEMENT OF LEE LANE

1 Introduction

1.1 Summary

Chairman Gordon, ranking member Hall, other members of the Committee, thank
you for the opportunity to appear before you today. I am Lee Lane, a Resident Fel-
low at the American Enterprise Institute, where I am also co-director of AEI’s
geoengineering project. AEI is a nonpartisan, non-profit organization conducting re-
search and education on public policy issues. AEI does not adopt organizational po-
sitions on the issues that it studies, and the views that I express here are solely
my own.

The Committee is to be commended for its decision to address the issue of
geoengineering as a possible response to climate change. Climate change is an ex-
tremely difficult issue. It poses multiple threats that are likely to evolve over time.
Too often, climate policy discussions have been locked into an excessively narrow
range of possible responses.

My statement this morning urges that the committee treat this hearing as a first
step in what should grow into a serious, sustained, and systematic effort by the U.S.
government to conduct research and development (R&D) on solar radiation manage-
ment (SRM). SRM, as the committee has heard, envisions offsetting man-made glob-
al warming by slightly raising the amount of sunlight that the Earth reflects back
into space.

In a recent study, a panel of five highly acclaimed economists, including three
Nobel laureates, rated fifteen possible concepts for coping with climate change. The
rankings were based on the panel’s assessments of the ratio of benefits to costs of
each approach. Research on the two SRM technologies discussed below ranked first
and third among these concepts. The expert panel was aware that many doubts con-
tinue to surround SRM, but its members were also clearly impressed with SRM’s
vast potential as one tool among several for holding down the cost of climate change.

Research into SRM is needed in part because, for many nations, a steep decline
in greenhouse gas (GHG) emissions may well cost more than the perceived value
of its benefits (Nordhaus, 2008; Tol, 2009; Posner and Sunstein, 2008). The record
of the last twenty years of climate negotiations amply demonstrates that steep emis-
sion reductions are unlikely, and will probably remain so for a long time to come.
Yet, without such controls, and even with them, some risk exists that quite harmful
climate change might occur.

A successful SRM system could greatly reduce the risk of these harmful effects.
SRM, it is true, carries some risks of its own. An R&D program may, however, pro-
vide additional information with which to assess these risks and, perhaps, to devise
means to limit them. The potential net benefits of SRM are very large indeed. One
recent study found that the difference between the costs of deploying SRM and the
savings it could reap amount to $200 billion to $700 billion (Bickel and Lane, 2009).
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The costs of an R&D effort appear to be minuscule compared with these possible
gains.

1.2 Main SRM concepts

SRM aims to offset the warming caused by the build-up of man-made greenhouse
gases in the atmosphere by reducing the amount of solar energy absorbed by the
Earth. GHGs in the atmosphere absorb long-wave radiation (thermal infrared or
heat) and then radiate it in all directions-including a fraction back to Earth’s sur-
face, raising global temperature. SRM does not attack the higher GHG concentra-
tions. Rather, it seeks to reflect into space a small part of the sun’s incoming short-
wave radiation. In this way, temperatures are lowered even though GHG levels are
elevated. At least some of the risks of global warming can thereby be counteracted
(Lenton and Vaughan, 2009).

Reflecting into space only one to two percent of the sunlight that strikes the Earth
would cool the planet by an amount roughly equal to the warming that is likely
from doubling the pre-industrial levels of greenhouse gases (Lepton and Vaughan,
2009). Scattering this amount of sunlight appears to be possible.

Several SRM concepts have been proposed. They differ importantly in the extent
of their promise and in the range of their possible use. At least two such concepts
appear to be promising at a global scale: marine cloud whitening and stratospheric
aerosols.

1.2.1 Marine Cloud Whitening

One current proposal envisions producing an extremely fine mist of seawater
droplets. These droplets would be lofted upwards and would form a moist sea salt
aerosol. The particles within the aerosol would be less than one micron in diameter.
These particles would provide sites for cloud droplets to form within the marine
cloud layer. The up-lofted droplets would add to the effects of natural sea salt and
other small particles, which are called, collectively, cloud condensation nuclei
(Latham et al., 2008). The basic concept was succinctly described by one of its devel-
opers:

Wind-driven spray vessels will sail back and forth perpendicular to the local
prevailing wind and release micronsized drops of seawater into the turbulent
boundary layer beneath marine stratocumulus clouds. The combination of wind
and vessel movements will treat a large area of sky. When residues left after
drop evaporation reach cloud level they will provide many new cloud condensa-
tion nuclei giving more but smaller drops and so will increase the cloud albedo
to reflect solar energy back out to space.” (Salter et al., 2008)

The long, white clouds that form in the trails of exhaust from ship engines illus-
trate this concept. Sulfates in the ships’ fuel provide extra condensation nuclei for
clouds. Satellite images provide clear evidence that these emissions brighten the
clouds along the ships’ wakes.

Currently, the widely discussed option for implementing this approach envisions
an innovative integration of several advanced technologies. The system calls for
wind-powered, remotely controlled ships (Salter et al., 2008). However, other more
conventional deployment systems may also be possible (Royal Society, 2009).

Analyses using the general circulation model of the Hadley Center of the U.K. Me-
teorological Office suggest that the marine clouds of the type considered by this ap-
proach contribute to cooling. They show that augmenting this effect could, in theory,
cool the planet enough to offset the warming caused by doubling atmospheric GHG
levels. A relatively low percentage of the total marine cloud cover would have to be
enhanced in order to achieve the desired result. A British effort is developing hard-
ware with which to test the feasibility of this concept (Bower et al., 2006).

1.2.2 Stratospheric Aerosols

Tnserting aerosols into the stratosphere is another approach. The record of sev-
eral volcanic eruptions offers a close and suggestive analogy. The global cooling from
the large Pinatubo eruption (about .5 degrees Celsius) that occurred in 1991 was
especially well-documented (Robock and Mao, 1995). Such eruptions loft particles
into the atmosphere. There, the particles scatter back into space some of the sun-
light that would otherwise have warmed the surface. As more sunlight is scattered,
the planet cools.

Injecting sub-micron-sized particles into the stratosphere might mimic the cooling
effects of these natural experiments. Compared to volcanic ash, the particles would
be much smaller in size. Particle size is important because small particles appear
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to be the most effective form for climate engineering (Lepton and Vaughan, 2009).
Eventually, the particles would descend into the lower atmosphere. Once there, they
would precipitate out. “The total mass of such particles would amount to the equiva-
lent of a few percent of today’s sulfur emissions from power plants” (Lane et al.,
2007). If adverse effects appeared, most of these effects would be expected to dis-
sipate once the particles were removed from the stratosphere.

Sulfur dioxide (SO.), as a precursor of sulfate aerosols, is a widely discussed can-
didate for the material to be injected. Other candidates include hydrogen sulfide
(H2S) and soot (Crutzen, 2006). A fairly broad range of materials might be used as
stratospheric scatterers (Caldeira and Wood, 2008). It might also be possible to de-
velop engineered particles. Such particles might improve on the reflective properties
and residence times now envisioned (Teller et al., 2003).

The volumes of material needed annually do not appear to be prohibitively large.
One estimate is that, with appropriately sized particles, material with a combined
volume of about 800,000 m3 would be sufficient. This volume roughly corresponds
to that of a cube of material of only about 90 meters on a side (Lane et al., 2007).
The use of engineered particles could, in comparison with the use of sulfate aerosols,
poter;tially reduce the mass of the particles by orders of magnitude (Teller et al.,
2003).

Several proposed delivery techniques may be feasible (NAS, 1992). The choice of
the delivery system may depend on the intended purpose of the SRM program. In
one concept, SRM could be deployed primarily to cool the Arctic. With an Arctic de-
ployment, large cargo planes or aerial tankers would be an adequate delivery sys-
tem (Caldeira and Wood, pers. comm., 2009). A global system would require par-
ticles to be injected at higher altitudes. Fighter aircraft, or planes resembling them,
seem like plausible candidates. Another option entails combining fighter aircraft
and ?erial tankers, and some thought has been given to balloons (Robock et al.,
2009).

1.3 Air capture of CO; (AC)

Air capture (AC) of carbon dioxide (CO,) is the second family of climate engineer-
ing concepts. AC focuses on removing CO; from the atmosphere and securing it in
land- or sea-based sinks.

“Air capture may be viewed as a hybrid of two related mitigation technologies.
Like carbon sequestration in ecosystems, air capture removes CO from the at-
mosphere, but it is based on large-scale industrial processes rather than on
changes in land use, and it offers the possibility of near-permanent sequestra-
tion of carbon.” (Keith et al., 2005).

Like carbon capture and storage (CCS), air capture involves long-term storage of
COy, but air capture removes the CO directly from the atmosphere rather than
from the exhaust streams of power plants and other stationary sources (Bickel and
Lane, 2009).

Were technological progress to greatly lower the costs of AC, this approach might
offer a number of advantages. However, even with costs far below those that are
now possible, large-scale AC appears to face huge cost penalties vis-a-vis SRM. For
instance, compare the cost of using AC to achieve the cooling possible with one W
m-22 of SRM. The present value cost of achieving this goal (over a 200-year period)
with AC is (very optimistically) $5.6 trillion. The direct cost of SRM might well be
less than $0.5 trillion (Bickel and Lane, 2009).

Proponents of AC may argue that even this low level of SRM might entail some
costs from unwanted side effects. AC, they may also note, conveys some added bene-
fits with regard to ocean acidification. These points are well-taken; yet it is far from
clear that, when taken together, these benefits would be worth anything even re-
motely near $5 trillion. It seems safe to conclude that, compared with SRM, when
economics is accounted for, AC should be a distinctly lower priority target for R&D.
Thus, the rest of my remarks this morning will focus on SRM.

2 Deploying SRM might yield large net benefits

2.1 Initial estimates of benefits and direct costs

Expert opinion suggests that SRM is very likely to be a feasible and effective
means of cooling the planet (Royal Society, 2009). Indeed, this concept may have
more upside potential than does any other climate policy option. At the same time,
SRM, like all other options, entails risks, and these will be discussed below.

As noted earlier, recent study found that the benefits of SRM exceeded the costs
of operating the system by an amount that would translate into $200 billion to $700
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billion per year (Bickel and Lane, 2009). Some of these benefits stem from lowering
the economic harm expected from climate change. SRM, by lowering the risk of
rapid climate change, would also allow a more gradual path toward GHG control—
lowering the total costs of controls.

It is quite true that these benefit estimates are preliminary and subject to many
limitations. They do not, for instance, account for the indirect costs implied by pos-
sible unwanted side effects of SRM. These indirect costs could be substantial, and
the next section of my statement will discuss them. At the same time, the estimate
excludes several factors that would be likely to increase the estimated benefits.

2.2 Abrupt climate change might increase the value of SRM

For example, some grounds exist for fearing that many of the current models un-
derstate the risks of extremely harmful climate change (Weitzman, 2008). Emission
controls, even if they could be implemented effectively, i.e. globally, require more
than a century before actually cooling the planet (IPCC, 2007). SRM, however,
might stand a much better chance of preventing the worst should such a nightmare
scenario begin to unfold. Once developed, either of the two techniques discussed
above could be deployed very rapidly. The low costs of SRM mean that a few nations
working together, or even a single advanced state, could act to halt warming, and
it could do so quickly (Barrett, 2009).

Merely developing the capacity to deploy SRM, therefore, is like providing society
with a climate change parachute. And like a real parachute, having it may be valu-
able even if it is not actually deployed. In general, the more one credits the risk
%% ﬁpid, highly destructive climate change, the greater is the potential value of

2.3 Suboptimal controls will raise the value of SRM

Less-than-optimal GHG emission controls, or no controls, would decrease global
economic welfare, but these flawed policies would actually increase the positive con-
tribution of SRM. This fact is important because actual GHG controls are certain
to be far from the broad, uniform, price-based incentives that economic analysis
calls for. In fact, few, if any, countries are likely to implement controls of this kind
(Lane and Montgomery, 2009).

Excess GHG emissions are an example of a fairly common kind of market failure,
which can arise when property rights allow open access to a valuable resource. In-
stances include open access to grazing land, fishing grounds, or to oil and gas res-
ervoirs. Open access can cause under-investment in maintaining the resource and
too much consumption of it (Eggertsson, 2003). In the case of climate, the open ac-
cess resource is the atmosphere’s capacity to absorb GHG discharges.

In principle, collective action could solve the problem by limiting access. In prac-
tice, efforts to limit open access property rights often founder. For example, wild
ocean fish stocks are being seriously depleted. Curbs on the over-pumping of oil and
gas resources have sometimes worked, but often they have only done so after a
great deal of economic waste had already occurred (Libecap, 2008). So far, GHG con-
trol has been another instance of this pattern of frequent failure.

Further, GHG control has many of the features that make an effective global solu-
tion more difficult to attain. In such transactions, the more diverse are the interests
of the parties, the poorer are the prospects for success (Libecap, 2008). Contrasting
value judgments often cause conflict (Alston and Mueller, 2008). With GHG controls,
the differing interests of richer and poorer nations have emerged as especially prob-
lematic (Bial et al., 2001).

Thus, for China and India, economic development offers better protection from
harmful climate change than do GHG limits. This choice makes sense. Industrializa-
tion can boost the ability to adapt to climate change— Of course, it can also relieve
many other more acute problems. For these countries, slowing growth in the name
of GHG control may simply be a bad investment (Schelling, 2002). To put the matter
bluntly, for China and India, there seem to be good reasons for thinking that taking
any but the lowest cost steps to control GHG emissions is just not worth the cost.

As a result, China and India have largely limited their GHG control steps to those
that in the U.S. context have been called “no regrets” measures. These are steps
that would make sense absent concern about climate change. Such measures will
have at best marginal impacts on the growth of emissions. Yet unless far steeper
GHG cuts are implemented, widely cited goals for 2050 and 2100 are simply unat-
tainable (Jacoby et al., 2008).

The most logical inference from this situation is that those goals will not, in fact,
be met. If they are not, climate change damages will exceed those projected to occur
with an optimal control regime, as will the risks of abrupt, high-impact climate
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change. This prospect suggests that SRM is likely to be more valuable than the re-
cent Bickel/Lane analysis indicates.

3 Important uncertainties remain

SRM could, then, offer important help in reducing some of the risks of climate
change, but it poses some risks as well.

3.1 Concerns about possible indirect costs

Some of the risks that have been ascribed to SRM are somewhat poorly defined
(Smith, 2009). Others, however, are clear enough, at least in concept. One such risk
is the possible lessening of rainfall. The strength of the Indian or African monsoons
is a particular worry. Other concerns also exist. For example, until chlorine con-
centrations return to levels present in the 1980s, sulfate aerosols added to the strat-
osphere may retard the ozone layer’s recovery (Tilmes et al., 2008).

Concerns have also arisen over acid precipitation if SO, were injected into the
stratosphere. In addition, stratospheric aerosol injections would whiten skies, inter-
fere with terrestrial astronomy, and reduce the efficiency of some kinds of solar
power (Robock, 2008). Finally, some analysis suggests the possibility of “rebound
warming” should SRM be deployed for a long time period and then halted abruptly
(Goes et al., 2009).

3.2 Viewing indirect costs in a larger perspective

Several points about the above concerns warrant attention.

None of the possible ill-effects of SRM has been monetized. Therefore, how they
compare with SRM’s apparently large potential benefits is unclear. In fact, the scale
of the effects of these unintended consequences is highly speculative. With regard
to the Indian monsoon, for example, the underlying climate science is too uncertain
to assess the scale of the changes with confidence (Zickfeld et al., 2005). Thus, Rasch
et al. (2008), on which Robock is an author, observe:

“Robock et al. (2008) have emphasised that the perturbations that remain in the
monsoon regions after geoengineering are considerable and expressed concern
that these perturbations would influence the lives of billions of people. This
would certainly be true. However, it is important to keep in mind that: (i) the
perturbations after geoengineering are smaller than those without
geoengineering; (ii) the remaining perturbations are less than or equal to 0.5
mm d-! in an area where seasonal precipitation rates reach 6-15 mm d-1; (iii)
the signals differ between the NCAR and Rutgers simulations in these regions;
and (iv) monsoons are a notoriously difficult phenomenon to model [Annamalai
et al., 2007] [emphasis in original].

Ozone depletion may be a problem, but it is likely to grow less severe with the
passage of time. Acid deposition seems to be a considerably less serious problem,
as a recent study concluded that “. . . the additional sulfate deposition that would
result from geoengineering will not be sufficient to negatively impact most eco-
systems, even under the assumption that all deposited sulfate will be in the form
of sulfuric acid” (Kravitz et al., 2009).

On rebound warming, the significance of the problem is, again, unclear. For the
effect to be large, the SRM regime would have to remain in place for at least several
decades. Also, during this period, adaptation and GHG control efforts would have
to be held to low levels (Bickel and Lane, 2009). Ex ante, such a course of events
may be possible, but it hardly seems inevitable or, perhaps, even likely.

All of these concerns may warrant study. Nonetheless, to take a step back from
the details, a few broader factors should also be kept in mind. Most importantly,
it is worth noting that the relevant choice before us is not between a climate-engi-
neered world and a world without climate change; rather, it is between the former
and the world that would prevail without climate engineering. SRM may, indeed, do
some harm. Society may, however, have to choose between accepting this harm on
the one hand and running the risk of a planetary emergency on the other (Bickel
and Lane 2009).

Finally, in assessing SRM, it is important to keep in mind that all climate policy
options entail side-effects. GHG controls, for instance, may imply greater reliance
on biofuels or nuclear power. Border tax adjustments may unleash a global trade
war (Barrett, 2007). In weighing the relative priority of SRM and GHG control,
these factors are no less relevant than SRM’s impacts on rainfall or ozone. The key
to climate policy is fording the mix of responses that minimizes total costs more
than it is about either/or choices.
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4 Approaches to limiting the risks of SRM

Since the risks of unintended consequences are the major barriers preventing the
exploitation of this option, it is important to ford means of lowering those risks. A
number of options might serve this purpose.

4.1 R&D as a risk reduction strategy

Currently, we lack much of the information that would be needed to weigh all of
the potential risks of SRM against its possible benefits. Only an R&D program can
buy this information, and the potential benefits of SRM appear to be very large com-
pared to the costs of such an R&D effort. A vigorous, but careful, R&D program may
offer the means of reducing the risks of SRM. It may identify faulty concepts and
ford new means of avoiding risks. Progress in climate science can also increase the
expected benefits of SRM (Goes et al., 2009).

Such an R&D program would begin with modeling and paper studies, move to lab-
oratory testing, and eventually, embark on field trials. The latter would start small
and increase in scale by increments. As R&D progresses, spending would increase
from tens of millions of dollars in early years to the low billions of dollars later.
Total spending may fall in the range of $10-15 billion (Bickel and Lane, 2009). The
work would stress defensive research i.e. research designed to identify and limit
possible risks. A recent report has defined this type of research agenda for strato-
spheric aerosols (Blackstock et al., 2009).

Research cannot entirely eliminate risk (Smith, 2009). Yet the risk of deploying
a system under emergency conditions and without full testing are likely greatly to
exceed those entailed by deploying a more fully tried and better understood system.
Again, none of the options for dealing with climate change is free of risk.

4.2 Delayed deployment as a risk management strategy

The passing of time seems likely to diminish the risks of deploying SRM. One op-
tion, therefore, might be to delay deployment. This approach offers two advantages.

First, delay is likely to make it easier for the nations wishing to deploy SRM to
gain international acquiescence for their plans. Today, some nations may still ben-
efit from additional warming. Such states might strenuously object to near-term ef-
forts to halt warming. Russia, one of the nations that might adopt this view, is a
great power. It could probably apply enough pressure to prevent any other nation
from deploying SRM. However, as decades pass, climate change is increasingly like-
ly to threaten even Russia with net costs. As this happens, Russian and other objec-
tions to SRM are also likely to fade.

Second, the ozone depletion problem will also diminish with time. The stock of
ozone-depleting chemicals in the atmosphere is shrinking. Before mid-century, levels
will return to those that prevailed pre-1980. At that point, the impact of strato-
spheric aerosols on UV radiation also loses significance (Wigley, 2006).

Delayed deployment, of course, would also lower the difference between SRM’s
total benefits and its direct costs. Even so, large net benefits remain. This result
obtains for both SRM concepts. Thus, if marine cloud whitening were deployed in
2055, the estimated present discounted value of the benefits exceeds that of the di-
rect costs by at least $3.9 trillion, and perhaps by as much as $9.5 trillion (in 2005
dollars). If stratospheric aerosols were deployed in 2055, the gap between total bene-
fits and total costs would range between $3.8 trillion and $9.3 trillion (Bickel and
Lane, 2009).

5 Proposals for international governance require caution

For some people, creating an international governance regime is the preferred
choice for controlling the risks of SRM. A number of proposals for establishing sys-
tems of international governance of SRM seem suddenly to have sprouted up. Many
of them seem to be couched in somewhat alarming tones about future conflicts, and
most seem to be accompanied by expressions of great urgency (Victor et al., 2009).
In responding to them, caution is in order.

5.1 Proposals for regulation require balancing of risks

To start with, it is important to recognize that a regime of controls can and often
does produce counter-productive results. An overly restrictive system can raise the
costs of undertaking R&D. Higher costs may narrow the field of active researchers.
Since competition spurs technological progress, a regulatory regime that adds to re-
search costs may slow the pace of progress (Arrow, 1962; Cohen and Noll, 1991;
NRC 1999; Sarewitz and Cohen, 2009). If so, lowering the risks of unintended harm
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from SRM might be purchased at the costs of higher risks from abrupt, high-impact
climate change. This trade-off may be worthwhile, or it may not be, depending on
how one rates the relative risks.

5.2 U.S. interests may differ from those of other states

A second caution pertains to nations’ different weights in world politics. A few na-
tions command much more heft than do others. The U.S., China, and Russia are
clearly in this category; others may be in the process of joining it. These states have
a disproportionate ability either to carry an SRM regime into effect or to impede
another state from doing so. If any of these states were to conclude that SRM was
necessary to protect its vital interests, a system of international restraints would
be most unlikely to constrain them.

For the U.S., the question of whether to foster the development of an inter-
national body with the authority to regulate SRM entails accepting possible future
constraints on its own freedom of action, as well as constraints on other states that
might be acting in accord with U.S. preferences. In exchange, the U.S. would gain
possible added support were it is seeking to halt or change SRM activity by another
power.

In considering this trade-off, it may be worth pondering that at least two other
great powers, China and Russia, are autocracies. It is at least possible that these
states are far less constrained by global public opinion than is the United States.
In this case, in consenting to the creation of a global regime for governing SRM,
the U.S. might be accepting a more binding limit on its own actions than that which
it gains on the actions of the other great powers.

5.3 Who should consider SRM regulation?

SRM regulation is a matter of U.S. foreign policy. In this matter, U.S. interests
may be congruent with those of some countries and clash with those of others. In
addition to distinctions in wealth, power, and climate, states may differ in risk
averseness. The strength of the contrasting U.S. and E.U. reactions to genetically
modified organisms suggest that in at least some specific instances, such differences
may be large.

Technical and scientific expertise is certainly important to the issue of how (or
whether) SRM should be subject to international control. Yet the more basic ques-
tion lies in the definition of national interests. This question is not technical; it is
political. And how it is answered may well affect any nation’s choices among inter-
national control regimes. For this reason, recommendations made by panels of sci-
entists or lawyers may miss central aspects of the issues and yield misleading re-
sults. Such advice may still provide useful insights, but it should be handled with
care.

6 SRM as part of a broader context

6.1 Multiple responses are needed to cope with climate change

Multiple tools are available for coping with climate change. Adaptation to change
is likely to be the primary response for many decades. Weak and patchy greenhouse
gas (GHG) controls are in place, but these measures fall far, far short of those that
would be needed to actually halt climate change. And they are likely to continue
to do so. Solar radiation management (SRM) offers great upside potential.

Still, it remains in the concept stage and is surrounded by uncertainties. Eventu-
ally, even air capture of CO, may become appealing, although its economic feasi-
bility remains speculative.

In any case, a mix of climate policies is better than placing too much stress on
any one response. GHG emissions pose multiple threats, and multiple responses are
likely needed to respond to them. Further, at some point all responses are likely
to encounter diminishing marginal returns. Excessive reliance on any one policy op-
tion is likely to raise net costs.

6.2 New knowledge as a key to climate policy success

With the current state of science and technology, the costs of coping with climate
change are likely to be high. New knowledge may, however, drastically lower those
costs. As just discussed, R&D on SRM may allow a better assessment of this option
as well as offer ways of limiting its risks and controlling its costs. Better climate
science is likely to enable more cost-effective adaption to climate change. R&D on
new energy sources or on capturing and storing CO, might lower the cost and raise
the political acceptability of GHG controls. Each of the six climate policy options se-
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lected by the above-mentioned economists’ panel as being the most promising cen-
tered on the search for one or another form of new knowledge. Clearly, in the econo-
mists’ opinions, research is a powerful strategy for dealing with climate change.

The quest for new knowledge may not, though, be easy. First, its results are in-
herently uncertain. Diversified risks and hedging are important. Second, research
can take time. Electrification of the global economy, for example, has been going on
for over a century and is still far from complete. Third, the right kind of rules and
structures can make the difference between success and failure. This Committee is
very well positioned to raise questions about the kinds of arrangements likely to
maximize the chances of R&D success. I hope that this hearing may prove to be an
important step forward in that inquiry.
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Chairman GORDON. Thank you, Mr. Lane. I also thank you for
being an early supporter of ARPA-E. We hope that some of the re-
search that will come out of ARPA-E will mean that this potential
review will be moot.

Mr. LANE. I hope so, too.

Chairman GORDON. Dr. Robock, we welcome your discussion.

STATEMENT OF DR. ALAN ROBOCK, PROFESSOR, DEPART-
MENT OF ENVIRONMENTAL SCIENCES, SCHOOL OF ENVI-
RONMENTAL AND BIOLOGICAL SCIENCES, RUTGERS UNI-
VERSITY

Dr. RoBock. Mr. Chairman, Mr. Hall, Members of the Com-
mittee, thank you for inviting me. First I would like to agree with
Ken Caldeira, that global warming is a serious problem and that
mitigation, reduction of emissions, should be our primary response.
We also need to do adaptation and learn to live with some of the
climate change which is going to happen no matter what.

Using geoengineering should only be in the event of a planetary
emergency and only for a temporary period of time, and it is not
a solution to global warming.

Could I have the first slide?

[The information follows:]
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528  Figure 1. Global average surface air temperature change from the A1B anthropogenic forcing
529  run (red). Arctic 3 Mt/yr SO, (blue), Tropical SO, 5 Mt/yr (black), and Tropical 10 Mt/yr SO,
530  (brown) cases in the context of the climate change of the past 125 years. Observations (green)
531  are from the National Aeronautics and Space Administration Goddard Institute for Space Studies

532 analysis [Hansen ef al., 1996, updated at http://data.giss.nasa.gov/gistemp/2007/].

I am a climatologist. I have done climate research and effects of
volcanic eruptions for 35 years. We did a climate model simulation
of what would happen if we put in the equivalent of one Mount
Pinatubo volcanic eruption every four years. The green line is the
global warming temperatures that we have seen up until now. The
black line is one Pinatubo every four years. The brown line is one
Pinatubo every two years, assuming that you could do it.

This brings up several questions. What temperature do we want
the planet to be? Do we want it to stay constant? Do we want it
to be at 1980 levels, do we want it at 1880 levels? And who de-
cides? What if Russia and Canada want it a little bit warmer and
India wants it a little bit cooler?

If we stopped after 20 years, we would have rapid warming, as
you can see. We did it for 20 years. And this rapid climate change
would be much more dangerous than the gradual change we would
get without doing anything. So this is a couple of the reasons why
I am concerned about it, but we certainly need more research.

Now, how do we get the aerosols—I am talking about the solar
radiation management. How do we get the aerosols into the strato-
sphere? There is no way to do it today. Ideas of artillery or balloons
or airplanes need a lot of research. Ken said it would be easy and
cheap, but there is no demonstration of that. It might not be that
expensive, but such equipment just doesn’t exist today.
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So I have made a list of seven reasons why it—benefits for strat-
ospheric geoengineering and 17 reasons why it might be a bad idea.

Now, volcanic eruptions produce drought in Africa and Asia.
They produce ozone depletion, no more blue skies, less solar power,
and each of these needs to be quantified so you policymakers can
make a decision about whether or not to implement it. We don’t
have quantification of any of these yet.

I disagree with the economic analysis because they just ignored
many of the risks and didn’t even count what the possible dangers
might be. But I agree with everybody that we need a research pro-
gram so that we can quantify each of these so policymakers can tell
if—is there a Plan B in your pocket, or is it empty? We really need
to know that, and we don’t know the answer to that yet.

If we were going to test putting particles in the stratosphere, we
don’t have a system to observe them. The United States used to
have a series of satellites called SAGE which looked at particles in
the stratosphere. It was very useful for monitoring volcanic erup-
tions. And they stopped working, and there is no plan to put them
up there. So we need the system anyway to monitor the strato-
sphere for the next volcanic eruption and to monitor it if we ever
do experimentation.

If we wanted to do experimentation, it is not possible to do just
a small-scale test, to put a little bit of particles in and see what
would happen. We could do that, but we couldn’t measure their ef-
fects because there are a lot of weather variability, a lot of weather
noise. And so we would really have to put a lot of material in for
a substantial period of time to see whether we are having an effect.
And that would essentially be doing geoengineering itself. You can’t
do it on a small scale.

You could fly a plane up there and dump some gas out and see
what would happen at the nozzle. But to do a full-scale experiment,
we couldn’t do it. For example, if there is already a cloud there and
we want to put gases in and see if we get more particles, you can’t
do that if there are not particles there already. We may just make
the particles bigger. And so it is problematic whether we could ac-
tually ever do an experiment in the stratosphere without actually
doing geoengineering.

So I would like to urge you to support a research program into
the climatic response with climate models, into the technology to
see if it is possible to develop different systems so that you can
make an informed decision in the future.

Thanks.

[The prepared statement of Dr. Robock follows:]

PREPARED STATEMENT OF ALAN ROBOCK
Introduction

In the October 28, 2009, letter from Chairman Gordon inviting me to testify at
the House Committee on Science and Technology Hearing, “Geoengineering: Assess-
ing the Implications of Large-Scale Climate Intervention,” I was asked to address
a number of specific issues, which I do below. But first I would like to give a brief
statement of the framework within which we consider the issue of geoengineering.

I agree with the October 21, 2009, statement from the leaders of 17 U.S. scientific
societies to the U.S. Senate (Supplementary Material 1), partially based on my own
research, that, “Observations throughout the world make it clear that climate
change is occurring, and rigorous scientific research demonstrates that the green-
house gases emitted by human activities are the primary driver.” I also agree with
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their statement that “Moreover, there is strong evidence that ongoing climate
change will have broad impacts on society, including the global economy and on the
eﬂvironment.” Therefore, it is incumbent on us to address the threat of climate
change.

I also agree with the recent policy statement of the American Meteorological Soci-
ety on geoengineering (Supplementary Material 2). I was a member of the com-
mittee that wrote this statement. As the statement explains, “Three proactive strat-
egies could reduce the risks of climate change: 1) mitigation: reducing emissions; 2)
adaptation: moderating climate impacts by increasing our capacity to cope with
them; and 3) geoengineering: deliberately manipulating physical, chemical, or bio-
logical aspects of the Earth system.”

Before discussing geoengineering it is necessary to define it. As the American Me-
teorological Society statement says, “Geoengineering proposals fall into at least
three broad categories: 1) reducing the levels of atmospheric greenhouse gases
through large-scale manipulations (e.g., ocean fertilization or afforestation using
non-native species); 2) exerting a cooling influence on Earth by reflecting sunlight
(e.g., putting reflective particles into the atmosphere, putting mirrors in space, in-
creasing surface reflectivity, or altering the amount or characteristics of clouds); and
3) other large-scale manipulations designed to diminish climate change or its im-
pacts (e.g., constructing vertical pipes in the ocean that would increase downward
heat transport).”

My expertise is in category 2, sometimes called “solar radiation management.” In
particular, my work has focused on the idea of emulating explosive volcanic erup-
tions, by attempting to produce a stratospheric cloud that would reflect some incom-
ing sunlight, to shade and cool the planet to counteract global warming. In this tes-
timony, except where indicated, I will confine my remarks to this specific idea, and
use the term “geoengineering” to refer to only it. I do this because it is the sugges-
tion that has gotten the most attention recently, and because it is the one that I
have addressed in my work.

My personal view is that we need aggressive mitigation to lessen the impacts of
global warming. We will also have to devote significant resources to adaptation to
deal with the adverse climate changes that are already beginning. If geoengineering
is ever used, it should be as a short-term emergency measure, as a supplement to,
and not as a substitute for, mitigation and adaptation. And we are not ready to im-
plement geoengineering now.

The question of whether geoengineering could ever help to address global warm-
ing cannot be answered at this time. In our most recent paper (Supplementary Ma-
terial 9) we have identified six potential benefits and 17 potential risks of strato-
spheric geoengineering, but a vigorous research program is needed to quantify each
of these items, so that policy makers will be able to make an informed decision, by
weighing the benefits and risks of different policy options.

Furthermore, there has been no demonstration that geoengineering is even pos-
sible. No technology to do geoengineering currently exists. The research program
needs to also evaluate various suggested schemes for producing stratospheric par-
ticles, to see whether it is practical to maintain a stratospheric cloud that would
be effective at blocking sunlight.

Introduce the key scientific, regulatory, ethical, legal and economic chal-
lenges of geoengineering.

In Robock (2008a; Supplementary Material 4) I identified 20 reasons why
geoengineering may be a bad idea. Subsequent work, summarized in Robock et al.
(2009; Supplementary Material 9), eliminated three of these reasons, determined
that one is still not well understood, but added one more reason, so I still have iden-
tified 17 potential risks of geoengineering. Furthermore, there is no current tech-
nology to implement or monitor geoengineering, should it be tested or implemented.
Robock (2008b; Supplementary Material 5) described some of these effects, particu-
larly on ozone.

Key challenges of geoengineering related to the side effects on the climate system
are that it could produce drought in Asia and Africa, threatening the food and water
supply for billions of people, that it would not halt continued ocean acidification
from CO», and that it would deplete ozone and increase dangerous ultraviolet radi-
ation. Furthermore, the reduction of direct solar radiation and the increase in dif-
fuse radiation would make the sky less blue and produce much less solar power
from systems using focused sunlight. Any system to inject particles or their precur-
sors into the stratosphere at the needed rate would have large local environmental
impacts. If society lost the will or means to continue geoengineering, there would
be rapid warming, much more rapid than would occur without geoengineering. If a
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series of volcanic eruptions produced unwanted cooling, geoengineering could not be
stopped rapidly to compensate. In addition, astronomers spend billions of dollars to
build mountain-top observatories to get above pollution in the lower troposphere.
Geoengineering would put permanent pollution above these telescopes.

Another category of challenges is unexpected consequences. No matter how much
analysis is done ahead of time, there will be surprises. Some will make the effects
less damaging, but some will be more damaging. Furthermore, human error is likely
to produce problems with any sophisticated technical system.

Ethical challenges include what is called a moral hazard—if geoengineering is
perceived to be a solution for global warming, it will lessen the current gathering
consensus to address climate change with mitigation. There is also the question of
moral authority—do humans have the right to control the climate of the entire plan-
et to benefit them, without consideration of all other species? Another ethical issue
is the potential military use of any geoengineering technology. One of the cheapest
approaches may even be to use existing military airplanes for geoengineering
(Robock et al., 2009; Supplementary Material 9). Could techniques developed to con-
trol global climate forever be limited to peaceful uses? Other ethical considerations
might arise if geoengineering would improve the climate for most, but harm some.

Legal and regulatory challenges are closely linked to ethical ones. Who would end
up controlling geoengineering systems? Governments? Private companies holding
patents on proprietary technology? And whose benefit would they have at heart?
Stockholders or the general public welfare? Eighty-five countries, including the
United States, have signed the U.N. Convention on the Prohibition of Military or
Any Other Hostile Use of Environmental

Modification Techniques. It will have to be modified to allow geoengineering that
would harm any of the signatories. And whose hand would be on the thermostat?
How would the world decide on what level of geoengineering to apply? What if Can-
ada or Russia wanted the climate to be a little warmer, while tropical countries and
small island states wanted it cooler? Certainly new governance mechanisms would
be needed.

As far as economic challenges go, even if our estimate (Robock et al., 2009; Sup-
plementary Material 9) is off by a factor of 10, the costs of actually implementing
geoengineering would not be a limiting factor. Rather, the economic issues associ-
ated with the potential damages of geoengineering would be more important.

Major strategies for evaluating different geoengineering methods.

Evaluation of geoengineering strategies requires determination of their costs, ben-
efits, and risks. Furthermore, geoengineering requires ongoing monitoring. As dis-
cussed below, a robust research program including computer modeling and engineer-
ing studies, as well as study of historical, ethical, legal, and social implications of
geoengineering and governance issues is needed. Monitoring will require the rees-
tablishment of the capability of measuring the location, properties and vertical dis-
tribution of particles and ozone in the stratosphere using satellites.

Broadly evaluate the geoengineering strategies you believe could be most
viable based on these criteria.

I know of no viable geoengineering strategies. None have been shown to work to
control the climate. None have been shown to be safe. However, the ones that have
the most potential, and which need further research, would include stratospheric
aerosols and brightening of marine tropospheric clouds, as well as carbon capture
and sequestration. Carbon capture has been demonstrated on a very small scale.
Whether it can be conducted on a large enough scale to have a measurable impact
on atmospheric CO, concentrations, and whether the CO, can be sequestered effi-
ciently and safely for a long period of time, are areas that need to be researched.

Identify the climate circumstances under which the U.S. or international
community should undertake geoengineering.

For a decision to actually implement geoengineering, it needs to be demonstrated
that the benefits of geoengineering outweigh the risks. We need a better under-
standing of the evolution of future climate both with and without geoengineering.
We need to know the costs of implementation of geoengineering and compare them
to the costs of not doing geoengineering. Geoengineering should only be imple-
mented in response to a planetary emergency. However, there are no governance
mechanisms today that would allow such a determination. Governance would also
have to establish criteria to determine the end of the emergency and the ramping
down of geoengineering.
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Examples of climate circumstances that would be candidates for the declaration
of a planetary emergency would include rapid melting of the Greenland or Antarctic
ice sheets, with attendant rapid sea level rise, or a catastrophic increase in severe
hurricanes and typhoons. Even so, stratospheric geoengineering should only be im-
plemented if it could be determined that it would address these specific emergencies
without causing worse problems. And there may be local means to deal with these
specific issues that would not produce the risks of global geoengineering. For exam-
ple, sea level rise could be addressed by pumping sea water into a new lake in the
Sahara or onto the cold Antarctic ice sheet where it would freeze. There may be
techniques to cool the water ahead of approaching hurricanes by mixing cold water
from below up to the surface. Of course, each of these techniques may have its own
unwelcome side effects.

Right now there are no circumstances that would warrant geoengineering. This
is because we lack the knowledge to evaluate the benefits, risks, and costs of
geoengineering. We also lack the requisite governance mechanisms. Our policy right
now needs to be to focus on mitigation, while funding research that will produce the
knowledge to make such decisions about geoengineering in five or ten years.

Recommendations for first steps, if any, to begin a geoengineering research
and/or governance effort.

In 2001, the U.S. Department of Energy issued a white paper (Supplementary
Material 3) that called for a $64,000,000 research program over five years to look
into a variety of suggested methods to control the climate. Such a coordinated pro-
gram was never implemented, but there are now a few research efforts using cli-
mate models of which I am aware. In addition to my grant from the National
Science Foundation, discussed below, I know of one grant from NASA to Brian Toon
for geoengineering research and some work by scientists at the National Center for
Atmospheric Research, funded by the Federal Government. In addition, there have
been some climate modeling studies conducted at the United Kingdom Hadley Cen-
tre, and there is a new three-year project, started in July 2009, funded by the Euro-
pean Union for €1,000,000 ($1,500,000) for three years called “IMPLICC—Implica-
tions and risks of engineering solar radiation to limit climate change,” involving the
cooperation of 5 higher educational and research institutions in France, Germany
and Norway.

In light of the importance of this issue, as outlined in Robock (2008b; Supple-
mentary Material 5), I recommend that the U.S., in collaboration with other coun-
tries, embark on a well-funded research program to “consider geoengineering’s po-
tential benefits, to understand its limitations, and to avoid ill-considered deploy-
ment” (as the American Meteorological Society says in Supplementary Material 2).
In particular the American Meteorological Society recommends:

1) Enhanced research on the scientific and technological potential for
geoengineering the climate system, including research on intended and unin-
tended environmental responses.

Coordinated study of historical, ethical, legal, and social implications of
geoengineering that integrates international, interdisciplinary, and
intergenerational issues and perspectives and includes lessons from past ef-
forts to modify weather and climate.

Development and analysis of policy options to promote transparency and
international cooperation in exploring geoengineering options along with re-
strictions on reckless efforts to manipulate the climate system.

2

~
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=

I support all these recommendations. Research under item 1) would involve state-
of-the-art climate models, which have been validated by previous success at simu-
lating past climate change, including the effects of volcanic eruptions. They would
consider different suggested scenarios for injection of gases or particles designed to
produce a stratospheric cloud, and evaluate the positive and negative aspects of the
climate response— So far, the small number of studies that have been conducted
have all used different scenarios, and it is difficult to compare the results to see
which are robust. One such example is given in the paper by Rasch et al. (2008;
Supplementary Material 7). Therefore, I am in the process of organizing a coordi-
nated experiment among the different climate modeling groups that are performing
runs for the Coupled Model Intercomparison Project, Phase 5, which will inform the
next Intergovernmental Panel on Climate Change report. Once we agree on a set
of standard scenarios, participation will depend on these different groups from
around the world volunteering their computer and analysis time to conduct the ex-
periments. Financial support from a national research program, in cooperation with
other nations, will produce more rapid and more comprehensive results.
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Another area of research that needs to be supported under topic 1) is the tech-
nology of producing a stratospheric aerosol cloud. Robock et al. (2009; Supple-
mentary Material 9) calculated that it would cost several billion dollars per year to
just inject enough sulfur gas into the stratosphere to produce a cloud that would
cool the planet using existing military airplanes. Others have suggested that it
would be quite a bit more expensive. However, even if SO, (sulfur dioxide) or H>S
(hydrogen sulfide) could be injected into the stratosphere, there is no assurance that
nozzles and injection strategies could be designed to produce a cloud with the right
size droplets that would be effective at scattering sunlight. Our preliminary theo-
retical work on this problem is discussed by Rasch et al. (2008; Supplementary Ma-
terial 7). However, the research program will also need to fund engineers to actually
build prototypes based on modification of existing aircraft or new designs, and to
once again examine other potential mechanisms including balloons, artillery, and
towers. They will also have to look into engineered particles, and not just assume
that we would produce sulfate clouds that mimic volcanic eruptions.

At some point, given the results of climate models and engineering, there may be
a desire to test such a system in the real world. But this is not possible without
full-scale deployment, and that decision would have to be made without a full eval-
uation of the possible risks. Certainly individual aircraft or balloons could be
launched into the stratosphere to release sulfur gases. Nozzles can be tested. But
whether such a system would produce the desired cloud could not be tested unless
it was deployed into an existing cloud that is being maintained in the stratosphere.
While small sub-micron particles would be most effective at scattering sunlight and
producing cooling, current theory tells us that continued emission of sulfur gases
would cause existing particles to grow to larger sizes, larger than volcanic eruptions
typically produce, and they would be less effective at cooling Earth, requiring even
more emissions. Such effects could not be tested, except at full-scale.

Furthermore, the climatic response to an engineered stratospheric cloud could not
be tested, except at full-scale. The weather is too variable, so that it is not possible
to attribute responses of the climate system to the effects of a stratospheric cloud
without a very large effect of the cloud. Volcanic eruptions serve as an excellent nat-
ural example of this. In 1991, the Mt. Pinatubo volcano in the Philippines injected
20 Mt (megatons) of SO, (sulfur dioxide) into the stratosphere. The planet cooled
by about 0.5° C (1° F) in 1992, and then warmed back up as the volcanic cloud fell
out of the atmosphere over the next year or so. There was a large reduction of the
Asian monsoon in the summer of 1992 and a measurable ozone depletion in the
stratosphere. Climate model simulations suggest that the equivalent of one
Pinatubo every four years or so would be required to counteract global warming for
the next few decades, because if the cloud were maintained in the stratosphere, it
would give the climate system time to cool in response, unlike for the Pinatubo case,
when the cloud fell out of the atmosphere before the climate system could react
fully. To see, for example, what the effects of such a geoengineered cloud would be
on precipitation patterns and ozone, we would have to actually do the experiment.
The effects of smaller amounts of volcanic clouds on climate can simply not be de-
tected, and a diffuse cloud produced by an experiment would not provide the correct
environment for continued emissions of sulfur gases. The recent fairly large erup-
tions of the Kasatochi volcano in 2008 (1.5 Mt SO;) and Sarychev in 2009 (2 Mt
SO>) did not produce a climate response that could be measured against the noise
of chaotic weather variability.

Some have suggested that we test stratospheric geoengineering in the Arctic,
where the cloud would be confined and even if there were negative effects, they
would be limited in scope. But our experiments (Robock et al., 2008; Supplementary
Material 6) found that clouds injected into the Arctic stratosphere would be blown
by winds into the midlatitudes and would affect the Asian summer monsoon. Obser-
vations from all the large high latitude volcanic eruptions of the past 1500 years,
Eldgja in 939, Laid in 1783, and Katmai in 1912, support those results.

Topics 2) and 3) should also be part of any research program, with topic 3) dealing
with governance issues. This is not my area of expertise, but as I understand it,
the U.N. Convention on the Prohibition of Military or Any Other Hostile Use of En-
vironmental Modification Techniques prohibits geoengineering if it will have nega-
tive effects on any of the 85 signatories to the convention (which include the U.S.).
International governance mechanisms, probably through the United Nations, would
have to be established to set the rules for testing, deployment, and halting of any
geoengineering. Given the different interests in the world, and the current difficulty
of negotiating mitigation, it is not clear to me how easy this would be. And any ab-
rogation of such agreements would produce the potential for conflict.

How much would a geoengineering research program cost? Given the continued
threat to the planet from climate change, it is important that in the next decade
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policy makers be provided with enough information to be able to decide whether
geoengineering can be considered as an emergency response to dangerous climate
change, given its potential benefits, costs, and risks. If the program is not well-fund-
ed, such answers will be long in coming. The climate modeling community is ready
to conduct such experiments, given an increase in funding for people and computers.
Funding should include support for students studying climate change as well as to
existing scientists, and would not be that expensive. It should certainly be in, the
range of millions of dollars per year for a 5-10 year period. I am less knowledgeable
of what the costs would be for engineering studies or for topics 2) and 3).

A geoengineering research program should not be at the expense of existing re-
search into climate change, and into mitigation and adaptation. Our first goal
should be rapid mitigation, and we need to continue the current increase in support
for green alternatives to fossil fuels. We also need to continue to better understand
regional climate change, to help us to implement mitigation and adapt to the cli-
mate change that will surely come in the next decades no matter what our actions
today. But a small increment to current funding to support geoengineering will
allow us to determine whether geoengineering deserves serious consideration as a
policy option.

Describe your NSF-funded research activities at Rutgers University.

I am supported to conduct geoengineering research by the following grant:

National Science Foundation, ATM-0730452, “Collaborative Research in Evalua-
tion of Suggestions to Geoengineer the Climate System Using Stratospheric Aerosols
and Sun Shading,” February 1, 2008—January 31, 2011, $554,429. (Includes $5000
Research Experience for Undergraduates supplement.)

I conduct research with Professors Georgiy Stenchikov and Martin Bunzl and stu-
dents Ben Kravitz and Allison Marquardt at Rutgers, in collaboration with Prof.
Richard Turco at UCLA, who is funded on a collaborative grant by NSF with sepa-
rate funding. We conduct climate model simulations of the response to various sce-
narios of production of a cloud of particles in the stratosphere. We use a NASA cli-
mate model on NASA computers to conduct our simulations. We also have inves-
tigated the potential cost of injecting gases into the stratosphere that would react
with water vapor to produce a cloud of sulfuric acid droplets. We calculated how
much additional acid rain and snow would result when the sulfuric acid eventually
falls out of the atmosphere. Prof. Turco focuses on the detailed mechanisms in the
stratosphere whereby gases convert to particles. Prof. Bunzl is a philosopher. To-
gether we are also examining the ethical dimensions of geoengineering proposals.

We have published five peer-reviewed journal articles on our research so far, at-
tached as Supplementary Material items 5-9, and Prof. Bunzl has published one ad-
ditional peer-reviewed paper supported by this grant.

Delineate the precautionary steps that might be needed in the event of
large scale testing or deployment.

First of all, there is little difference between large-scale testing and deployment.
To be able to measure the climate response to a stratospheric cloud above the noise
of chaotic weather variations, the injection of stratospheric particles would have to
so large as that it would be indistinguishable from deployment of geoengineering.
And it would have to last long enough to produce a measurable climate response,
at least for five years. One of the potential risks of this strategy is that if it is per-
ceived to be working, the enterprise will develop a constituency that will push for
it to continue, just like other government programs, with the argument that jobs
and business need to be protected.

The world will have to develop a governance structure that can decide on whether
or not to do such an experiment, with detailed rules as to how it will be evaluated
and how the program will be ended. The current U.N. Convention on the Prohibition
of Military or Any Other Hostile Use of Environmental Modification Techniques will
have to be modified.

Any large-scale testing or deployment would need to be first be evaluated thor-
oughly with climate model simulations. Climate models have been validated by sim-
ulating past climate change, including the effects of large volcanic eruptions. They
will allow scientists to test different patterns of aerosol injection and different types
of aerosols, and to thoroughly study the resulting spatial patterns of temperature,
precipitation, soil moisture, and other climate responses. This information will allow
the governance structure to make informed decisions about whether to proceed—

Any field testing of geoengineering would need to be monitored so that it can be
evaluated. While the current climate observing system can do a fairly good job of
measuring temperature, precipitation, and other weather elements, we currently
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have no system to measure clouds of particles in the stratosphere. After the 1991
Pinatubo eruption, observations with the Stratospheric Aerosol and Gas Experiment
II (SAGE II) instrument on the Earth Radiation Budget Satellite showed how the
aerosols spread, but it is no longer operating. To be able to measure the vertical
distribution of the aerosols, a limb-scanning design, such as that of SAGE II, is opti-
mal. Right now, the only limb-scanner in orbit is the Optical Spectrograph and In-
fraRed Imaging System (OSIRIS), a Canadian instrument on Odin, a Swedish sat-
ellite. SAGE III flew from 2002 to 2006, and there are no plans for a follow on mis-
sion. A spare SAGE III sits on a shelf at a NASA lab, and could be used now. There
is one Canadian satellite in orbit now with a laser, but it is not expected to last
long enough to monitor future geoengineering, and there is no system to use it to
produce the required observations of stratospheric particles. Certainly, a dedicated
observational program would be needed as an integral part of any geoengineering
implementation.

These current and past successes can be used as a model to develop a robust
stratospheric observing system, which we need anyway to be able to measure the
effects of episodic volcanic eruptions. The recent fairly large eruptions of the
Kasatochi volcano in 2008 and Sarychev in 2009 produced stratospheric aerosol
clouds, but the detailed structure and location of the resulting clouds is poorly
known, because of a lack of an observing system.

Identify the aspects of geoengineering you believe present the greatest risks.

Our recent article (see box at right) lists 17

potential risks, but without further research to evaluate Risks
the magnitude of each, my answer will just be a 1. Drought in Africa and Asia
subjective judgment. 2. Continued ocean acidification

Nevertheless, I would say that the potential from CO;
weakening of the Asian and African summer monsoon, . Ozone depletion
with a reduction in precipitation and threat to the food . No more blue skies
and water supply for more than two billion people, - L““ solar power
should be at the top of the list. So far different climate - Environmental impact

3 s : of implementation
model experiments give different amounts of 7. Rapid waring i stopped

o

=a N

precipitation change, and even if precipitation changes, 8. Cannot stop efiects quickly

reduced evapotranspiration, enhanced growth from 9. Human error .

diffuse radiation and increased CO; may compensate. 10. Unexpeeted consequences

This is an area of research that deserves detailed study 11. Commereial control

with many different climate models. 12. Military use of technology
Other important potential risks include continued 13. Conflicts with current treatics

ocean acidification and ozone depletion (with enhanced 14. Whose hand on the thermostat?

ultraviolet radiation). And if society ever lost the will or 15. Ruin terrestrial optical astronomy

16. Moral hazard — the prospect
of it working would reduce
drive for mitigation

17. Moral authority — do we have
the right to do this?

means to continue geoengineering, rapid warming
would be more dangerous than the gradual warming we
are now experiencing.

Even if governance issues were completely
addressed before any geoengineering takes place,
international conflict could result if there are perceived | Potential risks of geoengineering
negative consequences for some nations, and | [Table 1 from Robock et al., 2009;
geoengineering continues due to the perceived | Supplementary Material 9]
advantages for those conducting the geoengineering.

With regard to another suggested geoengineering technique, brightening of marine
clouds, there is also a threat to precipitation in other locations, such as the Amazon, and a
possible large impact on the oceanic food chain due to less solar energy needed for plankton at
the base of the food chain to grow. Again, these potential risks need to be evaluated.

BIOGRAPHY FOR ALAN ROBOCK

Dr. Alan Robock is a Professor II (Distinguished Professor) of climatology in the
Department of Environmental Sciences at Rutgers University and the associate di-
rector of its Center for Environmental Prediction. He also directs the Rutgers Un-
dergraduate Meteorology Program. He graduated from the University of Wisconsin,
Madison, in 1970 with a B.A. in Meteorology, and from the Massachusetts Institute
of Technology with an S.M. in 1974 and Ph.D. in 1977, both in Meteorology. Before
graduate school, he served as a Peace Corps Volunteer in the Philippines. He was
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a professor at the University of Maryland, 1977-1997, and the State Climatologist
of Maryland, 1991-1997, before moving to Rutgers in 1998.

Prof. Robock has published more than 250 articles on his research in the area of
climate change, including more than 150 peer-reviewed papers. His areas of exper-
tise include geoengineering, the effects of volcanic eruptions on climate, the impacts
of climate change on human activities, detection and attribution of human effects
on the climate system, regional atmosphere-hydrology modeling, soil moisture, and
the climatic effects of nuclear weapons.

Professor Robock is currently supported by the National Science Foundation to do
research on geoengineering. He has published five peer-reviewed journal articles on
geoengineering, in 2008 and 2009. He was a member of the committee that drafted
the July 2009 American Meteorological Society Policy Statement on Geoengineering
the Climate System. He has convened sessions on geoengineering at two past Amer-
ican. Geophysical Union Fall Meetings, and is the convener of sessions on
geoengineering to be held at meetings of the American Association for the Advance-
ment of Science and European Geosciences Union in 2010.

His honors include being a Fellow of the American Meteorological Society, a Fel-
low of the American Association for the Advancement of Science (AAAS), and a par-
ticipant in the Intergovernmental Panel on Climate Change, which was awarded the
Nobel Peace Prize in 2007. He was the American Meteorological Society/Sigma Xi
Distinguished Lecturer for the academic year 2008—2009.

Prof. Robock was Editor of the Journal of Geophysical Research—Atmospheres
from April 2000 through March 2005 and of the Journal of Climate and Applied Me-
teorology from January 1985 through December 1987. He was Associate Editor of
the Journal of Geophysical Research -Atmospheres from November 1998 to April
2000 and of Reviews of Geophysics from September 1994 to December 2000, and is
once again serving as Associate Editor of Reviews of Geophysics, since February,
2006.

Prof. Robock serves as President of the Atmospheric Sciences Section of the Amer-
ican Geophysical Union and Chair-Elect of the Atmospheric and Hydrospheric
Sciences Section of the American Association for the Advancement of Science. He
has been a Member Representative for Rutgers to the University Corporation for At-
mospheric Research since 2001, and serves on its President’s Advisory Committee
on University Relations. Prof Robock was a AAAS Congressional Science Fellow in
1986-1987, serving as a Legislative Assistant to Congressman Bill Green (R-NY)
and as a Research Fellow at the Environmental and Energy Study Conference.
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20 reasons why geoengineering
may be a bad idea

Carbon dioxide emissions are rising

so fast that some scientists are seriously
considering putting Earth on life support
as a last resort. But is this cure worse

than the disease?

BY ALAN ROBOCK

HE STATED OBJECTIVE OF THE
1992 U.N. Framework Convention on Cli-
mate Change is to stabilize greenhouse

acrosols into the stratosphere as a means
to block sunlight and cool Earth. Another
respected climate scientist, Tom Wigley,

gas concentrations in the here “at
a level that would prevent dangerous an-
thropogenic interference with the climate
system.” Though the framework conven-
tion did not define “dangerous,” that level
is now generally considered to be about
450 parts per million (ppm) of carbon di-
oxide in the atmosphere; the current con-
centration is about 385 ppm, up from 280
ppm before the Industrial Revolution.

In light of socicty’s failure to act con-
certedly to deal with global warming in
spite of the framework convention agree-
ment, two prominent atmospheric sci-
entists recently suggested that humans
consider geoengineering—in this case,
deliberate modification of the climate to
achieve specific effects such as cooling—
to address global warming. Naobel laure-

followed up with a feasibility study in Sci-
ence that advocated the same approach in
Hination with sinissl
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trigger algal blooms; genetic modifica-
tion of crops to increase biotie carbon
uptake; carbon capture and storage tech-
nigques such as those proposed to outfit
coal plants; and planting forests are such

ples. Other sch involve block-

The idea of geoengineering traces its
genesis to military strategy during the
carly years of the Cold War, when sci-
entists in the United States and the So-
viet Union devoted considerable funds
and research efforts to controlling the
weather. Some carly geoengineering
theorics involved damming the Strait
of Gibraltar and the Bering Strait as a
way to warm the Arctic, making Siberia
more habitable.? Since scientists became
aware of rising concentrations of atmo-
spheric carbon dioxide, however, some
have proposed artificially altering cli-
mate and weather patterns to reverse or

ing or reflecting incoming solar radia-
tion, for le by spraying
hundreds of meters into the air to sced
the formation of stratocumulus clouds
over the subtropical ocean?

Two strategics to reduce incom-
ing solar radiation—stratospheric acro-
sol injection as proposed by Crutzen
and space-based sun shiclds (i.c., mir-
rors or shades placed in orbit between
the sun and Earth}—are among the
most widely discussed geoengineering
schemes in scientific circles. While these
schemes (if they could be built) would
cool Earth, they might also have adverse

mask the effects of global i
Some i i aim to

ate Paul Crutzen, who is well r ded
for his work on ozone damage and nucle-
ar winter, spearheaded a special August
2004 Issue of Climatic Change with a con-
troversial editorial about injecting sulfate

remove carbon dioxide from the atmo-

al

c 1 Scveral papers in the Au-
gust 20006 Climatic Change discussed
some of these issues, but here [ present a
fairly ¢ ive list of reasons why

sphere, through natural or h
means. Ocean fertilization, where iron
dust is dumped into the open ocean to

geoengineering might be a bad idea, first 7
written down during a two-day NASA- §



T confi e on b Solar
Radiation (a rather audacious title) in No-
vember 20064 These concerns address
unknowns in climate s cf-
feets on human quality of life; and the po-
litical, ethical, and moral issues raised.

em respor

1. Effects on regional climate. Geo-
engincering proponents often suggest
that volcanic cruptions are an innocuous
natural analog for stratospheric injection
of sulfate acrosols, The 1991 cruption of
Mount Pinatubo on the Philippine is-
land of Luzon, which injected 20 mega-
of sulfur dioxide gas into the strato-
sphere, produced a sulfate acrosol cloud
that is said to have caused global cool-
ing for a couple of years without adverse
effects. However, researchers at the Na-

tional Center for Atmospheric Rescarch
showed in 2007 that the Pinatubo erup-
tion caused large hydrological respons-
es, including reduced precipitation, soil
moisture, and river flow in many re-

gions.* Simulations of the climate re-
sponse to volcanic eruptions have also
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shown large impacts on regional climate,
but whether these are good analogs for
the geoengineering response requires
further investigation.

also seen volcanic
eruptions in the tropics produce changes
in atmospheric circulation, causing win-
ter warming over continents in the

Northern Hemisphere, as well as crup-
tions at high latitudes weaken the Asian
and African monsoons, causing reduced
precipitation.® In fact, the cight-month-
long eruption of the Laki fissure in Ice-
land in 1783-1784 contributed to famine
India, and Japan.

and engineers were able to
inject smaller amounts of stratospheric
acrosols than result from volcanic erup-

tions, how would they affect summer
wind and precipitation patterns? Could
attempts to geoengineer isolated regions
(say, the Arctic) be confined there? Sci-
entists need to investigate these scenari-
0s. At the fall 2007 American Geophysical
Union mecting, rescarchers presented
preliminary findings from several dif-
ferent climate models that simulated

geoengineering schemes and found that
they reduced precipitation over wide re-
gions, condemning hundreds of millions
of people to drought.

2. Conti d ocean
If humans adopted geoengineering as
a solution to global warming, with no
restriction on continued carbon emis-

sions, the ocean would continue to be-
come more acidic, because about half of
all excess carbon dioxide in the atmo-
sphere is removed by ocean uptake. The
ocean is already 30 percent more acidic
than it was before the Industrial Revolu-
tion, and continued acidification threat-

C

ens the entire oceanic biological chain,
from coral reefs right up to humans.”

3. Ozone depletion. Acrosol particles
in the stratosphere serve as surfaces for
chemical reactions that destroy ozone in
the same way that water and nitric acid
acrosols in polar stratospheric clouds
produce the scasonal Antarctic ozone
hole.® For the next four decades or so,
when the concentration of anthropo-
genic ozone-depleting substances will
still be large enough in the stratosphere
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ithout market i it

to reflect solar heat are

still largely confined to creative thought and artists' renderings. But a few
ambitious entrepreneurs have begun to experiment with privatizing climate
mitigation through carbon sequestration. Here are a few companies in the market to

offset your carbon footprint:

California-based technology startups Planktes and Climes are perhaps the maost
prominent groups offering to sell carbon offsets in exchange for performing ccean
iron fertilization, which induces blooms of carbon-eating phyloplankton, Funding for
Planktos dried up in early 2008 as scientists grew increasingly skeptical about the
technique, but Climes has managed to press on, securing $3.5 million in funding from
Braemar Energy Ventures as of February

Also in the research and development phase is Sydney, Australia-based Ocean
Nourishment Corporation, which similarly aims to induce aceanic photosynthesis, only
it fertilizes with nitrogen-rich urea instead of iron. Atmocean, based in Santa Fe, New
Mexico, takes a slightly different tack: It's developed a 200-meter deep, wave-powered
jpump that brings colder, more biota-rich water up to the surface where lifeforms such
as tiny, tube-like salps sequester carbon as they feed on algae.

Related in mission if not in name, smmnuly carbon-capture technologies, which

lly aren't consid g, are equally inventive: Skyonic,
a Texas-based startup, capiures carbon dioxide at power plants (a relatively well-
proven technology) and mixes it wilh sodium hydroxide to render high-grade baking
soda A pilot version of the system is operating at the Brown Stream Electric Station
in Fairfield, Texas. To the west in Tucson, Arizona, Global Research Technologies, the
only company in the world dedicated to carbon capture from ambient air, recently dem-
onstrated a working "air extraction” prototype—a kind of carbon dioxide vacuum that
stands upright and is about the size of a phone booth. Meanwhile, GreenFuel Technol-
cgies Corporation, in collaboration with Arizona Public Senice Company, is recycling
carbon dioxide emissions from power plants by using it to grow biofuel stock in the
form of—what else?—algae. KIRSTEN JERCH

to produce this effect, additional acro-
sols from geoengineering would destroy
even more ozone and increase damaging
ultraviolet flux to Earth's surface.

4. Effects on plants. Sunlight scat-
ters as it passes through stratospheric
acrosols, reducing direct solar radia-

5. More acid deposition. If sulfate is
injected regularly into the stratosphere,
no matter where on Earth, acid deposi-
tion will increase as the material pass-
es through the troposphere—the atmo-
spheric layer closest to Earth's surface.
In 1977, Russ!:m cllmamlog:s: Mikhail
Budy} lated that the addirional

tion and i g diffusc radi

‘with important biological consequences.
Some studics, including one that mea-
sured this effect in trees following the
Mount Pinatubo cruption, suggest that
diffuse radiation allows plant canopies
to photosynthesize more efficiently,
thus i g their cap as a car-

acidity caused by sulfate injections would
be negligibly greater than levels that re-
sulted from air pollution.® But the rele-
vant quantity is the total amount of acid
that reaches the ground, including both
wet (acid rain, snow, and fog) and dry de-

ition (acidic gases and particles). Any

bon sink.® At the same time, inserting
aerosols or reflective disks into the at-
mosphere would reduce the total sun-

additional acid deposition would harm

the ecosystem, and it will be important to

undcrsr:md the consequences of exceed-
Kol

light to reach Earth's surface. Scientist
need to assess the impacts on crops and

ing 1 thresholds. Fur-
thermore, more a:idjc particles in the tro-

natural vegetation of in total,
diffuse, and direct solar radiation.

posp would affect public health, The
effect may not be large compared to the

impact of pollution in urban arcas, but in.
pristine arcas it could be significant.

6. Effects of cirrus clouds. As acrosol
particles injected into the stratosphere
fall to Earth, they may seed cirrus cloud
formations in the troposphere.t Cirrus
clouds affect Earth's radiative balance
of i g and outgoing heat, although
the amplitude and even direction of the
effects are not well understood. While
evidence exists that some volcanic acro-
sols form cirrus clouds, the global effect
has not been quantified.2

Is Whitenlng ofthe sky (but nice

ic ls close to
the size nfthc waw:lcngﬂl of light produce
a white, cloudy appearance to the sky.
They also contribute to colorful sunsers,
similar to those that occur after voleanic
cruptions. The red and yellow sky in The
Scream by Edvard Munch was inspired
by the brilliant sunsets he witnessed over
Oslo in 1883, following the cruption of
Krakatau in Indonesia.” Both the disap-
pearance of blue skies and the appearance
of red sunsets could have strong psycho-
logical impacts on humanity.

8. Less sun for solar power. Scicn-
tists estimate that as little as a 1.8 percent
reduction in incoming solar radiation
would compensate for a doubling of at-
mospheric carbon dioxide. Even this
small reduction would significantly affect
the radiation available for solar power
systems—one of the prime alternate
methods of generating clean energy—
as the response of different solar power

to total availat light is not
lincar. This is especially true for some
of the most efficiently designed systems
that reflect or focus direct solar radiation
on one location for direct heating. Fol-
lowing the Mount Pinatubo eruption and
the 1982 eruption of El Chichén in Mex-
ico, scientists observed a direct solar ra-
diation decrease of 25-35 percent.t

9. Environmental impacts of im-
plementation. Any system that could
inject acrosols into the stratosphere, i.c.,
commercial jetliners with sulfur mixed
into their fuel, 16-inch naval rifles firing
t-ton shells of dust vertically into the alr
or hoses ded from pt
balloons, would cause enormous envi-
ronmental damage. The same could be
said for systems that would deploy sun




shiclds. University of Arizona astrono-
mer Roger P, Angel has proposed put-
ting a fleet of 2-foot-wide reflective disks
in a stable orbit between Earth and the
sun that would bend sunlight away from
Earth.' But to get the necded trillions of
disks into space, engincers would need
20 electromagnetic launchers to fire mis-
siles with stacks of Boo,000 disks every
five minutes for twenty years. What
would be the atmospheric effects of the
resulting sound and gravity waves? Who
would want to live nearby?

10. Rapid ing if deploy t
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(Boston's “Big Dig"” to reroute an inter-
state highway under the coastal city,
one of | kind's greatest
feats, is only one cxample that was years
overdue and billions over budget.) Angel
estimates that his scheme to launch re-
flective disks into orbit would cost "a few
trillion dollars,” British cconomist Nich-
olas Stern’s calculation of the cost of cli-
mate change as a percentage of global
GDP (roughly $o trillion) is in the same
ballpark; Angel's estimate is also orders
of magnitude greater than current glob-
al i inr le energy tech-

stops. A technological, socictal, or po-
litical crisis could halt a project of

t pheric acrosol inj in mid-
deployment. Such an abrupt shift would
result in rapid climate warming, which
would produce much more stress on

nology. Wouldn't it be a safer and wiser
investment for socicty to instead put that
money in solar power, wind power, ener-

gy effi and carbon

15. C trol of technol
EY- Who would end up controlling geoen-
gineering Governments? Private

society and than dual
global warming.”

11. There's no going back. We don't
know how quickly scientists and engi-
neers could shut down a geoengineer-
ing system—or stem its effects—in
the event of excessive climate cooling
from large volcanic eruptions or other

companics holding patents on proprictary
technology? And whose benefit would
they have at heart? These systems could
pose issucs analogous to those raised by
pharmaceutical companics and energy
conglomerates whose products ostensi-
bly serve the public, but who often value

causes. Once we put Is into the
atmosphere, we cannot remove them.
12. Human error. Complex mechan-
ical systems never work perfectly. Hu-
mans can make mistakes in the de-
sign, manufacturing, and operation of
such systems. (Think of Chernobyl,
the Exxon Valdez, airplane crashes, and
fricndly fire on the battlefield.) Should
we stake the future of Earth on a much
" q

Ider profits over the public good.

16. Military use of the technolo-
£Y. The United States has a long history
of trying to modify weather for military
purposes, including inducing rain during
the Vietnam War to swamp North Viet-
namese supply lines and disrupt antiwar
protests by Buddhist monks.” Eighty-five
countries, including the United States,
have signed the U.N. Convention on the

more comp arrang than
these, built by the lowest bidder?

13. Undermining emissions miti-
gation. If humans perceive an casy tech-
nological fix to global warming that al-
lows for “business as usual,” gathering
the national (particularly in the United
States and China) and international will

Prohibition of Military or Any Other Hos-
tile Use of Environmental Modification
Technigues (ENMOD), but could tech-
niques developed to control global cli-
mate forever be limited to peaceful uses?

and environmental effects of a given
geoengineering project, and political
leaders could muster the public support
and funding to implement it, how would
the world agree on the optimal cli-
matc? What if Russia wants it a couple
of degrees warmer, and India a couple
of degrees cooler? Should global climate
be reset to preindustrial temperature or
kept constant at today’s reading? Would
it be possible to tailor the climate of
cach region of the planet independent-
ly without affecting the others? If we
F d with g gi ing, will we
provoke future climate wars?

19. of moral horil
Ongoing global warming is the result of
inadvertent climate modification. Hu-
mans emit carbon dioxide and other
greenhouse gases to heat and cool their
homes; to grow, transport, and cook
their food; to run their factories; and to
travel—not intentionally, but as a by-
product of fossil fucl combustion. But
now that humans are aware of their ef-
fect on climate, do they have a moral
right to continue emitting greenhouse
gases? Similarly, since scientists know
that stratospheric aerosol injection, for
example, might impact the ecosphere,
do humans have a right to plow ahead
regardless? There's no global agency to
require an environmental impact state-
ment for geoengineering. So, how should
humans judge how much climate control
they may try?

20. Unexpected consequences. Sci-
entists cannot possibly account for all of
the complex climate interactions or pre-
dict all of the impacts of geoengincer-
ing. Climate models are improving, but
scientists are discovering that climate is
changing more rapidly than they predict-

17. Conflicts with
The terms of ENMOD explicitly prohib-
it “military or any other hostile use of

ed, for the g and un-
precedented extent to which Arctic sea
ice melted during the summer of 2007.
ientists may never have enough confi-

to change ption | and en-
ergy infrastructure will be even more dif-
ficult.*® This is the oldest and most persis-

having widespread, long-lasting or se-

dence that their theories will predict how

wvere effects as the means of d
i or injury to any other State

tent against
14. Cost. Advocates casually claim

Party.” Any geoengineering scheme that
| ly affects | climate, for ex-

that it would not be too expensive to
impl . gineos Tuthots bk
there have been no definitive cost stud-
ies, and estimates of large-scale govern-
ment projects arc almost always too low,

ample, producing warming or drough
would therefore violate ENMOD,

18. Control of the thermostat. Even
if scientists could predict the behavior

well ing can work.
‘With so much at stake, there is reason 1o
waorry about what we don't know.

THE REASONS WHY GEOENGINEERING
may be a bad idea are manifold, though

a & nt in
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AN ETHICAL ASSESSMENT OF GEOENGINEERING

geoengineering research might help scien-
tists to determine whether or not it is a bad
idea. Still, it’s a slippery slope: 1 wouldn't

d actual small-scale stratospher-

ile there are many s about the feasibility, cost, and atf |
g ineering plans, my gue Alan Robock has been the most sys- | i€ exp unless comprehensive cli-
tematic and persistent of a number of scientists in raising ethical quandari mate results could first show

about the enterprise. But just how serious are these ethical quandaries?

Most science poses risks of unintended consequences, and lots of science raises
issues of commercial and military control. At issue here is whether there is any reason
to bebieve er anfe that these are special or unusually large risks. Merely asserting them
does not ground an abjection per se.

Mat all of Robock's concems involve ethics, bul of those that do, some involve issues

that we could avoid at least all of the po-
tential consequences we know about.
Duc to the inherent natural variability of
the climate system, this task is not trivi-
al. After that there are still the unknowns,
such as the long-term cffects of short-term
heric acrasols have

of procedural justice (such as who decides) whils others involve matters of
justice (such as uneven benefit and harm). To simplify things, let's assume that inject-
ing aerosols into the stratosphere successfully cooled Earth without any untoward ef-
fects and with evenly distributed benefits, One might still object that there are issues of
procedural justice involved—whao decides and whao controls. But such concems don't
get much traction when everyone benefits.

Let's pull back from this idealization to imagine an cutcome that invalves untoward

an atmospheric lifetime of a couple years.

Solving global warming is not a difficult
technical problem. As Stephen Pacala and
Robert Socolow detail with their popular
wedge model, a combination of several
specific actions can stabilize the world's

consequences and an uneven distribution of benefits, We deal with by
balancing them against the benefits of our inferventions. The issue is whether or not we
can obtain refiable estimates of both risks and benefits without full-scale implementa-
fion of the planned intervention. Wi already know from modeling that the impact of any
such intervention will be uneven, but again, without knowing what the distribution of ben-
efit and harm would be, it's hard to estimate how much this matters. Let's differentiate
two circumstances under which going ahead with the intervention might be judged: One
is where everyone benefits, while the other is a circumstance in which something less
is the case. A conservative conclusion would be 1o say that beyond modeling and con-
tralled, low-level tests (if the modeling justifies it), we shouldn't sanction any large-scale

greenhouse gas hl
disagree with their proposal to use nu-
clear power as one of their “wedges."?
Instead, the crux of addressing glob-
al warming is political. The U.S. govern-
ment gives multibillion-dollar subsidics
to the coal, oil, gas, and nuclear indus-
trics, and gives little support to alterna-
tive energy sources like solar and wind
power that could contribute tw a solu-
tion. Similarly, the federal government is

interventions unless they ane in everyone's interest. A slightly eased condition, prop
by the philosopher Dale Jamieson, would be that at least nobody is worse off. That may

squashing attempis by states ro mandate
issi reducti If global warm-

not be as farfetched a condition as one might think, since, in the end, we are i
{his intervention as a means to balance a risk we all face—global warming.

But suppase there are isolated livelihoods that only suffer negative effects of geoen-
gineering. Then numbers begin fo matter. In the case that a gecengineering scheme
were to harm the few, we should have the foresight to be able to compensate, even if
doing 50 requires as drastic as ing populations. | don't mean to over-

ing is a political problem more than it is
a technical problem, it follows that we
don't need geoengineering to solve it.

The U.N. Framework Convention on
Climate Change defines “dangerous an-
4 £ e * a5 inad

simplify a complicated issus, but objection to any negative q
isn't a strong enough argument to end discussion.

More trenchant is the worry that the mere pessibility of gecengineering would un-
dermine other efforts fo decrease our carbon output Such moral hazard is a familiar
worry, and we don't let it stop us in other areas: Antilock braking systems and airbags
may cause some to drive more recklessly, but few would let that argument outweigh
the overwhelming benefils of such safety features.

As Robock correclly asserts, the crux of addressing global warming may be a
political—not a scientific—problem, but it doesn't follow that we may not need geoen-
gineering to solve it If it is a political problem, it is a global political prablem, and getting
global agreement to curb greenhouse gases is easier said than done.

With geoengineering, in principle, one nation or agent could act, but a challenge arises
if the intervention is cerfain to have uneven impacts among nations. At this early stage,
there is no cost associaled with improving our ability to quantify and describe what those
inequalities would look Bee. Once we have those answers in hand, then we can engage in
serious ethical consideration over whether or not to act. MARTIN BUNZL

Martin Bunzi is a professor of philosaphy at Rugers University,

climate effects. However, states must also

1l ider g ineering in their
pledge to prevent dangerous anthropogen-
ic interference with the climate system. B

FOR NOTES, PLEASE SEE P.53.

Al Robock i director of the meteorology under-
of the Center
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Benefits, risks, and costs of stratospheric geoengineering

Alan Robock,! Allison Marquardt,! Ben Kravitz,' and Georgiy Stenchikov'?
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[1] Injecting sulfate acrosol pi into the ph will be called * ineering™ here, recognizing that others
has been suggested as a means of geoengineering to cool  have a more inclusive definition of ing that can
the planet and reduce global warming. The decision to  include lmpusphnnc cloud mndlﬁcalmn, carbon capture and
implement such a scheme would require a ison of its and other pro

benefits, dangers, and costs to those of other responses 1o [Ji The decision to impl will require

global warming, including doing nothing. Here we evaluate
those factors for strtospheric geoengineering with sulfate
aerosols, Using existing U.S. military fighter and tanker
planes, the annual costs of injecting aerosol precursors into
the lower stratosphere would be several billion dollars, Using
artillery or balloons to loft the gas would be much more
expensive. We do not have enough ml’mmnuun to evaluate

such as g the gas up through a
hose attached 1o a tower or balloon system. Anthropogenic
stratospheric aerosol injection would cool the planet, stop the
melting of sea ice and land-based glaciers, slow sea level rise,
and increase the terrestrinl carbon sink, but produce regional
drought, ozone depletion, less sunlight for solar power, and
make skies less blue. Furthermore it would hamper Earth-
based optical astronomy, do nothing to stop ocean
scidification, and present many ethical and moral issues.
Further work is needed to quantify many of these faciors
to allow informed decision-making. Citation: Robock, A,
Al Muqumdl. B. Kravitz, and G. Stenchikov (2009), Benefits,
risks, and costs of stratospheric geoengineering, Geophys. Res.
Lett., 36, L]mﬂ doi:10.1029/2009GLO39209,

1. Introduction

a1 (iioba.l wummg will nunlmu: for decades due to
of gases and aerosols

[.Frrrrrgovemmeﬂmf Panel on Climate Change (IPCC),
2007a], with many negative consequences for society
[{PCC, 2007b]. Although currently impossible, s there are
no means of injecting acrosols or their precursors into the
stratosphere, the pnssl ility of geoengineering the climate is
now being dlacussed in .nddmun to the conw.-nllmll pwntml

of

[."PCC 2007¢]. While originally suggested by End)wa [I974
1977], Dickinson [1996], and many others (see Robock ef al.
[2008] and Rasch er al. [2008a] for @ comprehensive list),

a comparison of its benefits, dangers, and costs to those of
other responses to global warming. Here we present a brief
review of these factors for geoengineering. It should be
noted that in the three years since Crutzen [2006] and Wigley
[2006] suggested that, in light of no progress toward mitiga-
tion, geoeng may be to reduce the most
severe impacts of global warming, there has still been no
global progress on mitigation. In fact, Mauna Loa data show
that the rate of CO; increase in the atmosphere is actually
rising. However, the change of U.S. administration in 2009
has completely changed the U.S. policy on global warming.
In the past eight years, the US. has stood in the way of
international progress on this issue, but now President
Obum is planning to lesd a global cl‘l‘nn toward a
T in Copenhagen in D ber 2009,
If geoengineering is seen as a potential low-cost and easy
“solution” to the problem, the public backing toward a
mitigation agreement, which will require some short-term
dislocations, may be eroded. This paper, therefore, is
intended to serve as useful information for that process.
[s] Crutzen [2006], Wigley [zoos]. and others who have
d that g as a response
1o slul;al w-mung have :mphmz,ed that mitigation is the
preferable response and that geoengineering should only be
considered should the planet face a climate change emer-
gency. However, there are no international govemnance
mechanisms or sundn:ds llmt would allow the determination
of such an should g
begin, it would have m continue for decades, and the
decision to stop wwl:t be even more difficult, what with
1 and interests in the
project as well as concerns for the additional warming that
would result.
[;i Robock [2008a] presented 20 reasons why geo-
engineering may be a bad idea. Those reasons are
updated here. However, there would also be benefits of

Crutzen [2006] and Wigley [2006] rekindled interest in
stratospheric geoengineering using sulfate aerosols. This
proposal for “solar radiation management,” 10 reduce inso-
lation with an anthropogenic stratospheric aerosol cloud in
the same manner as episodic explosive voleanic eruptions,

'Depastment. of Enviroamental Sciences, Rutgers University, New
Brunswick, New Jerscy, USA.

*Naw at Depwmuu of Environmental Science, King Abdullab
University of Science and Techniology, Thuwal, Saudi Arsbia.

ight 2009 by the American Geophysical Union.
DOS4-2 7609 2005GLOIG209505.00

against which the risks must be weighed.
So first we discuss those benefits, then the risks, and finally
the costs. As the closest natural analog, examples from the
effects of volcanic eruptions are used to illustrate the
benefits and costs.

2. Benefits

[6] The benefits of stratospheric geoengineering are listed
in Table 1. Both observations of the response of climate to
Iarge explosive volcanic eruptions [Robock, 2000] and all
modeling studies conducted so far [e.g., Teller et al., 1997,
1999, 2002; Govindasany and Caldeira, 2000; Govindasamy

L19703
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g aerosol cloud would depend on
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Table 1. Benefits and Risks of pheric Geoengineering®
Benefits Risks

1. Cool planct 1. Drought in Africa lndAdl

2. Continwed occan

the optical dq:ﬂh of the cloud, and these observed effects of
episodic eruptions may not produce a permanent vegetalive
as the i ndjusls 1o this :hanged mwiai.wu

fram €Oy
1. Guone depletion

ice sheet melting 4. No mare blue skics
4. Rexduce or reverse 5. Less solar power
sca Joved rise &&\an
5. Increase plant p
6, Increass terrestrial CO; sink Tlhp‘dwumull'uwwd
8. Cannot stop effects quickly
9. Human ermos
10. Unex|

11. Commercial control

12, Military use of technology
13. Conflscts with current treatics
14. Whose hand on the thermostar?

N L this shows that geo-
engineering may pﬂw:de a substantial increased CO; sink
to counter anthropogenic emissions. This increase in plant
productivity could also have a positive effect on agriculture.

3. Risks

[s] Thep | benefits of it
must be evaluated in light of a large number of pw:nml
negative effects [Robock, 2008a]. While most of those
concems are still valid, three of them can now be removed.
As discussed above, the effects of the change in diffuse and
direct radiation on plants would in general be positive.
Kravitz et al. [2009] have shown that the excess sulfate
acid deposition would not be enough to disrupt ecosystems.
And below we show that there are potentially airplane-

*The right colunn is an update of Robock [2008a].

et al., 2002, 2003; Wigley, 2006; Raseh et al., 2008a, 2008b;
Robock et al., 2008; Lenton and Vaughan, 2009] show that
with sufficient stratospheric sulfate aerosol loading, back-
scattered insolation will cool Earth. The amount of cooling
depends on the amount of acrosols and how long the acrosol

based inj systems that would not be overly costly as
compared to the cost of mitigation, But there still remains a
long list of negative effects (Table 1).

[#] Two of the reasons in the list have been strengthened
by recent work. Tilmes et al. [2008] used a climate model
to show that mdeed su'amsphmc geo:ngmeenng would
produce 1 ozone depl the end of
the Antarctic ozone hole by several decades and producing
ozone holes in the Arctic in springs with a cold lower

cloud is 1 in the b Many nega
1 lated with global

p fglobal gly

average surface air temperature, so it would in theory be

Murphy [2009] used observations of direct
solar energy generation in California after the 1991 Pinatubo
eruption and showed lhnl setmnm went from 90% of peak

possible to stop the rise of global even
lower it, thus ameliorating these m!pw; For example,
reduced temperature would slow or reverse the current
downward trend in Arctic sea ice, the melting of land glaciers,
including Greenland, and the rise of sea level.
[7] Observations afier large voic.amc cruptions show that
heric sulfate aerosols change the p
ing of downward solar flux into direct and diffuse [Robock,
2000]. After the 1982 El Chichén eruption, observations at
the Mauna Loa Observatory in Hawaii on momings with
clear skies, at a solar zenith angle of 60° equivalent to two
relative air masses, showed a penk change of dwnward
direct insolation, from $15 W m™ to 340 W m™2, while
diffuse radiation increased from 40 W m—2 to 180 W m~2
[Robock, 2000]. A similar effect was observed after the 1991
Mt Pinatubo eruption. While the change nl'rm radiation after
El Chichén was a reduction of 35 W m™>, this shift to an
increase of the difTuse portion actually pmdur.ed an increase
of the growth of terrestrial vegetation, and an increase in the
terrestrial CO; sink. Gu eral, [1999, 2002, 2003], Roderick et
a.f [2001), and Farguhar and Roderick [2003] suggested that
i diffuse radiation allows planl pies to photo-
hesize more efficiently, i g the CO;, sink. Gu et al.
[2003] actually measured this effect in trees following the
1991 Pinatubo eruption. While some of the global increase
in CO; sinks following volcanic eruptions may have been due
to the direct temperature effects of the eruptions, Mercado
et al. [2009] showed that the diffuse radiation effect
produced an increase sink of about 1 Pg C a™" for about
one year following the Pinatubo eruption. The effect of a

capacity in non 1o 70% in summer 1991
and to less than 60% i in summer 1992,
[w] One  additi bl with pheric geo-

engineering has also heoume evident. There would be a
major impact on terrestrial optical astronomy. Astronomers
spend billions of dollars to build mountain-top observato-
ries to get above pollution in the 10w=r lmpoq:hcm
G ing would put p P ion above
these telescopes.

4. Costs

[11] Rebock [2008a] suggested that the construction and
operation of a system to inject aerosol precursors into the
stratosphere might be very expensive. Here we analyze the
costs of three suggested md.hods of placing the aerosol

into the 1 artillery shells,
and stratospheric balloons (Figure | and Table 2). Bncanst
such systems do not Iy exist, the esti
here are ranJ: but provide quanl!umvc starting pomts for
further d of the p of g
Even if sulfate aerosol puulrsors could be lruomd into Ihe
stratosphere, it is not clear that acrosols could be created of
a size range with an effective radius of about 0.5 um, like
voleanic aerosols, that would be effective at cooling the
planet. Some of these issues were discussed by Raseh e al.
[2008a). Can inj be igned o give
initial acrosol sizes? If m_peclnd into an ::ustm,g sulfate
cloud, would the existing aerosols just grow at the expense
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Figure 1. Proposed methods of i aerosol inj A in top location would require less energy for

lofting to stratosphere. Drawing by Brian West.

of smaller ones? These important topics are currently being
investigated by us, and here we limit the discussion to just
getting the precursor gases into the stratosphere.

[12] Figure 1 is drawn with the injection systems on a
mountain and with the supplies arriving up the mountain by
truin, If the injection systems were placed on a2 mountain
top, the time and energy needed to get the material from the
surface to the stratosphere would be less than from sea level,

Table 2. Costs for Different Methods of Injecting 1 Tg of a Sulfur Gas Per Year Into the

Gunnbjom Mountain, Greenland, is the highest point in the
Arctic, reaching an altitude of 3700 m, In the tropics, there
are multiple high altitude locations in the Andes,

[13] The 1991 M. Pinawbo eruption injected 20 Tg SO,
into the tropical lower stratosphere [Bluth et al., 1992],
which formed sulfate aerosols and cooled the climate for
about two years. As discussed by Robock er al. [2008], the
equivalent of one Pinatubo every 4-8 years would be

Payload Ceiling Purchase Price
Method fioas) (lm) Mumber of Units (2008 Dollars) Annual Cost
F-15C Eagle 8 0 167 with 3 flights/day §6,613,000,000 $4,175,000,000°
KC-135 Tanker 91 15 15 with 3 flights/day STHS, 000,000 375,000,000
KC-10 Extender 160 13 9 with 3 flights/day §1,050,000,000 $225,000,000*
Maval Rifles (%] 5,000 shots per day included in annual cost S30,000,000,000
5 ic Balloons 4 37,000 per day includled in annual cost $21,000,000,000 - $30,000,000.000

"Airplane data from Air Combat Command (2008), Air Mabitity Command (2008, 2008b). Sce text for sousces of data for nirplanes. Costs in last
two lines from COSEPUP [1992]. Conversion from 1992 and 1998 dollars to 2008 dollars (latest data available) using the Camsumer Price Index (hetpelf

www. micasusingworth. com/ascompare/),
¥If operation costs were the same per plane as for the KC-135,
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Figure 2. U.S. military planes that could be used for
geoengineering. (a) F-15C Eagle (hup:/www.af.mil/shared/
media/photodb/photos 0606 14-F-8260H- SIOJPG] (l:] KL‘ 10
Extender (hup://www.af.mil/shared/medi

ke_10.jpg).

required slop global warmmg or ew:n redn:e glohnl
in spite of conti
[u] While volcanic eruptions :ruecl moslly S0y into the
stratosphere, the relevant quantity is the amount of sulfur. If
HaS were injected instead, it would oxidize quickly to form
503, which would then react with water to form H;S0,
droplets. Because of the relative molecular weights, only
2.66 Tg of HyS (molecular weight 34 g mol™") would be
required to produce the same amount of sulfate acrosols as
5 Tg of 50; (molecular weight 64 g mol™'). Since there
are choices for the desired sulfate aerosol precursor, our
calculations will be in terms of stratospheric injection of
any gas. HaS, however, is more cormosive than SO; [e.g.,
Kieber et al., 2008] and is very dangerous, so it would
probably not be the gas of choice. Exposure to 50 ppm of
HiS can be fatal [Kilburn and Warshaw, 1995]. HaS was
even used for a time as a chemical warfare agent in World
War | [Croddy et al., 2001). However, 100 ppm of SO; is
50 g to life and health™
[Agency for Toxic Sltbumm:ts and Disease Regisiry, 1998].
[12] If the decision were ever made to implement geo-
engineering, the amount of gas to loft, the timing and
location of injections, and how to produce acrosols, would
have to be considered, and these are issues we address in
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other work [Rasch ef al., 2008a). Here we just examine the
question of the cost of lofting 1 Tg e!’ a sulfur gas per year
into the phere. Other more sy
suggestions, such as engineered acrosols [e g Teller et al.,
1997], are not considered here,

[|s] Our work is an updnl: and expansion of the first

itiee on Science En

and Public Policy (C‘OSEFUF) [1992]. While Ihe)' listed
“Stratospheric Bubbles; Place billions of aluminized, hydro-
gen-filled balloons in the here to provide a refl
sereen; Low Stratospheric Dust; Use aircrafi to maintain a
cloud of dust in the low stratosphere to reflect sunlight;
Low Stratospheric Soot; Decrease efficiency of buming in
engines of aircraft flying in the low stratosphere to maintain
a thin cloud of sool to intercept sunlight” among the
possibilities for geoengineering, they did not evaluate the
costs of airerafl or siratospheric bubble systems.

[+7] Rather than cooling the entire planet, it has been
suggested that we only try to modify the Arctic to prevent a
sea ice-free Arctic summer and to preserve the ice sheets in
Greenland while d [Lane et al,
2007; Caldeira and Hr'a\nd' 2008] A disadvantage of Arctic
injection is that the acrosols would only last a few months
rather than a couple years for tropical injection [Roback et al.,
2008]. An advantage is that they would only need 1o be
injected in spring. so their strongest effects would occur
over the summer. They would have no effect in the dark
winter. One imponant difference between tropical and Arctic
injections is the height of the tropopause, which is about
16 km in the tropics but only about 8 km in the Arctic.
These different heights affect the capability of different
injection schemes to reach the lower stratosphere, and we
consider both cases here.

[|n] In addition to these costs wnulc[ be the cost of the

and to the deploy point of the
sulfur gas, COSEPUP [I991] csumaled the price of $O; o
be $50,000,000 per Tg in 1992 dollars, and HS would be
much cheaper, as it is currently removed from oil as a
pollutant, so the price of the gases themselves would be a
minor part of the total. The current bulk price for liquid
80, is $230fton or $230,000,000 per Tg [Chemical
Prafiles, 2009].

4.1.  Airplanes
[19] Existing small jet fighter planes, like the F-15C Eagle
(Figure 2a), are capable of flying into the lower stratosphere
in the tropics, while in the Arctic, larger planes, such as
the KC-135 ker or KC-10 E: der (Figure 2b).
are capable of reaching the required altitude. Specialized
aircraft such as the American Lockheed ER-2 and
the Russian M35 Geophysica, both based on Cold War spy
planes, can also reach 20 km, but neither has a very large
payload or could be operated continuously to deliver gases
to the The Northrop G RQ-4 Global
Hawk can reach 20 km without a pilot but costs twice as
much as an F-15C. Cumrent designs have a payload of
1=1.5 tons. Clearly it is possible to design an autonomous
specialized aircraft to loft sulfuric acid precursors into the
lower stratosphere, but the current analysis focuses on exist-
ing aircraft,
[20] Options for dispersing gases from planes include the
addition of sulfur to the fuel, which would release the
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aerosol through the exhaust system of the plane, or the
attachment of a nozzle o release the sulfur from its own
tank within the plane, which would be the better option.
Puiting sulfur in the fuel would have the problem that if the
sulfur concentration were too high in the fuel, it would be
corrosive and affect combustion. Also, it would be neces-
sary to have separate fuel tanks for use in the stratosphere
and in the troposphere 1o avoid sulfate aerosol pollution in
the troposphere.

[21] The military has already manufaciured more planes
than would be required for this geoengineering scenario,
potentially reducing the costs of this method. Since climate
change is an important national security issue [Schwartz and
Randall, 2003], the military could be directed to carry out
this mission with existing aircraft at minimal additional
cost. Furthermore, the KC-135 fleet will be retired in the
next few decades as a new generation of serial tankers
replaces it, even if the military continues to need the in-flight
refueling capability for other missions.

[22] Unlike the small jet fighter planes, the KC-135 and
KC-10 are used to refuel planes mid-flight and already have
a nowzle installed. In the tropics, one option might be for the
tanker to fly to the upper troposphere, and then fighter
planes would ferry the sulfur gas up into the stratosphere
(Figure 2b). It may also be possible to have a tanker tow a
glider with a hose to lofi the exit nozzle into the stratosphere.

[23] In addition to the issues of how to emit the gas as a
function of space and time to produce the desired aerosols,
another concem is the maximum concentration of sulfate
aserosols through which airplanes can safely fly. In the past,
noticeable damage has oceurred to airplanes that fly through
plumes of volcanic ash containing 503 In June, 1982, after
the eruption of Galunggung volcano in Java, Indonesia, two
passenger planes flew through a volcanic cloud. In one case
the windows were pitted, volcanic ash entered the engines
and thrust was lost in all four engines. In the other case, the
same thing hlppened, with the plane descending 7.5 km
before the engines could be restarted [MeClelland er al.,
1989]. While the concentration of sulfate in the
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ing by a factor of 1.32 using the Consumer Price Index (5. H.
Williamson, Six ways to compute the relative value of 2 U.S,

dollar amount, 1774 10 present, Mcasunnng‘lh 2008,

available at hutp:/fww P

If existing aircraft were converted 1o geoengineering use,
the cost would be much less and would only be for retrofitting
of the airplanes to carry a sulfur gas and installation of the
proper nozzles. The annual cost per aireraft for personnel,
fuel, maintenance, modifications, and spare parts for the
older E model of the KC-135 is $4.6 million, while it is
about $3.7 million for the newer R model, based on an
average of 300 flying hours per year [Curtin, 2003].

[25] We postulate a schedule of three flights per day,
250 days per year, for each plane. If each flight were 2 hours,
this would be 1500 hours per year. As a rough estimate, we
take $5 million per 300 hours times 5, or $25 million per year
in operational costs per airplane, If we use the same estimates
for the KC-10 and the I-'AESC We can get an upper bonnd on
the annual costs for using these airpl for geoeng
as we would expect the KC-10 1o bechcape' as it is newer
than the KC-133, and the F-15C to be cheaper, just because
it is smaller and would require less fuel and fewer pilots.

4.2, Artillery Shells

(6] COSEPUP [1992] made calculations using 16-inch
(41-cm) naval rifles, assuming that aluminum oxide (Al;Os)
dust would be injected into the stratosphere, They envisaged
40 10-barrel stations operating 250 days per year with each
gun barrel replaced every 1500 shots. To place 5 Tg of
material into the stratosphere, they estimated the annual
costs, including ammunition, gun barrels, stations, and per-
sonnel, as $100 billion (1992 dollars), with the cost of the
AlO; only $2.5 million of the total. So the cost for 1 Tg
would be $30 billion (2008 dollars). It is amusing that they
conclude, with a total lack of irony, “The rifles could be
deployed at sea or in empty areas (e.g., military reservations)
where the noise of the shots and the fallback of expended
shells could be managed.™

would be less than in a plume like this, and there would be
no ash, there could still be sulfuric acid damage to airplanes.
In the year after the 1991 Pinatubo eruption, airplanes
reported acid damage to windows and other paris. An
engineering study would be needed to ascenain whether
regular flight into a stratospheric acid cloud would be safe,
and how much Imm it would do lo mplanes

[24] The I for in
Table 2. We assume that the sulfur gas wlll be carried in
the cargo space of the airplane, completely separate from
the fuel tank. The cost of each plane comes from Air

43, 8 pheric Ball
[27] Requiring no fuel, weather balloons are launched on
a daily basis to high levels of the atmosphere. Balloons can
made out of either rubber or plastic, but plastic would be
needed due to the cold temperatures at the tropical tropo-
pause or in the Arctic as Tubber t
would break p ly. Weather ball are typically
filled with heimm. but hydrogen (Ha) is less cxpcnsnw: and
more buoyant than helium and can also be used safely to
inflate balloons.
[:n] Balloons could be used in several wuys for geo-

Combat Command (F-15 Eagl:. Air Force Link F:

As suggested by L. Wood (p
ication ZD'DE} a tethered balloon cauld float in the

2008, at hitpz// /factsheels'
facisheet.asp?id=101) for the F 15C ($29.9 million), Air
Mobility Command (KC-10 Extender, Air Force Link
Factsheets, 2008, available at hitp://www.almilinformation/
factsheets/factshectasp?id=109) for the KC-10 ($88.4 million),
and Air Mobility Command (KC-135 Swratotanker, Air
Fom Llnk P.-mstu:us 2008 available at http://www.afmil/

h Pid=110) for the KC-135
($39.6 million), in 1998 dollars, and in Table 2 is then
converted 1o 2008 dollars (latest data available) by multiply-

stratosphere, suspending a hose to pump gas upwards. Such
a system has never been ds i and should probabl.

be included in the next section of this paper on exotic future
ideas. Another idea is to use aluminized long-duration
balloons Moating as reflectors [Teller er al, 1997], but
again, such a system depends on future technology devel-
opment. Here we discuss two options based on cument
technology: lofting a payload under a balloon or mixing Hz
and HS inside a balloon. In the first case, the additional
mass of the balloon and its gas would be a weight penulty,
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The maximen height of an untapersd
calumn that ean fest support B own waight
s Wustrated in these three towers for stesl,
aluminum, and carbon/epaxy canposite
= 11&km

compasits fower limi
* 15:km aluminum tower limil

« 5-km stoal bwer Emit

Figure 3. The maximum height of an untapered tower that
can support its own weight, showing that one tower on the
Equator could be used for stratospheric geoengineering. (From
“Space Elevator Schematics™ page at end of Smitherman
[20007).

but in the second case, when the balloons burst, the HyS
would be released into the stratosphere.

[2] COSEPUP [1992] discussed a system 1o loft a pay-
load under large Hy balloons, smaller multi-balloon systems,
and hot air balloons. To inject | Tg of HaS into the

with Hy ball the cost including balloans,
dust, dust di i hyd , stations, and
personnel, was estimated to be $20 million, which would
be $30 million in 2008 dollars, Hot air balloon systems would
cost 4 1o 10 times that of using H; balloons.

[30] We examined another idea, of mixing Hy and H;S
inside a balloon, and then just releasing the balloons 1o rise
themselves and burst in the stratosphere, releasing the gases.
The H;$ would then oxidize to form sulfate aerosols, but
the Hy would also have stratospheric impacts. Since HpS
has a molecular weight of 34 g/mol, as compared to 29 g/mol
for air, by mixing it with Hz, balloons can be madc buornnL
The standard b y of weather ball
air is 20%. The tnrgu:st standard weather balloon available is
model number SF4-0.141-3/0-T from Aerostar Intemna-
tional, with a maximum volume of 3990 m’, and available
in quantities of 10 or more for $1,711 each. The balloons
would burst at 25 mb.

[31] To calculate the mix of gases, if the temperature at
25 mb is 230 K and the balloon is filled at the surface at a
pressure of 1000 mb and a temperature of 293 K, then the
volume of the balloon would be:

25 mb
10060 mb

293 K
¥ o= 3990 m' x mKumm’ (1)

AND COSTS OF GEOENGINEERING L19703

The mass of air displaced would be:

T
mu':f_ 1000 mb = 12 st ke @
BT —— =29
Bkst 3K

To produce the required buoyancy, the balloon with its
mixture of Hy and H;S would have 2 mass m' = m/1.2 =
125.9 kg. Nommally a weather balloon is filled with He,
allowing it to lift an additional payload beneath it. In our
case, the payload will be the HpS inside the balloon. Since
each balloon has a mass of 11.4 kg, the total mass of the
gases would be 114.5 kg, To produce that mass in that
volume would require 2 mixture of 37.65% Hj and 62.35%
H3S by volume, for a total mass of HzS of 110.6 kg. To put
I Tg of gas into the stratosphere per year would therefore
require 9 million balloons, or 36,000 per day (using 250 days
per year). This would cost $15.5 billion per year just for the
balloons. According to COSEPUP [1992], the additional
costs for infrastructure, personnel, and H; would be
$3,600,000,000 per year, or $5.5 billion in 2008 dollars, for
their balloon option, and as rough guess we adopt it for ours,
100. So our balloon option would cost $21 billion per year in
2008 dollars,

[32] The option above would also inject 0.04 Tg H; into
the stratosphere each year, This is 2 to 3 orders of magnitude
less than current natural and anthropogenic Ha emissions
[.."amhmn 2008], so would not be npecl:d to have any

effects on ic

[33] Because about 1/10 of the mass ol' the balloons
would actually be the balloons, this would mean 100 million
kgof ptnsuc fnlllng In Earth each year. As COSEPUP [I99"’]
said, “The fall of d ball might be an
form of trash rain.”

[34] We repeated the above calculations using 50;. Since
S0; has a molecular weight of 64 g/mol, it would require a
much higher ratio of Hy to the sulfur gas to make the
balloons buoyant. The number of balloons and the cost o
loft 1 Tg of S as SO would be approximately twice that as
for HyS, as it would be for the other means of lofiing.

B

4.4. Ideas of the Future

[xs] All the ab < on current Y.
With small changes, they would all be capable of injecting
gases into the stratosphere within o few years. However,
more exotic systems, which would take longer 1o realize,
could also be considered.
44.1. Tall Tower

[36] The tallest structure in the world today is the KTHI-TV
transmission tower in Fargo, North Dakota, at 629 m high
[Smitherman, 2000]. However, as Smicherman [2000]
explains, the heights ufllns tower and current tall buﬂd:ngs
are not limited by but
only because there has been noneed Currently, an untapered
column made of aluminum that can just support its own
weLglll could be built 1o a height of 15 km. One made of

ials could be built to 114 km

(Figure 3). If the tower were tapered (with a larger base),
had n fractal truss system, were stabilized with guy wires (like
the KTHI-TV tower), or included balloons for buoyancy, it
could be built much higher.

b
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[37] We can imagine such a tower on the Equator with a
hose to pump the gas to the stratosphere. The weather on
the Equator would present no strong wind issues, as
tormadoes and hurricanes cannot form there, but icing issues
for the upper portion would need (o be addressed. If the gas
were pushed up a hose, adiabatic expansion would coal it
to temperatures colder than the surrounding atmosphere,
exacerbating icing problems. Because such a tower has
never been bulll. and many engineering issues would need
to be i from the ion material to the
pumping needed, we cannot offer an estimate of the cost.
Only one tower would be needed if the hoses were large
enough to pump the required amount of gas, but one or two
additional backup systems would be needed if the planet
were to depend on this to prevent climate emergencies.
Weather issues, such as strong winds, would preclude such
a tower at high latitudes, even though it would not need
be as twll. (A tethered balloon system would have all the
same issues, but weather would be even more of a factor.)
4.4.2. Space Elevator

[3] The idea of a geostationary satellite tethered to Eanth,
with an elevator on the cable was popularized by Clarke
[1978]. A material for the cable that was strong enough 1o
support its own weight did not exist at the time, but now
carbon nanotubes are considered a possibility [Smitherman,
2000; Pugno, 2006]. Such a space elevator could use solar
power to lift material to stratospheric levels for release for
geoengineering. However, current designs for such a space
elevator would have it anchored to Earth by a tower taller
than the height 1o which we would consider doing geo-
engineering [Smitherman, 2000]. So a wall tower would
sulfice without an exotic space elevalorn

5. Conclusions

[3%] Using existing airplanes for geoengineering would
cost several billion dollars per year, depending on the
amount, location, and type of sulfur gas injected into the
stratosphere. As there are currently 522 F-15C Eagles,
481 KC-135 Stratotankers, and 59 KC-10 Er.lendem, ifa
fraction of them were dedi o g ing, equip-

ROBOCK ET AL.: BENEFITS, RISKS, AND COSTS OF GEOENGINEERING

L19703

effects of no more blue skies, and political and ethical issues
(Table 1), will need to be compared to the potential
advantages before society can make this decision. As
COSEPUP [1992] already understood, “The feasibility
and possible side-effects of these geoengineering options
are poorly understood. Their possible effects on the climate
system and its chemistry need considerably more study and
research. They should not be implemented without careful
assessment of their direct and indirect consequences.”

[+1] Table 1 gives a list of the potential benefits and

bl with But for society
10 make a decision as to whether to eventually implement
this response to global warming, we need somehow to
quantify each item on the list. While it may be impossible
for some of them, additional research can certainly provide
valuable information about some of them. For example,

d of summer i in Asia and Africa could
have o negative impact on crop productivity, and this is why
this climate change is a potential major concern. But exactly
how much will precipitation go down? How wlll the effects
of i d diffuse i and i d COy amelio-
rate the effects of reduced soil moisture on agricultural
production?

[42] If stratospheric geoengineering were to be imple-
mented, it would be important to be able to observe the
resulting stratospheric acrosol cloud. After the 1991 Pinatubo
eruption, observations with the Stratospheric Aerosol and
Gas Experiment Il (SAGE 11) instrument on the Earth
Radiation Budget Satellite [Russell and McCormick, 1989]
showed how the acrosols spread, but there was a blind spot
in the tropical lower stratosphere where there was so much
serosol that too little sunlight got through to make measure-
ments [Antuia et al., 2002]. To be able 1o measure the vertical
distribution of the acrosols, a limb-scanning design, such as
that of SAGE II, is optimal. Right now, the only limb-scanner
in orbit is the Optical Spectrograph and InfraRed Imaging
System (OSIRIS), a Canadian instrument on Odin, a Swedish
satellite. SAGE Il flew from 2002 to 2006, and there are
no plans for a follow on mission. A spare SAGE 111 sits on
a shelfal a NASA Inb lnd could be used now, Certainly, a

ment costs would be minimal. Sysmms usmg antillery or
balloons would cost much more and would produce addi-
tional potential pmicms of falling spent nmllery shells or
balloons, or Hz i into the

airplane systems would still need (o address several issues
before being practical, including the effects of acid clouds on
the airplanes, whether nozzles could be designed to produce

| program would be needed as an
integral part of any geoengineering implementation.

[43] As already pointed out by Rebock [2008b] and the
American Meteorological Society [2009], a well-funded
national or international research program, perhaps as part
ofthe ly ongoing Interg, 1 Panel on Climate
Change Fifth Scientific Assessment, would be able w look at
sevml ntlu:r aspects efgeoengmcenng and provide valuable

aerosol panticles of the desired size di and whether
injection of sulfur gases into an existing sulfuric acid cloud
would just make existing droplets grow larger rather than
producing more small droplets. All the systems we evaluate
waould produce serious pollution issues, in terms of additional

trying to decide how best 1o
address I|l= pmblems of global warming. Such research
should include t as well as engi
studies. While small P could nozzle
ies and initial fe of aerosols, they could not be

CO;, particles, and noise in the production, transportation,
! of the technology at the location of the

s;.-sn:ms
[40] Several billion dollars per year is a lot of money, but
compared to the intemational gross national product, this
amount would not be a limiting factor in the decision of
whether to prm.eed with g:ocngmunng Rather, other
d of Asian Blnl’:]l

ozone depletion, reduction of solar power, psychologi

used 10 test the climatic response of stratospheric aerosols,
Because of the natural variability of climate, either a large
forcing or a long-term (decadal) study with a small forcing
would be necessary to detecta ruponse above climatic noise.
Because volcanic erupti do the

for us and climate models have been validated by slmuluung
volcanic eruptions, it would not be important to fully test the
climatic impact of stratospheric geoengineering in situ as part

ofad about impl However, the evolution
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of aerosol size di for an
established slﬂ.lusphen: nemmt :qud would need careful
itoring during any full 1
[#4] Ack ‘Wiz thank the reviewers f a previous version
nrmumhmﬂkmm\i% furtﬁwmll-'ml
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Chairman GORDON. Thank you, Dr. Robock. Dr. Fleming, you are
recognized.

STATEMENT OF DR. JAMES FLEMING, PROFESSOR AND DI-
RECTOR, SCIENCE, TECHNOLOGY AND SOCIETY PROGRAM,
COLBY COLLEGE

Dr. FLEMING. Thank you, Mr. Chairman, Ranking Member Hall,
and Members of the Committee on Science and Technology. I want
to talk about history, and one of my epigraphs is that in facing un-
precedented challenges, which I think we are, it is good to seek his-
torical precedents. History matters, and informed policy decisions
are going to require interdisciplinary, international, and
intergenerational perspectives. So I applaud your international
move, and I would like to make a case for intergenerational per-
spectives as well that are informed by history.

I was once asked when humans first became concerned about cli-
mate change, and I immediately responded, in the Pleistocene.
That is, our whole history comes out of ice age variations of cli-
mate, and all of human history lies within the last interglacial era,
which was 12,000 years ago. We have experienced huge variations
in climate, up to 27 degrees Fahrenheit, and I am sure the early
humans had important tribal councils, too, to talk about these
things, although they didn’t have mitigation yet as an option.

European explorers and early American settlers were surprised
that the New World was so much colder than the areas of the same
latitude in Europe. For example, Washington D.C. is on the same
parallel as Lisbon, Portugal. Colonists worked to improve the cli-
mate by cutting the forest, tilling the soil, and draining the
marshes. Benjamin Franklin thought this was possible. Thomas
Jefferson thought it was actually happening. He called for an index
of the American climate, which is one reason we have great weath-
er records in this country, to document the changes being caused
by human intervention.

I will show a few pictures.

[The information follows:]



69

¥

' P, b g
JAMES RODGER FLEMIRERIE IH [

THE CHECKEREDY
HISTORY OF

WEATHER AND s“ v -

CLVATECONIROE S

-

The quest to control nature, including the sky, is deeply rooted
in the history of western science. Some climate engineers claim
they are the first generation to propose the deliberate manipulation
of the planetary environment, but history says otherwise. In the
1830s, America’s first national meteorologist, James Espy, who
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worked for the U.S. Army Surgeon General, advocated large-scale
engineering proposals to emulate “artificial volcanoes.” He proposed
lighting huge fires each week—he preferred Sunday evenings—all
along the Appalachian Mountains. Each week he was going to
make it rain and control and enhance the Nation’s rainfall. Espy
argued that the heated updrafts would trigger rain that would not
only eliminate droughts but also temperature extremes and would
render the air healthy by clearing it of miasmas. A popular writer
at the time, Eliza Leslie, pointed out that manufactured weather
control would generate more problems than it solved and would
satisfy no one. This is 1842.

The image of the technocrat pulling the levers of weather control
appeared on the cover of Collier's Magazine in 1954. We were in
a weather control race with the Soviet Union at the time, and an
Air Force general had just announced to the press that the nation
that controls the weather will control the world. The magazine arti-
cle inside, by President Eisenhower’s Weather Advisor, Harold
Orville, provided detailed ways of conducting weather warfare. A
year later, the noted Princeton mathematician, Johnny Von Neu-
mann, in an article called, Can We Survive Technology?, wrote that
climate control through managing solar radiation was not nec-
essarily a rational undertaking. In his opinion, climate control
could alter the entire globe, shatter the existing political order,
merge each nation’s affairs with every other, and lend itself to
forms of warfare as yet unimagined. He compared climate control
to the threat of nuclear proliferation.

[The information follows:]

“Give me a place to stand and | will move the earth"—Archimedes.
Engraving from Mechanics Magazine, London, 1824.

Here, Archimedes is acting as a geoengineer and technology is
his lever, but where is he standing and where will the earth roll
if tipped? Geoengineering is not cheap since we don’t know the
side-effects. Quoting Ron Prinn of MIT, “How do you engineer a
system you don’t understand?” While some argue that we can con-
trol the temperature of the globe, ironically, at a recent NASA
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meeting on the topic of managing solar, a meeting coordinator
apologized for not being able to control the temperature of the
room. Think about it.

[The information follows:]

Seedln_g Run
1947

This is Hurricane King, 1947, when Project Cirrus intervened
and seeded it. They wanted to announce to the press that they can
control hurricanes, but basically they cancelled the press con-
ference when it came ashore and devastated Savannah, Georgia.

Other diplomatic disasters include Project Stormfury in the
1960s where Fidel Castro accused America of cloud seeding over
Cuba and in Vietnam, Operation Popeye, when the UN subse-
quently outlawed hostile use of weather modification.

People have said that climate control is not a good idea. Harry
Wexler, head of research at the Weather Bureau, said this in 1962,
and just two years ago, Bert Bolin, the first chair of the IPCC,
wrote that the political implications of geoengineering are largely
impossible to assess and it is not a viable solution because in most
cases, it is an illusion to assume that all possible changes can be
foreseen. Climate change is simple. We should do the right thing.
Climate is complex. It involves oceans and atmospheres, ice sheets
and now monsoons, so studying the human dimension is essential.
We need the interdisciplinary, international and intergenerational
emphasis.

Thank you for your time.
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[The prepared statement of Dr. Fleming follows:]

PREPARED STATEMENT OF JAMES FLEMING

Thank you Mr. Chairman, Ranking Member Hall, and Members of the Committee
on Science and Technology for the opportunity to appear before you to provide testi-
mony on Geoengineering: Assessing the Implications of Large-Scale Climate Inter-
vention.

I am a historian of science and technology with graduate training in and life-long
connections to the atmospheric sciences, and the founding president of the Inter-
national Commission on History of Meteorology. I have just written a book on the
history of weather and climate control, and I am currently working to connect the
history of science and technology with public policy. I have been asked to provide
a general historical context for geoengineering as a political challenge and to rec-
ommend first steps toward effective international collaboration on geoengineering
research and governance.

Introduction

I would like to state my conclusions in advance, which are all based on the
premise that history matters:

First, a coordinated interdisciplinary—effort is needed to study the historical,
ethical, legal, political, and societal aspects of geoengineering and to
make policy and governance recommendations. This is one conclusion
of the American Meteorological Society’s 2009 Policy Statement on
Geoengineering.

Second, an international—“Working Group 4” on historical, social, and cultural
dimensions of climate change in general and geoengineering in par-
ticular should be added to the Intergovernmental Panel on Climate
Change (IPCC).

Third, a robust intergenerational—component of training and participation, es-

pecially by young people, should be included in these efforts.

That is to say climate change is not quintessentially a technical issue. It is a
socio-cultural and technical hybrid, and our effective response to it must be histori-
cally and technically informed, interdisciplinary in nature, international in scope,
3nd intergenerational in its inclusion of graduate, undergraduate, and younger stu-

ents.

Artist: Frederick Siobal

A year later, in a prominent article titled, “Can We Survive Technology?” the
noted Princeton mathematician and pioneer in computerized weather forecasts and
climate models John von Neumann referred to climate control through managing
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solar radiation as a thoroughly “abnormal” industry that could have “rather fan-
tastic effects” on a scale difficult to imagine. He pointed out that altering the cli-
mate of specific regions or purposefully triggering a new ice age were not necessarily
rational undertakings. Tinkering with the Earth’s heat budget or the atmosphere’s
general circulation “will merge each nation’s affairs with those of every other more
thoroughly than the threat of a nuclear or any other war may already have done.”
In his opinion, climate control could lend itself to unprecedented destruction and to
forms of warfare as yet unimagined. It could alter the entire globe and shatter the
existing political order. He made the Janus-faced nature of weather and climate con-
trol clear. The central question was not “What can we do?” but “What should we
do?” This was the “maturing crisis of technology” for von Neumann, a crisis made
more urgent by the rapid pace of progress.

First of all, a male hand is on the thermometer, the hand is god-like in scale, and
the thermostat is “nowhere,” but perhaps in outer space. The temperature of 73 F
is being turned back to 54, or 5 degrees cooler than the long-term planetary average
of 59 F. Looking closely at the center of dial, the thermometer is centered on
Roswell, New Mexico, which I take to be symbolic.

An emergent property of the MIT meeting was that the social science component
the voices calling for the study of history, politics, and governance of geoengineering
convinced more people than those engaged in geo-scientific speculation of a more
technical nature. It is an emerging view in climate studies that humanities and gov-
ernance perspectives are sorely needed. This was also clear this past summer at
“America’s Climate Choices” meeting on geoengineering, sponsored by Congressman
Mollohan of West Virginia and convened by the National Academies of Science.
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A male hand is on the thermostat
The hand is god-like in scale
Thermostat is “nowhere,"” but parhaps in outer space

Temperature is 73 but is being turned back to 54 or 5
degrees cooler than the long-term average of 59

The image of Archimedes is sometimes invoked by geoengineers with the asser-
tion that our technological levers are now getting long enough and powerful enough
to move the Earth. But if Archimedes is a supposed geoengineer, where is he stand-
ing? And where will the Earth roll if tipped? With what consequences? Widespread
discussions of “tipping points,” have involved the physical climate system or public
opinion, but it is important to remember that the geoengineering community has
also passed a tipping point, and many of them actually wish to try it! But while
some argue we can control the temperature of the globe, ironically, at a recent
NASA meeting in 2006 on the topic of “Managing Solar Radiation,” a meeting coor-
dinator apologized for not being able to control the temperature of the room.

A Geopolitical Perspective on Aerosol Haze

The “Tipping Point” Where will it roll?

"Give me a place to stand and | will move the sarth"~Archimedes.
Engruving from Muechanics Magezine, London, 1824,

The aerosol haze from dust storms, industrial sulfate emissions, and biomass
burning is widely believed have a local cooling effect by reflecting sunlight and by
making clouds brighter in the troposphere, below about 30,000 feet. As we clean up
industrial pollution and reduce biomass burning, the warming effects of greenhouse
gases may become more pronounced. Since the early 1960s some geoengineers have
repeatedly proposed injecting a sulfate aerosol haze into the high, dry, and stable
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stratosphere, where it would spread worldwide and have global cooling effects that
might not fully offset greenhouse warming, might have unwanted side effects that
might not be welcomed by all nations.
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Although the heating effect of the major greenhouse gases is well known, the level
of scientific understanding of the cooling effect of aerosols ranges from “low” to “very
low.” Geoengineers propose to transfer this cooling effect, and the lack of under-
standing about it, to the stratosphere, where it will become a global rather than a
local process, again with likely unwanted side effects that others will address.

What’s Wrong with Climate Engineering? (the short list)

1. We don’t have the understanding (Ron Prinn, MIT).

We don’t have the technology (Brian Toon, Univ. of Colorado).
We don’t have the political capital, wisdom, or will to govern it.
It is not “cheap” since the side effects are unknown.

It poses a moral hazard, reducing incentives to mitigate.

It could be attempted unilaterally, or worse, proliferate.

It could be militarized, and learning from history it likely would be milita-
rized.

8. It could violate a number existing treaties such as ENMOD (1978).
9. It does nothing to solve ocean acidification.
10. It will alter fundamental human relationships to nature.

What Role for History?

We have known this for a long time. Some climate engineers claim they are the
“first generation” to propose the deliberate manipulation of the planetary environ-
ment. History says otherwise. In the 1790s Thomas Jefferson called for an “index”
of the American climate to document its changes being effected by the clearing of
the forests and the draining of the marshes. In the 1830s the first serious large
scale engineering proposal to emulate “artificial volcanoes” was advanced by James
Espy, the distinguished theorist of convection as the cause of rain who was em-
ployed by the U.S. Army as the first national meteorologist. Espy proposed lighting
huge fires all along the Appalachian Mountains to control and enhance the nation’s
rainfall, arguing that the heat, updrafts would trigger rain and would not only
eliminate droughts, but also heat waves and cold snaps, rendering the air healthy
by clearing it of miasmas. A popular writer, Eliza Leslie, immediately pointed out
that manufactured weather control would generate more problems than it solved.

In 1946, Nobel Laureate Irving Langmuir believed he and his team at the General
Electric Corporation had discovered means of controlling the weather with cloud
seeding agents such as dry ice and silver iodide. A year later, in conjunction with
the U.S. military, they sought to deflect a hurricane from its path. After seeding,
but not because of seeding, the hurricane veered due to what were later determined
to be natural steering currents and smashed ashore on Savannah, Georgia. The
planned press conference was cancelled, but Langmuir continued to claim he could

No otk N
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control hurricanes, influence the nation’s weather, and even planned to seed the en-
tire Pacific basin in a mega-scale experiment intended to generate climate-scale ef-
fects.

‘ GLOBAL
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Commercial and military interests inevitably influence what scientists might con-
sider purely technical issues. Agricultural interests drove the nineteenth-century
charlatan rainmakers in the American west as well as commercial cloud seeding
since the 1940s. In the early Cold War era, as mentioned earlier, the military
sought to control clouds and storms as weapons and in the service of an all-weather
air force. There was a “weather race” with the Russians and secret cloud seeding
in Vietnam. The 1978 United Nations Convention on the Prohibition of Military or
any other Hostile Use of Environmental Modification Techniques (ENMOD), a land-
mark treaty, may have to be revisited soon to avoid or at least try to mitigate pos-
sible military or hostile use of climate control.

In 1962 Harry Wexler, Head of Research at the U.S. Weather Bureau, shown here
in the Oval Office, used computer models and satellite observations to study tech-
niques to change Earth’s heat budget. Wexler helped pen Kennedy’s notable line,
“We choose to go to the moon in this decade and do the other things . . .” Wexler
was in charge of “the other things,” such as the World Weather Watch and ways
to influence or control weather and climate. It was Wexler, in the era of JFK (not
Paul Crutzen in 2006) who first claimed climate control was now “respectable to
talk about,” even if he considered it quite dangerous and undesirable. Wexler de-
scribed techniques to warm or cool the planet by two degrees. He also warned, nota-
bly, that the stratospheric ozone layer was vulnerable to inadvertent or intentional
damage, perhaps by hostile powers, from small amounts of a catalytic agent such
as chlorine or bromine.
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Wexler in the Oval Office

Here is an important discovery, made just next door in the Library of Congress.
It is Harry Wexler’'s handwritten note of 1962 that reads (substituting words for
symbols), “Ultraviolet light decomposes ozone into atomic oxygen. In the presence
of a halogen like bromine or chlorine, atomic oxygen becomes molecular oxygen and
so prevents ozone from forming. 100,000 tons of bromine could theoretically prevent
all ozone north of 65° N from forming.” Recently, I have been in correspondence
with three notable ozone scientists about Wexler’s early work: Nobel Laureates
Sherwood Rowland, Paul Crutzen, and current U.S. National Academy of Sciences
President Ralph Cicerone. They are uniformly interested and quite amazed by
Wexler’s insights and accomplishments.
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Wexler wrote in 1962, “[Climate control] can best be classified as “interesting hy-
pothetical exercises” until the consequences of tampering with large-scale atmos-
pheric events can be assessed in advance. Most such schemes that have been ad-
vanced would require colossal engineering feats and contain the inherent risk of ir-
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remediable harm to our planet or side effects counterbalancing the possible short-
term benefits.” This is still true today.

Today’s science is tomorrow’s history of science

“In facing unprecedented challenges, it is good to seek historical precedents,” this
is the epigraph of my new book Fixing the Sky: The checkered history of weather
and climate control. History matters—it shapes identity and behavior; it is not just
a celebratory record of inevitable progress; and its perspective should inform sound
public policy. Each of our personal identities is the sum of our integrated past, in-
cluding personal and collective memories, events, and experiences. It is not just who
and where we are now, how we feel today, and what we had for breakfast. Applied
to geoengineering, we should base our decision-making not on what we think we can
do “now” and in the near future. Rather our knowledge is shaped by what we have
and have not done in the past. Such are the grounds for making informed decisions.
Students of climate dynamics who are passionate about climate change would be
well-served to study science dynamics (history), since on decades to centuries and
millennial time scales ideas and technologies have changed as dramatically or per-
haps more dramatically than the climate system itself.

History can provide scholars in other disciplines with detailed studies of past
interventions by rainmakers and climate engineers as well as structural analogues
from a broad array of treaties and interventions. Only in such a coordinated fashion,
in which researchers and policymakers participate openly, can the best options
emerge that promote international cooperation, ensure adequate regulation, and
avoid the inevitable adverse consequences of rushing forward to fix the sky.

Climate change is simple, and we all should seek ways of having less impact on
the planet though a “middle course” of mitigation and adaptation that is amenable
to all, reasonable, practical, equitable, and effective. But the climate system is ex-
traordinarily complex, perhaps the most complex system ever modeled or observed,
with the most important consequences imaginable for life and ecosystems. At best
we can only apprehend climate change, with three senses of the word apprehension
implied: (1) awareness and understanding, (2) anticipation, dread, fear, and (3)
intervention and control. Certainly clouds, oceans, ice sheets and other factors make
it more complex. But the wildest of the wild cards in the system is the human di-
mension, so studying that is absolutely essential.

Climate Change is Simple

Studying the human dimension Is essential

Recommendations
I repeat my recommendations to the committee. We need:

1. A coordinated and autonomous interdisciplinary effort to study the historical,
ethical, legal, political, and societal aspects of geoengineering and to make
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policy and governance recommendations, not as an afterthought and not nec-
essarily within an existing scientific society.

2. An international “Working Group 4” on historical, social, and cultural dimen-
sions of climate change in general and geoengineering in particular, perhaps
under the auspices of the IPCC.

3. Affrobust intergenerational component of training and participation in such
efforts.

In these ways I believe history can effectively inform public policy. Thank you for
your attention.
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DiscussioN

Chairman GORDON. Thank you, Dr. Fleming. At this point, we
will begin the first round of questions, but first I would like to give
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a premise. Listening to the panel makes me think that for most
people, this is like coming in after the intermission to Mr. Hall’s
movie about the elephants, and that we might want to give a little
bit more of a premise. And I would really advise that anyone that
has an interest in this issue to review the Royal Society’s report.
It is very good.

I was thinking about giving Mr. Hall the two-page summary, but
I didn’t want to overwhelm him. So Professor Shepherd

Mr. HALL. You would have had to read it to me.

THE ERUPTION OF MT. PINATUBO: NATURAL SOLAR
RADIATION MANAGEMENT

Chairman GORDON. Professor Shepherd, just quickly, would you
sort of remind everyone about the volcano in Pinatubo in 1991 and
what happened? I think that is a good foundation for everyone to
know.

Dr. SHEPHERD. Yes, thank you. The volcano emitted a large
amount of sulfur dioxide, amongst other things, some of which
made its way to the stratosphere, and the result of this was the
formation of a natural sulfate-based aerosol that spread very rap-
idly around the world and lasted for a couple of years, causing a
fall in temperature of approximately 1° degree Fahrenheit for a
couple of years.

So this gives us some confidence that aerosols in the stratosphere
do have a cooling effect and that the quantities of material re-
quired to do this are not unthinkably large. However, volcanoes, of
course, emit a lot of other stuff, as well as sulfur dioxide, and so
they are not a perfect analogue. And one of the other issues in rela-
tion to——

Chairman GORDON. I just wanted you to sort of point out that
really nature has already given us somewhat of a model and this
is not completely not out of line.

Mr. HALL. I don’t really understand it yet.

STRUCTURING A RESEARCH INITIATIVE

Chairman GORDON. I am going to give the panel some questions
to take home with you, and I would like your response later. But
let us just start a discussion if we could today because if we are
looking at a research program, I would like to get a little better
idea of what we should do. So let me put out some questions for
the panel and get some reaction, and again, I would like for you
to take it back and respond to us later.

What would be the critical features of such a program? Would
there be just one coordinated program in the United States? Which
U.S. agencies would have to be involved from the start and which
would need to play a later role? What scale of investment would
be necessary, both initially and in the long term, and what kind
of expertise would be required? I will later ask about the inter-
national implications but I would like to get your thoughts on a re-
search program here in the United States. Who wants to start?
Yes, sir. Dr. Fleming?

Dr. FLEMING. I think based on what I said, we would have to
have more humanists involved, a lot more social science compo-
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nent, and I know that the National Academy has done things, but
it is the National Academy of Science. And so I would like to rec-
ommend that we go multi-agency but include not only technical
outfits in the discussion.

Chairman GORDON. We will just go down the hall. Professor
Shepherd and then Caldeira and then Lane and then Robock?

Professor SHEPHERD. Yes, I would suggest that the program has
to be international and that it should not focus exclusively on one
technology and specifically that it should not focus exclusively on
solar radiation management, because that is a technology which re-
quires you to maintain your activity for as long as the greenhouse
gases stay in the atmosphere, which is several centuries to a thou-
sand years. And it is not clear that human society has the ability
to sustain an activity on that time scale.

So I think it would be very dangerous to start solar radiation
management without having figured out your exit strategy, and
your exit strategy would almost certainly include one or other of
the carbon dioxide removal methods. So I would suggest that a
small portfolio of methods of both of these types should be re-
searched in parallel.

Chairman GORDON. Dr. Caldeira?

Dr. CALDEIRA. I would like to suggest that we should be thinking
in terms of several research programs, each multi-agency in char-
acter but led by different agencies. If we separate the solar radi-
ation management proposals from the carbon dioxide removal pro-
posals, I think the solar radiation management proposals, the re-
search, should perhaps be led by the National Science Foundation
[NiE]A possibly the National Aeronautics and Space Administration
[N 1.

On the carbon dioxide removal, approaches again could be di-
vided into two major classes. Some are essentially growing plants
and burying the organic carbon made by plants. We already have
some research programs into growing new forests and similar tech-
niques. And those programs could perhaps be expanded to encom-
pass a broader range of biologically based methods to remove car-
bon dioxide from the atmosphere.

The Department of Energy is already leading projects to remove
carbon dioxide from gases coming out of power plants. Those pro-
grams could be expanded to also consider removal of gases from the
atmosphere. And so I think there is at least three separate pro-
grams, and some of them might involve expansion of existing pro-
grams on the carbon dioxide removal side, but there is really no
program at all on the solar radiation management side. And I per-
sonally would like to see NSF probably lead it, although NASA
might make sense as well.

Chairman GORDON. Let us move to Mr. Lane.

Mr. LANE. I would suggest that the solar radiation manage-
ment—first of all, let me agree with Dr. Shepherd that I think
there ought to be research in both families, both air capture and
solar radiation management. However, solar radiation management
offers much larger economic payoffs potentially and a much greater
ability to reverse rapid, highly destructive climate change should
that occur. Therefore, I guess I would reverse Dr. Shepherd’s judg-
ment of priorities and say that of the two approaches, solar radi-
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ation management deserves more attention, and as Dr. Caldeira
has suggested, it is not really receiving any support from the U.S.
Government at this time. It is clearly the sort of problem that is
going to require multiple agency inputs and poses a very difficult
organizational challenge for combining science and engineering.

Chairman GORDON. I am going to let everybody respond in writ-
ing later, but Dr. Robock, if you would maybe just quickly close us.

Dr. RoBOCK. First of all, I would like to mention that although
the Pinatubo volcanic eruption cooled the planet, it also produced
drought in Asia and Africa. It destroyed ozone, and it reduced solar
radiation generation from direct solar radiation by 30 percent in
those technologies that were developing. So it is a lesson of efficacy
but also of problems.

I think that research into solar radiation management needs to
be done in a coordinated way, internationally, with climate models.
The National Science Foundation should probably take the lead in
the United States along with the National Oceanic and Atmos-
pheric Administration [NOAA] and NASA. There also needs to be
a research program to the technology. Can we actually get particles
into the stratosphere, and probably NASA, the—Aeronautics, and
the Department of Defense might be looking into the technology of
it, whether it is possible.

b Chfitirman GORDON. I thank you. I now yield to Mr. Hall for re-
uttal.

Mr. HALL. I always come out second on that one when you are
the Chairman. You have got the gavel.

I will be serious with you because I appreciate you and I appre-
ciate your backgrounds and many years of studying and the gifts
you have made to this country, and your very appearance here
today makes me even more appreciative of you. I especially like Dr.
Shepherd, Professor Shepherd, because he at least discussed global
warming and he added the term cost to it, and that is what we
can’t get hardly anybody to talk about, who is going to pay it or
how much China is going to continue to pollute the world and not
pay a dollar and then increase it on an increasing ratio. So thank
you for that. I agree with you on that.

I don’t disagree with you on anything you have said, I just don’t
fully understand it. But he has given me the right to write you,
and you will be hearing from me. Thank you.

THE POTENTIAL EFFICACY OF GREENHOUSE GAS
MITIGATION

Mr. Lane, you said you advocate research and not deployment,
I guess that is what I am trying to say. Would you expand on your
comment and your testimony that a steep decline in greenhouse
gas emissions may well cost more than the perceived value of the
benefits? And let me say before that, we had a study, I chaired one
of the committees one time when we were studying and we studied
about asteroids. A professor told us about volcanoes, but we were
studying asteroids and the danger and trying to get an inter-
national thrust on them. We got no help on that because we had
I think about $1.5 million budget on that, and that was a couple
of brilliant people and their workers, co-workers with them. But we
learned during that hearing something that none of the group
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knew, including the chairman, and that was me, that an asteroid
just missed the earth by five minutes some time in 1987 or 1988.
So I think this is worthwhile. And I was just spoofing the Chair-
n}llan. He is so good-natured. He is the only Chairman I can kid like
that.

But go ahead now and answer me, if you would, Mr. Lane.

Mr. LANE. Yes, sir. It seems that the last 20 years have shown
not only that it is difficult to get agreement on greenhouse gas con-
trols, but that that is happening for very clear reasons. China and
India both have very rapidly growing emissions, and yet it is clear
from the way their governments are dealing with the negotiations
that they do not perceive greenhouse gas emissions reductions, at
least not steep ones, as being in their national interest. And both
of those countries are too powerful to coerce, and the cost of bribing
them to reduce emissions when they don’t feel that it is in their
national interests are likely to be prohibitively high. I don’t want
to give the impression that I believe that we can go on emitting
greenhouse gases at ever-increasing rates. I don’t. I think eventu-
ally controls are going to be essential, but I really strongly believe
that the conditions are not in place yet for a global agreement on
significantly reducing emissions. And until those conditions are in
place, there really isn’t very much that the United States can do
to change the global trajectory of emissions.

RESEARCH AND DEVELOPMENT BEFORE APPLICATION

Mr. HALL. Well, I thank you for that, and also I guess I would
ask you, your testimony seemed to suggest at the time that there
is R&D and not implementation. Are there entities, organizations
or countries that see an urgent need for implementation versus the
process of R&D? I know most of the really rabid advocates of global
warming mention everything but the cost and mention everything
but the fact that China I think every six days are spewing—not
using clean coal. And I think we will fall back on coal one day, we
are going to have to. But it has to be clean coal. But they are in-
creasing again I say on an increasing ratio the damage to the earth
without paying anything. That goes for them, that goes for Russia,
it goes for India, it goes for Mexico, and it could go on and on of
those that want the benefits of the work that you probably all be-
lieve in but don’t want to participate in the cost. One or the others
of you made mention of that. I will let you have whatever—I think
I have may be two seconds left, but if you can do your best to give
me

Mr. LANE. I do support R&D rather than deployment. Dr. Robock
is absolutely right. We don’t have the technology yet to do deploy-
ment, nor would it be prudent. For me personally, if I were going
to put my bet on where to do R&D in the U.S. Government, along
with NSF, as that Dr. Caldeira mentioned, I would suggest that
DAITPA [Defense Advanced Research Projects Agency] might have
a role.

Mr. HALL. Thank you.

Chairman GORDON. Thank you, Mr. Hall. I think we can submit
unanimously that this panel would say that there should be no de-
ployment, only research. I don’t think you are going to find any-
body that is going to disagree with that.
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Dr. Baird is recognized.

THE DIRE NEED FOR MITIGATION AND BEHAVIOR CHANGE

Mr. BAIRD. Thank you, Mr. Chairman. I thank our panelists.
Roughly, how much CO2 do human beings put into the air, anthro-
pogenic CO; on a daily basis? Anyone have an estimate of that or
annual, whatever number? Dr. Caldeira?

Dr. CALDEIRA. The average American puts out something like
their own average body weight each day in the form of carbon diox-
ide. So something like 150 pounds of CO; per person per day in the
United States.

Mr. BAIRD. Times 300 million people?

Dr. CALDEIRA. Right, times 365 days a year.

Mr. BAIRD. Mr. Robock, did you want to add to that? The reason
I ask the question is, we are doing geoengineering on a massive
scale. If 100 years ago somebody had said, hey, here is a bright
idea. We should promote a plan to put that much carbon into the
air—And Dr. Caldeira, I commend you for mentioning ocean acidifi-
cation—25 percent of which will go into the oceans to make the
oceans 30 percent more acidic within 50 years, and then continuing
on after that to make it so acidic that it reaches levels since not
seen since the age of the dinosaurs and dissolve coral reefs.
Shouldn’t Congress support that? People would say, you are crazy.
Geoengineering on that scale, which is what we are doing, and now
we are looking at ways to reverse that.

Second observation would be, you know, years ago there was a
psychologist named Elizabeth Kiibler-Ross who looked at what hap-
pens when people are dying, and not everybody goes through her
five stages of dying, which got a lot of play at the time. Neverthe-
less, her stages of dying went, you know, denial and then bar-
gaining, and the bargaining tends to be, isn’t there going to be
someone to come rescue me from this cancer or this other illness
that I have got?

It strikes me that we are in sort of in those stages now, and the
reason I raise that, in the context of geoengineering. We have had
a whole series of hearings in my subcommittee and this full com-
mittee on carbon sequestration, on nuclear fusion, on
geoengineering, and it seems to be everybody is trying to say, isn’t
there someway out there that we don’t have to make changes in
our behavior, that we can continue to spew just as much CO; or
use just as much energy and something somewhere is going to save
us from just having to make this horrific changes like turning
down our thermostat, putting air in our tires, et cetera? And so I
applaud you all for suggesting that we are not going to have this—
to rescue us by, you know, chemtrails or whatever people want to
distribute into the air.

There are some positive things that we could do. What would be
the impact of simple things like changing the color of roof shingles
or painting the rooftops? My rooftop here in town is black. It is a
black rubber surface. It gets hot as blazes up there. I am told we
can make substantial differences in temperature and energy con-
sumption, not on the scale that we need. It is not enough. But the
point is, piece together the small stuff that doesn’t require massive
interventions. What are some of the things we could do?
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Dr. ROBOCK. Actually, if we put solar panels on our roofs, that
would be a much better way to respond because we would produce
electricity from the sun and that would reduce the amount of CO
emissions from other sources, and that would be much better than
just painting the roofs white. It would cost a little bit more money
to start with, but in the long run, it would be the best investment
and it would be a business opportunity. Why doesn’t every new
house have solar panels built into the shingles rather than retro-
fitting it like I did on my house, thanks to the subsidies from the
State of New Jersey?

And there are lots of little things we can do, and they will all
add up to a mitigation plan.

Mr. BAIRD. We focused mostly today so far on atmosphere and
solar radiation management. What about in water? I mean, we are
also geoengineering our water system. We are putting hundreds of
billions of pounds of effluent and fertilizers, et cetera, in the water.
What are some positive changes that we can do to agricultural
practices, runoff practices, et cetera, that could help improve the
quality of our water, not, you know, dumping clay as a flocculent
of algal blooms but some positive things to reduce them from occur-
ring to begin with. Do any of you have comments on that? Are we
mostly atmospheric today? You get the point I am trying to make
here, that we are causing the problem through our own behavior
and then we are somehow going to try to fix the earth instead of
fixing ourselves. If you had to summarize that, which would you
iay dl?S easier, change our behavior or change the planet? Dr. Shep-

erd?

Dr. SHEPHERD. Well, you are making it into a black-and-white
choice, and my answer would be both. The problem is there is an
awful lot that we could do in Europe, in the United States and in
China and everywhere to reduce the impacts that we are having,
but however hard we try, that may not be enough. So I think it
is a mistake to make it black and white and say it is either/or. I
think we need to do both, and that may at some stage involve
geoengineering.

Mr. BAIRD. My time is expired. Thank you.

Chairman GORDON. Thank you, Dr. Baird. Dr. Barlett. Excuse
me, Dr. Ehlers is recognized.

Mr. EHLERS. Thank you, Mr. Chairman. I appreciate the inter-
esting interaction you just had. I am not quite sure what Mr. Baird
meant when he talked about fixing people. I know a lot of people
fix their dogs and cats, but on the other hand that might be part
of a good solution.

Mr. HALL. Professor, do you remember the name of that woman
that wrote that book?

THE NEED FOR A MULTIDISCIPLINARY AND REALISTIC
APPROACH TO CLIMATE CHANGE

Mr. EHLERS. Anyway, hearing this discussion I am very much re-
minded of Garrett Hardin who was a great environmentalist, and
he had a statement which I framed and hung on my wall for a
while. You can’t do just one thing. And that is the heart of the
issue we are facing here today. I think we have a lot of good ideas,
a lot of things we might want to try, but you can’t do just one
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thing. And almost everything you do has side-effects, some may be
good, some may be bad. Frequently you don’t know until you have
tried it. And that is what is going to be the major impediment here
as we proceed.

There is also a public attitude problem that—well, the best ex-
ample that I can give you, in the 1973 gas shortages, when we had
the big long gas lines, and you know, as a physicist I was very in-
terested in people’s attitude toward energy, and I thought we could
do a much better job of conserving energy. The response of most
people even talking to me would say, well, we really don’t have to
worry about this. The scientists will come up with a solution. This
intrinsic faith that science can solve mammoth problems like that
is not—it is nice they think that much of me, but I don’t think it
is realistic. I think we have to face these problems in all of their
dimensions.

And the point was made about China and India and what their
attitude is going to be. As long as we continue with the current eco-
nomic behavior of this Nation, we have no leverage in which to try
to solve the environmental problems. How can we threaten the Chi-
nese? If you don’t do this for us, we are going to stop borrowing
money from you. That is not an awful lot of leverage.

So I think you have to keep all these factors in mind. I am not
in the least bit skeptical about geoengineering. I think that is
something we really have to investigate. I am skeptical about say-
ing this is the answer to a major problem until we get some data,
do some experiments, find out what works and what doesn’t work,
and above all, continue to recognize you can’t do just one thing.

I remember very clearly—I am showing my age by this—but in
the era when everyone believed we could shoot silver iodide up into
the atmosphere and make rain wherever we had a drought spot.
And we seriously pursued this in some areas of our Nation and
found that it just didn’t work well because we had a lot of side-ef-
fects we didn’t anticipate.

So this was a bit more of a sermon than a question, and you are
welcome, any of you who wish to, can feel free to comment on this
and how you think our Nation and other nations can address this
problem in a thoughtful, reasonable, meaningful way to try to come
up with some solutions of geoengineering that would work. Any
comments? Yes. Dr. Caldeira.

Dr. CALDEIRA. I think you are correct in that we can’t do just one
thing, and that I think everybody on the panel here believes that
we need to eventually get to an energy system that does not use
the atmosphere as a waste dump for our industrial products, but
that there is a potential for some of these methods to reduce the
risks that we are facing and reduce these risks cost-effectively. And
while the panel disagrees about maybe the scale and scope of what
a research program should be, I think it is indicative that the en-
tire panel asserts the need for a research program.

I would just also like to take this opportunity to support some-
thing Alan Robock said before when I was talking about the struc-
ture of research, that on the solar radiation management side,
there is an environmental science component that might be NSF
but there is another component about developing and engineering
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hardware that might better fit in the agencies that Alan men-
tioned. Thank you.

Mr. EHLERS. Dr. Robock?

Dr. RoBoCK. I would just like to say that we can’t hold
geoengineering as a solution and allow that to reduce our push to-
ward mitigation. It is never going to be a complete solution. We
may need it in the event of an emergency, but let us not stop miti-
gation and wait and see if geoengineering would work. That is not
the right strategy.

Mr. EHLERS. Along that line, I think it would be very important
for us to continue very strongly the approach of reducing our use
of fossil fuels. For example, I have advocated for years that we try
to move to solar shingles, that every house has to be built with
solar shingles.

Dr. RoBoCK. We don’t really need all these lights on in here, ei-
ther.

Mr. EHLERS. No, we don’t.

Chairman GORDON. Well, the cameras wouldn’t work as well. Dr.
Ehlers, if you don’t—I am going to be a little more strict because
we are going to votes, unfortunately, in a few minutes.

Mr. EHLERS. It is so amazing how the clock runs so much faster
when it is my time.

Chairman GORDON. Well, it is also moving up, not down.

Mr. EHLERS. Thank you.

Chairman GORDON. Dr. Griffith, you are recognized for five min-
utes.

THE CHALLENGE OF INTERNATIONAL COLLABORATION

Mr. GRIFFITH. Thank you, Mr. Chairman. I appreciate this oppor-
tunity, and I do think the initial discussions of this subject are im-
portant, even though we may not reach a conclusion. We do know
we have a wide diversity here, with the life expectancy of a male
in China of 73 and the life expectancy of the male in India of 63,
which points out a great disparity in what the needs of the various
countries are. And it makes it greatly difficult for a country like
the United States that represents only five percent of the world’s
population to come to a conclusion or reach an agreement on how
we should approach or sell ourselves to the rest of the world. I
guess if we included Germany, France and England in that popu-
lation group, and Denmark, we may get up to six or seven percent
of the world’s population.

So it is a good subject, and it is certainly necessary. I appreciate
each and every one of you being here, and I appreciate the Chair-
man bringing the subject up. I think this is a start, so thank you.

Chairman GORDON. Thank you, Dr. Griffith. Dr. Bartlett is not
here right now. We will recognize him when he gets here, so Mr.
Smith, you are up to bat.

AGRICULTURE AND LIVESTOCK

Mr. SMITH OF NEBRASKA. Thank you, Mr. Chairman. I will try
to be brief. This is my third year here, and it is interesting being
on the Science Committee and trying to sift through the science
and, you know, whether something is peer reviewed, whether it is
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not, and rejection of recommendations that are science is peer re-
viewed. It has been for this Nebraskan interesting and how we
might contribute and especially as it relates to industry in my dis-
trict. And if any of you could speak to the impact, your perceived
impact, of livestock industry, I have heard various accusations, and
if any of you would care to comment on that.

Dr. CALDEIRA. I am not expert on the livestock industry, but I
do know that one of the concerns with respect to livestock and glob-
al warming are methane emissions from livestock. And I know that
people are working on various ways of removing methane from
gases that might be in barns or pens where livestock are held, and
it might be potential for the kind of research to remove greenhouse
gases from the atmosphere in general also to be applied to facilities
such as livestock pens or barns.

Mr. SMITH OF NEBRASKA. Thank you. Anyone else?

Dr. FLEMING. Yes, I am involved with the University of Kansas
in a group that is doing this interdisciplinary graduate education,
and certainly as one of your neighbors, the group there is getting
technical training in agricultural sciences as well as in techniques
to mitigate or perhaps reduce some of this. But the group is also
looking at behavioral issues and choices and ways of working to-
gether with the industries to advance their purposes as well as
other goals.

And so the point I was making is that I think the education we
have often is in content and technique of science or techniques of
engineering, but that social dimension is very important. And so in
looking at issues like global warming, making personal commit-
ments and personal decisions I think is a very significant aspect of
this program. It is not a solution to the beef issue, but if smoking
is bad for you or beef is bad for the planet, people have to make
some decisions or alignments.

Mr. SMITH OF NEBRASKA. Are you suggesting that beef is bad for
the planet?

Dri. FLEMING. No, but others have. It has been in the news re-
cently.

Mr. SMiTH OF NEBRASKA. Well, I did read the comments of a
writer one time who said that eating a T-bone steak is more egre-
gious to the environment than driving a Hummer per se. I was as-
tounded, you know. I am not sure the nutritional values were con-
sidered, you know, in the bigger picture, but certainly there are
some concerns, especially in the midst of this economy, that in the
so-called mitigating efforts, whether it is cap and trade, which is
called a lot of other things, or whatever approach we might take,
I hope that we remember that we need to look at the big picture
economically, that there are some important factors here. Dr.
Caldeira?

Dr. CALDEIRA. We do not know how well these methods will
work, these solar radiation methods will work at affecting regional
climates, but there is at least some possibility that as a result of
climate change, weather conditions will change in America’s heart-
land and that this will impact on the production of grain. And you
know, I would be misleading you if I said oh, I thought we could
reverse this, but I think there is at least the potential that a re-
search program with a relatively small investment could under-
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stand, you know, if the American heartland does turn into a
dustbowl, is there a potential to change weather patterns to allow
us to engage in agriculture once again? And so even if there is a
small probability that this will occur, the investment is small and
so the expected benefit of this investment is very high.

Mr. SMITH OF NEBRASKA. In my part of the country that I rep-
resent we had an extended drought, and now we have certainly a
wet October. Is that wet October a result of climate change and
carbon emissions?

Dr. RoBOCK. There is a lot of weather variability that, because
of the chaotic nature of the weather, you can’t attribute any
drought or any flooding event to global warming. The probability
of different weather events changes over time, but certainly that is
just part of normal weather variability.

But cows do put a burden on the climate system. There are the
methane emissions and there is all the energy used in the produc-
tion of beef, and so that is—one of the mitigation strategies is for
people to eat less beef. And maybe there could be a way for your
constituents to gradually transition to other things that they could
do that would create less greenhouse gases.

Chairman GORDON. I am sure that is the answer you wanted to
hear, Mr. Smith.

Mr. SMITH OF NEBRASKA. If only my time had not expired. Thank
you, Mr. Chairman.

Chairman GORDON. Ms. Kosmas is recognized.

THE POWER OF SCIENTIFIC INNOVATION

Ms. KosMmas. Thank you, Mr. Chairman. I appreciate the oppor-
tunity to listen to these gentleman before us today and to suggest
to all of you here—I am from Florida, and Kennedy Space Center
is in my district, and so I am really big on solar and sun as well
as NASA and space exploration. So my remarks will be focused for
the most part on the solar radiation management, my remarks and
questions. But I want to suggest to my friend, Mr. Hall, that while
you might think this is science fiction, I was talking with my
daughter yesterday who was telling me my son, who is in China,
was saying that they had a massive snowstorm induced by the
state of China or the nation of China. So do you not believe that
that happened?

Dr. RoBOCK. I believe that the snowstorm happened, but I don’t
think you can prove that they caused it.

Ms. KosMmas. Okay. All right. Well, maybe it is science fiction. I
don’t know. But it is interesting, and I suspect if they could, they
would. And so I think all the comments mentioned today about the
necessity for research and development and international coopera-
tion in so doing are valid and worth great consideration, that it is
not impossible and maybe not even improbable that someone,
somewhere will ultimately take advantage of the scientific oppor-
tunity. I would like to see us move forward with research and de-
velopment, and I appreciate the comment of Dr. Shepherd that, you
know, be careful what you ask for because you are going to have
to wind it down eventually. And as you suggested with the volca-
noes, you need to know where you are going next.
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Nevertheless, I think in this Nation we have both the brains and
the capability to move forward on new frontiers as this is, mitiga-
tion, obviously, combined with new opportunities for better ways to
produce energy and also to protect the environment. They kind of
seem like they go without saying.

In fact, one of the reasons that I ran for office is exactly that.
I think we needed to be moving in a different direction in this
country with regard to protection of the environment and conserva-
tion of energy and new energy methodology. So I am pleased to be
here and pleased to be on this Committee.

GEOENGINEERING AND CLIMATE SIMULATIONS

I wanted to just discuss for a moment with Dr. Caldeira, you dis-
cussed in your comments the simulations and small-scale field ex-
periments of solar radiation management. Can you discuss what
the simulations and the experiments entailed? Let us start with
that.

Dr. CALDEIRA. Today there have been a number of modeling
groups using climate models to simulate the effects of deflecting
more sunlight away from the earth, and I believe that all of the
simulations that used some reasonable amount of sunlight deflec-
tion found that sunlight deflection was able to reduce most of the
climate change in most places most of the time. But as Alan
Robock points out, after Mount Pinatubo, the Amazon and the Gan-
ges River delta had some of the lowest river flow on record. And
so there are negative consequences we need to be aware of and to
study more deeply.

In terms of experiments, so far no experiments have gone on in
the field, but we could think of process-based experiments. You
know, if you did put some material into the stratosphere, what
kind of chemical reactions would occur? Would the particles stick
together? So there are a lot of small-scale field studies that could
be done short of something that affects climate. And we need to
think carefully about how to go about conducting these experi-
ments.

A POTENTIAL ROLE FOR NASA

Ms. Kosmas. Okay. I know that it has been suggested that the
National Science Foundation and DARPA, maybe, would be agen-
cies. Could you tell me something about your feeling about NASA
being involved perhaps in these projects? Yes, sir. I am sorry.

Dr. RoBoCK. We use a NASA climate model with NASA com-
puters to do our simulations, and certainly NASA should be heavily
involved in the climate research. And also, NASA puts up sat-
ellites, and we need a capability being able to measure particles in
the stratosphere. There used to be the SAGE satellite, strato-
spheric aerosol and gas experiment, but they no longer exist. There
is a spare sitting on a shelf in Hampton, Virginia.

Ms. KosMaAs. We could bring it down to the Kennedy Space Cen-
ter, and I guarantee you we could get it out there.

Dr. RoBoCK. That is right. And so NASA really needs to be in-
volved in an enhanced earth-observing program that can really
help us. I was here in Washington earlier this year at the National
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Academy of Sciences in a panel, are we ready for the next volcanic
eruption? And the answer was no. And Jim Hansen was sitting
next to me. He said, no, we need a better capability of being able
to observe the stratosphere for a volcanic eruption and for any
geoengineering experiments. And NASA could be heavily involved
in that.

Chairman GORDON. Thank you, Ms. Kosmas. I think you are
going to get some business down there.

Ms. Kosmas. Good. Thank you.

Chairman GORDON. Mr. Rohrabacher, Mr. Hall has been anxious
by awaiting your five minutes.

Mr. ROHRABACHER. Thank you very much, Mr. Chairman, and no
hearing like this would be fulfilled without my adding a list at this
point of 100 top scientists from around the world who are very
skeptical of the very fact that global warming exists at all, but I
would like to submit that for the record at this time.

[The information follows:]
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List of more than 100 Scientists Who Agree That:
e The case for alarm regarding climate change is grossly overstated;

e Surface temperature changes over the past century have been episodic and modest;
» There has been no net global warming for over a decade;

* The computer models forecasting rapid temperature change abjectly fail to explain

10.

11.

12.

recent climate behavior; and

e Characterization of the scientific facts regarding climate change and the degree of
certainty informing the scientific debate is simply incorrect.
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SKEPTICISM OF GLOBAL CLIMATE CHANGE

Mr. ROHRABACHER. There you go. Let me just note that there is
ample reason for us to question whether or not things that are
being suggested today are really needed because there is reason to
question whether there is global warming, considering the fact that
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it has gotten—it is not gotten warmer for the last nine years, and
the Arctic polar cap is now refreezing for the last two years.

But that argument isn’t what today’s hearing is about, so I will
just make sure that that is on the record and in people’s minds
when looking at some of these suggestions.

Let me ask about some of the specific suggestions. I understand
at 9/11 when they grounded all the airplanes that it actually in-
creased the temperature of the planet, is that right? And thus

Dr. RoBOCK. Excuse me, that is not correct.

Mr. ROHRABACHER. It is not correct?

Dr. RoBOCK. There was one study that showed that without
clouds from contrails that the diurnal cycle of temperature went
up, the daily temperature went up, the nighttime temperature
went down, but later disproven. It was shown that was just part
of natural weather variabilities. So that wasn’t a very——

Mr. ROHRABACHER. Let me note that every time it doesn’t fit into
the global warming theory, it becomes natural variability but when
it does fit in, it becomes proof that there is global warming.

Let me ask you this. That really wasn’t then? Does anyone else
have another opinion of vapor trails, by the way? So we have
learned today that we really just have—and am I misreading you
by suggesting that you, too, are part of the group that believes in
global warming that would like to restrict air travel or try to find
ways of eliminating frequent flyer miles? We know you don’t want
us to eat steak now. Are we also not going to be able to fly on air-
planes?

Dr. ROBOCK. Airplanes are one of the sources of emissions. If
they use biodiesel and it recycles the fuel, then it wouldn’t be part
of the problem. But indeed, if we—we can do some emissions of
CO,. We don’t have to—these mobile transportation sources are
very hard to retrofit on airplanes. With cars, you can, of course,
generate electricity with wind and solar, but airplanes, we still
have to keep flying and we can live with a little bit of CO, emission
if we deal with other sources.

Mr. ROHRABACHER. Again, let me note that—by the way, you are
a scientist here. What is the percentage of the atmosphere that is
CO2? What percentage of the atmosphere?

Dr. RoBOCK. It is .039 percent.

Mr. ROHRABACHER. Okay. And most people, when I ask that
question, Mr. Chairman, out in the hinterland, people believe it is
25 percent, and instead of this miniscule, that is .03, that is 3 per-
cent of 1 percent of the atmosphere. And there are those who have
realized—in the past there have been many times when that CO,
content was enormously greater, wasn’t that right? And during
that time period there were lots of animals, like dinosaurs and lots
of things growing, and the world seemed to be doing pretty good.

Dr. CALDEIRA. CO; concentrations were high in the past, and the
biosphere flourished. And even if we disagree about what the
threats are from climate change, and I think we do, that, you
know, I don’t think my house is going to burn down, but I buy fire
insurance. And——

Mr. ROHRABACHER. But you don’t tell your neighbor that he can’t
have steak or visit his kids in an airliner, and that is the point.

Dr. CALDEIRA. I don’t
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Mr. ROHRABACHER. There are going to be changes. People have
to understand, there are going to be huge changes in our life-
style

Dr. CALDEIRA. I don’t

Mr. ROHRABACHER.—if this nonsense is accepted.

Dr. CALDEIRA. I don’t believe we are going to solve this problem
by asking people to behave differently.

Mr. ROHRABACHER. Okay.

Dr. CALDEIRA. I think we are going to solve it by improving the
systems that surround us. But to get back to my point, even if we
don’t believe that climate change will damage us, we have to say
there is some risk. So then we have to say, well, how much should
we invest to try to mitigate that risk.

Mr. ROHRABACHER. We are broke right now, and the bottom line
is that we have very little to invest in theories that may or may
not be correct, and we also have a lot of indication, just the fact
that you are using the word climate change is a difference than
what was used 10 years ago which was global warming. And most
of us realize that is because people now are trying to hedge their
bets so they can have these controls, whatever way the tempera-
ture goes.

Dr. CALDEIRA. No, I don’t think that is true. You know——

Chairman GORDON. Time.

Mr. ROHRABACHER. Thank you very much.

Chairman GORDON. Speaking of dinosaurs, the time for Mr.
Rohrabacher has run out, and we will need to proceed to——

Mr. ROHRABACHER. Thank you, Mr. Chairman.

Chairman GORDON. Mrs. Dahlkemper.

PRIORITIZING GEOENGINEERING STRATEGIES

Mrs. DAHLKEMPER. Thank you very much, Mr. Chairman, and I
want to thank our witnesses for coming today. This is a fascinating
hearing, and I look forward to more hearings on this as we delve
into this subject further.

I have a question for the panel and anyone who would like to ad-
dress it. Do you believe that any particular geoengineering options
should be removed from consideration completely? If so, why?

Dr. CALDEIRA. You know, I think we have to think in terms of
a portfolio and that there are some things that are clearly more
promising. There are some things that can be scaled up on the
solar radiation management side. There are things that could be
scaled up and deployed rapidly, and I think those two are really
particles in the stratosphere and perhaps whitening clouds over the
ocean.

On the carbon dioxide removal side, there are a bunch of land-
based options to increase the storage from carbon from photosyn-
thesis that need to be explored, and also industrialized capture of
CO; from the air, and also spreading minerals around on the earth.
My own view is that other options such as ocean fertilization, for
example, are not going to play a significant role in solving the prob-
lem. That is not to say I would put zero money into them. I would
just put them way down in the list of my portfolio of investments.

Mrs. DAHLKEMPER. Anyone? Dr. Robock?
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Dr. RoBOCK. There has been a suggestion to put frisbees into
space to put a cloud of particles, of satellites, up to block the sun
at a point between the earth and the sun, and that would probably
cost trillions of dollars and nobody is sure if it would work. So I
wouldn’t suggest we invest money in that idea.

Ms. DAHLKEMPER. Dr. Shepherd?

Mr. SHEPHERD. I would personally exclude from consideration
the idea of covering desert areas with reflective material because
of the potential impacts on local rainfall patterns, not to mention
the environmental impacts on the desert ecosystems themselves.

Ms. DAHLKEMPER. Dr. Fleming?

Dr. FLEMING. Given the hurricane I showed that came ashore, I
would also suggest we be very careful about redirecting storms.

Mrs. DAHLKEMPER. Dr. Caldeira.

Dr. CALDEIRA. I think we need to be clear what kind of research
we are considering. If we are talking about a climate model and
somebody wants to say, well, what would happen if we changed the
reflectivity of a desert in a climate model, that is a small-scale,
non-invasive kind of research that might be good to do. But if
somebody wants to start rolling out giant plastic sheets over the
deserts, that is something that we shouldn’t do. So what I am talk-
ing about portfolio, there are some things that we should do at
small scale, maybe just in climate models and that should receive
relatively low priority.

Dr. RoBOCK. And I would say there is nothing that we should do
right now. We need a lot more research, theoretical research, with
climate models to see what the benefits but also the risks would
be of different suggested strategies. So far everybody has done a
different climate model experiment. It is hard to compare the re-
sults. So I am organizing an international program where all the
climate modeling groups in the world do exactly the same experi-
ment so we can see, do they really get drought in certain regions
for certain experiments. And if everybody does the same experi-
ment, we can compare it, and we will have a much better con-
fidence that our models are correct, just like we do for global
warming experiments.

NEEDED INTERNATIONAL AGREEMENTS

Mrs. DAHLKEMPER. If we are looking at this climate system being
so complex, and we haven’t even talked about some of the inter-
national agreements, what kinds of things do we need to have in
place in terms of international agreements and legal steps before
we could really do a large-scale testing initiative? Mr. Lane?

Mr. LANE. Yes, I would pick up on something that I said in my
written statement which is that nations may differ in their inter-
ests in geoengineering, at least in solar radiation management,
which is the kind we are talking about for the most part here. I
would suggest that the United States really needs to learn a lot
more about the potential risks and benefits of solar radiation man-
agement for the United States before it embarks on any kind of
international agreement or international protocol. We need to be
clear on U.S. interests, not that it ultimately isn’t going to turn
into international bargaining, but each country needs to be clear
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about its own interests before we are ready for diplomatic bar-
gaining, I would suggest.

Chairman GORDON. Thank you, Mr. Lane.

Mrs. DAHLKEMPER. Thank you.

Chairman GORDON. To demonstrate that the California Repub-
lican Party is a big tent, Mr. Bilbray is recognized.

Mr. BiLBRAY. Thank you, Mr. Chairman. I would like to quickly
yield to the gentleman from the frozen wasteland of Nebraska at
this time.

MORE ON LIVESTOCK METHANE OUTPUT

Mr. SMITH OF NEBRASKA. I didn’t realize that was a—thank you,
I guess.

Dr. Robock, following up on your suggestion that mitigating the
consumption of beef would help the environment, do you see any
nutritional drawbacks to that? Do you consume beef yourself?

Dr. ROBOCK. Yes. Now, I am not an expert on nutrition or on the
entire system of agriculture. I have just seen papers that calculate
how much greenhouse gases are admitted for, say, a pound of beef
versus a pound of pork or a pound of chicken or a pound of pota-
toes, and just in that one narrow way of looking at it, there is more
emitted that causes more global warming from beef.

Mr. SMITH OF NEBRASKA. But a narrow way of looking at it, you
are suggesting?

Dr. RoBoCK. Yes. Yes. There are a lot of other considerations. I
am just talking about the impact on global warming.

Mr. SMITH OF NEBRASKA. But you would advocate mitigating con-
sumption of beef as a means of accomplishing your objective?

Dr. RoBOCK. Yes.

Mr. SMITH OF NEBRASKA. And how would you suggest going
about that? And in the interest of time, I do want to leave some
time. How would you suggest going about that?

Dr. RoBOCK. Education. I mean, people—you can’t—I don’t—it is
your job to decide what to tax or not to tax. Obviously, if you want-
ed people to behave differently, you give them incentives and dis-
incentives for behavior. But that is just one of the ways that the
climate system responds to methane and it responds to carbon di-
oxide, and the current way of producing beef emits a lot of those
gases. That is just—what to do about it? What the entire portfolio
of mitigation should be? I am not——

Mr. SMITH OF NEBRASKA. However, you just advocated for some-
thing to mitigate the consumption of beef?

Dr. RoBocK. Well, so the way—if you do want to do that, of
course, then you give

Mr. SMITH OF NEBRASKA. For the record, I don’t want to.

Dr. RoBOCK. I mean, I guess I am trying not to say something
that will make you feel bad but I am trying also to be honest
about

Mr. SMITH OF NEBRASKA. I think you are a little too late.

Dr. ROBOCK. Sorry.

Mr. SMITH OF NEBRASKA. But thank you.
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THE NEED FOR MITIGATION

Mr. BILBRAY. Reclaiming my time, Mr. Chairman, as stated be-
fore, the changing, you know, quote unquote, lifestyles or whatever
is going to be too little, too late. I want to thank you for having
this hearing. The fact is after seeing what kind of proposal that
supposedly was going to address climate change that came out of
the political structure here, I have come to the conclusion that we
need to talk about mitigation of the crisis because we are not going
to avoid it. There is not the political will to do what it takes. There
is not even the political will to make it legal in the United States
to do what it takes to avoid climate change because I believe
strongly that we have got to have the ability to produce energy that
doesn’t emit greenhouse gases so we can shut down all those facili-
ties that do, and there is not the political will to do with that what
we did with the interstate freeway system where the government
went out and sited, did the planning, did the things so we can shut
down the coal producing and the emissions and all that other stuff.
We are not willing to do that. We are just willing to talk about how
terrible it is.

GLOBAL DIMMING AND RISKS OF STRATOSPHERIC
INJECTIONS

So this is going to be a treating the crisis and trying to mitigate
the adverse impact, and I appreciate that approach. The question
is, there was a comment, have we now eliminated global dimming
as a consideration in this issue?

Dr. RoBock. If by global dimming you mean the effect of——

Mr. BILBRAY. The pooling effect of particulates

Dr. RoBOCK. In the troposphere. That is not global but it is con-
tinuing in places that emit a lot of particles, like in India and
China. But solar radiation management is global dimming on a
global scale. People are talking about putting a cloud in the strato-
sphere, not down near here where we breathe it.

Mr. BILBRAY. My concern is as somebody who has worked on air
pollution, I would assume eliminating coal—I mean, clean coal is
like safe cigarettes. I am hard-core against it, but that is fine. But
if you eliminate coal which puts a lot of particulates in, I am con-
cerned that there may be an adverse impact we don’t consider.

Dr. CALDEIRA. If we eliminated coal use today, the earth would
probably heat up by about another degree Fahrenheit from remov-
ing the sulfur. If we put just a few percent of that sulfur in the
stratosphere, we would get the same cooling effect on a global aver-
age while eliminating something like 95 or more percent of lower-
level pollution. And so we need to think about what if China were
to say, for each power plant that we put sulfur scrubbers on, we
will take three or four percent of that sulfur and put it higher in
the atmosphere to get that cooling effect while eliminating 95 or
more percent of the

Chairman GORDON. Excuse me, Doctor. We have about eight
minutes until we have to go vote. So I just want to assure Mr.
Smith that he can go home and tell his constituents that the beef
police will not be knocking on their door. And I recognize Mr.
Lujan to conclude our questions.
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THE IMPACT OF INGENUITY AND BEHAVIOR CHANGE

Mr. LUJAN. Mr. Chairman, I appreciate that, and as someone
that enjoys a T-bone or a lamb chop, sometimes it is raised on the
family farm that I live on. And I hope to do more wonderful hunt-
ing in New Mexico. I would invite my colleagues to come down to
New Mexico to see for themselves. I appreciate the emphasis with
mitigation and what we are talking about here. I would say that
as we look to see what we have to do as a Nation and what I hope
that we are truly looking at here is not telling people they don’t
have to fly to visit their family or that they don’t have to eat beef
or that they don’t have to do whatever it is that is being said today,
but that we are telling people we can be smarter about the way
that we do things—that we are saying when we are talking about
human behavior, I do not see how encouraging people to be more
efficient with their home energy use or with vehicle use or being
smarter about things like that, that that doesn’t have a positive
impact on all that we are looking at.

Again, being smarter about the way we do things, being able to
embrace ingenuity and challenge our scientists, our engineers, our
researchers to continue to do great things. You know, when I was
young I remember watching cartoons about science fiction and this
whole notion that people could one day be in space, building a
space station, not only walking on the moon but staying up there
for months upon end to do research. Lo and behold, yesterday there
were three astronauts that came to visit us here on Capitol Hill
who came back from making improvements where there are more
and more people that are living in space, staying there for months
upon end, where in a global community we’re doing some of these
things that were once considered science fiction. We are being
smarter about the way we do things, and we are doing them better.

And so as we look to see what is happening around the earth,
I know that there are many who truly believe that there still isn’t
a problem, that this isn’t something that we have to do something
about. And I would hope that we could get something submitted
into the record from those of you that are willing to speak to them,
to tell us what it is that we can share with them as well, to talk
about this problem that I believe is facing us as a Nation and fac-
ing us as a global community.

CLIMATE MODELING RESOURCES

As we talk about the science, though, and what indeed that we
can employ to be more aware of what is actually occurring with the
warming of the oceans or weather patterns, can you talk about the
importance of how we are able to include computer modeling capa-
bilities, of research laboratories, of our national laboratories, of our
colleges and our universities around the United States that have
super-computing capabilities and the ability to now use new data
to be able to feed you the information that you need so that we can
indeed solve some of these problems? Dr. Caldeira?

Dr. CALDEIRA. I and my colleagues did some of the first computer
model simulations of the solar radiation management methods at
a Department of Energy National Lab, Lawrence Livermore Lab,
and the kind of computing facilities at places like Los Alamos and
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the other labs in the system are really valuable and were a great
place to be able to do this work.

I am also, as an academic, a strong supporter of our academic re-
search institutions and the computing facilities at those institu-
tions. And I think that there is potential through investing in this
research area to revitalize our science, education and the com-
puting facilities that support that education.

Chairman GORDON. Dr. Caldeira and for the rest of the panel, we
are down to less than five minutes now, so I will quote, if he
doesn’t mind, Dr. Ehlers in saying, Mr. Lujan, you brought us to
an eloquent conclusion. Thank you for your statement.

Before we close the hearing, as I told the witnesses earlier, I will
provide for them two questions, one, what does a research program
look like, and the second one, if we have any type of international
treaties or collaboration, what should that look at. We would also
welcome any comments to follow up, Mr. Lujan, or anything else.

You have been an excellent panel. This has been I think an im-
portant hearing, the start of a longer-term discussion, and I think
that we can say with consensus that no one is advocating that
geoengineering is a one-stop shop or any type of an alternative to
mitigation, but is something that needs to be reviewed. And so I
will say now that the record will remain open for two weeks for ad-
ditional statements from Members and for answers to any follow-
up questions the Committee might ask the witnesses. The wit-
nesses are excused, and the hearing is adjourned. Thank you.

[Whereupon, at 11:45 a.m., the Committee was adjourned.]
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G ineering: A ing the Implications of Large-Scale Climate

= o

Intervention

Questions for the Record from Ranking Member Ralph Hall

Profi John Shepherd, FRS, Professorial Research Fellow in Earth System Science
at the University of Southampton.

1) Mr. Shepherd, in your written testimony you mention that the technologies required to
achieve sufficient mitigation action are available and affordable right now.
a. Would you please comment on what those technologies are?
b. Would you consider carbon capture and sequestration technologies available
and affordable?
c. Would you consider the installation and use of such technologies available and
affordable?

2) We've heard a great deal today about Solar Radiation Management techniques. Would
you please tell us of some of the significant side effects and risks associated with
stratospheric aerosol methods?

3) During your “Working Group™ deliberations, were there any discussions surrounding
liability? For example, if one nation were to act, using a stratospheric aerosol method,
and several nations gained from the resultant “cooling”, but there were unintended
negative impacts as well, would each nation be liable in some way or just the one
nation taking the action? How would the liability or remediation be shared?

Dr. Ken Caldeira, Professor of Environmental Science in the Department of Global
Ecology and Director of the Caldeira Lab at the Carnegie Institution of Science at
Stanford University.

1) For the Solar Radiation Management options, you state that there are only two that
would be able to address a significant part if not all warming issues, sulfate injections
and cloud seeding.

a. Although smaller options like white roofs and surfaces or desert reflectors
would not address the whole warming issue, would it be useful to deploy these
low impact options?

b. Or, is the idea that once the radiation infiltrates the earth’s atmosphere to a
point where it would be reflected off the surface, the battle has already been lost
since it will be captured on its retumn to space?
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2) In your testimony you mention the Mt. Pinatubo volcanic eruption in 1991 that caused
a 1 degree Fahrenheit cooling of the earth for about a year or two. Then the particles
in the stratosphere discharged by the volcano left, and the cooling effect wore off.

a. Where did those particles go to?
b. Is there a similar concern about acid rain or particulate matter pollution if we
inject particles into the stratosphere to simulate a volcanic eruption?

3) Ultimately, almost all the energy we use here on earth comes from the sun. Coal, oil
and natural gas are essentially the remainder of large amounts of biomass from
millions of years ago. Water, wind, and to a lesser extent, tidal energy are all derived
from the Earth-Sun system. Solar and bioenergy quite obviously require energy from
the sun. Only nuclear and geothermal energy seem to be independent of energy from
the sun. What are the potential risks to global energy resources if we reduce the
amount of solar radiation reaching the Earth?

Dr. Lee Lane, Resident Fellow and the Co-director of the Geoengineering Project at the
American Enterprise Institute (AEI) and former Executive Director of the Climate Policy
Center.

1) Mr. Lane, would you expand on your comments in your testimony that a steep decline
in greenhouse gas (GHG) emissions may well cost more than the perceived value of
its benefits?

2) How do you see R&D informing or defining the scope of the potential pr(;blcms
associated with solar radiation management (SRM)?

3) While the U.S. is party to many international treaties, some of the more significant
ones are agreements that we have not been able to sign on to, like the Law of the Sea.

a. How does this affect our future abilities to develop international governance
and regulatory structures to address development and deployment of
geoengineering technologies?

b. How soon should these international negotiations begin? Before the
technologies are deemed feasible by research? Or should we wait until the
technology is mature enough to be considered deployable?
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Dr. Alan Robock, Distinguished Professor of Climatology in the Department of
Environmental Sciences at Rutgers University and Associate Director of Rutgers Center
for Environmental Prediction.

1) In your testimony, you indicate that one of the shortcomings of “solar radiation
management” geo-engineering is that it could produce drought in Asia and Africa and
threaten the food supply for billions of people. Some scientists have suggested that
global climate change could have the same result; others have suggested that it will
actually increase agricultural production in some areas of the world.

a. If we were to undertake some type of large scale geo-engineering experiment,
how would we be able to differentiate between the effects of global climate
change and those from the geo-engineering and make the necessary
modifications to prevent catastrophe?

b. If we were able to differentiate between the effects of global climate change and
effects from geoengineering, is it now possible to determine whether a drought
is caused by anthropogenic climate change or just natural variability?

2) In your testimony you indicate that you have been using NASA climate models and
NASA computers to conduct climate model simulations. You also indicate that
increases in funding for research are necessary to explore these concepts further.

a. Do you believe much of this research can be done utilizing existing resources
such as those at NASA?

b. What additional resources and capabilities would be required to further research
in this area?

c. Are these models peer reviewed? Are you privy to the assumptions that go into
building the models before you run your simulations?

3) In reading your testimony, one comes to the conclusion that regardless of how much
research we perform ahead of time, we will never really know the true effects geo-
engineering would have on the planet without actually doing it because of all the
possible variables. Is that an accurate statement? How accurate is that for other
technological ventures we have undertaken?
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Dr. James Fleming, Professor and Director of Science, Technology and Society at Colby
College.

1) Dr. Fleming, in your statement you include a short list of reasons that many people
have claimed as the fundamental problems with climate engineering. Just to name a
few, you mention the claims regarding lack of understanding, lack of technology, lack
of political will to govern over it, etc.

a. Are these claims very similar to the ones people have heard every time a new
technology or concept arises that threatens to alter our fundamental
understandings of the universe?

b. How has society managed to get through those previous technological growth
spurts?

2) Just for the sake of argument, if it was decided that such climate engineering projects
needed regulation, which Federal agency would be the most appropriate to do it?

3) I find it interesting that you state that the human dimension is the biggest wildeard in
the whole climate change debate that essentially makes it unpredictable. One of the
reasons the hearing is important is due to the concern that one nation, or even just one
individual, could take it upon themselves to “fix the climate change problem” and
utilize some technology that would have global effects.

a. Should we be looking at this issue as a national security problem? Not unlike a
rogue state or terrorist group that releases a biological, chemical or nuclear
weapon on some unsuspecting populace?

b. Could the actions of a lone “climate savior” have global effects that would rise
to this level of concern? Or is the technology really not in a place where this is
an issue now, but we should be discussing it for the future?

Questions for the Record from Representative Dana Rohrabacher

Dr, Ken Caldeira, Professor of Environmental Science in the Department of Global
Ecology and Director of the Caldeira Lab at the Carnegie Institution of Science at
Stanford University.

1) If stopping coal use immediately would cause more supposed warming than the
entire CO2 increase since the beginning of industrialization, why is that a good
thing?
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ANSWERS TO POST-HEARING QUESTIONS

Responses by Ken Caldeira, Professor of Environmental Science, Department of Glob-

al Ecology, The Carnegie Institution of Washington, and Co-Author, Royal Soci-
ety Report

Questions submitted by Representative Ralph M. Hall

Q1.

Al
Q2.

Q3.

A3.

For the Solar Radiation Management options, you state that there are only two
that would be able to address a significant part if not all warming issues, sul-
fate injections and cloud seeding.

a. Although smaller options like white roofs and surfaces or desert reflectors
would not address the whole warming issue, would it be useful to deploy these
low impact options?

b. Or, is the idea that once the radiation infiltrates the earth’s atmosphere to a
point where it would be reflected off the surface, the battle has already been
lost since it will be captured on its return to space?

Dr. Caldeira did not provide an answer to this question.

In your testimony you mention the Mt. Pinatubo volcanic eruption in 1991 that
caused a 1 degree Fahrenheit cooling of the earth for about a year or two. Then
the particles in the stratosphere discharged by the volcano left, and the cooling
effect wore off.

a. Where did those particles go to?

b. Is there a similar concern about acid rain or particulate matter pollution if
we inject particles into the stratosphere to simulate a volcanic eruption?

Dr. Caldeira did not provide an answer to this question.

Ultimately, almost all the energy we use here on earth comes from the sun. Coal,
oil and natural gas are essentially the remainder of large amounts of biomass
from millions of years ago. Water, wind, and to a lesser extent, tidal energy are
all derived from the Earth-Sun system. Solar and bioenergy quite obuviously re-
quire energy from the sun. Only nuclear and geothermal energy seem to be inde-
pendent of energy from the sun. What are the potential risks to global energy
resources if we reduce the amount of solar radiation reaching the Earth?

Dr. Caldeira did not provide an answer to this question.

Questions submitted by Representative Dana Rohrabacher

Q1L

Al

If stopping coal use immediately would cause more supposed warming than the
entire CO; increase since the beginning of industrialization, why is that a good
thing?

Dr. Caldeira did not provide an answer to this question.
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ANSWERS TO POST-HEARING QUESTIONS

Responses by John Shepherd, FRS, Professional Research Fellow in Earth System
Science, National Oceanography Centre, University of Southampton, and Chair,
Royal Society Geoengineering Report Working Group

Questions submitted by Chairman Bart Gordon

. Please describe what you think a comprehensive federal research program on
Q1. Pl describe what think hensive federal h
geoengineering should entail. What are the critical features of such a program?

o Which U.S. agencies would contribute to a research initiative, and in what ca-
pacity?

o What scale of investment would be necessary, both initially and in the longer
term?

o What kind of professional and academic expertise would be required?

Al. A comprehensive research programme should involve research on both Solar
Radiation Management (SRM) and Carbon Dioxide Removal (CDR) methods, since
CDR methods are less risky, and would be needed for a long-term solution, to pro-
vide the exit strategy for SRM methods, and to deal with the ocean acidification
problem. Since it is too early to pick winners, research on several of the more prom-
1sing methods of each class should be undertaken. The scientific and technological
research should comprise technological development, computer modelling of both in-
tended and unintended environmental impacts, laboratory and pilot-plant scale ex-
periments, and field testing on various scales in due course. For methods which in-
volve dispersion of material in the environment and/or transboundary effects (other
than simply the removal of greenhouse gases (GHGs) from the atmosphere), large-
scale field tests should await the establishment of appropriate national and/or inter-
national arrangements for the regulation of such research. Research on economic as-
pects (especially life-cycle assessment on financial, energy and carbon accounting
basefl),land on social, legal, ethical and political aspects should be undertaken in
parallel.

I am not an expert on U.S. research funding or institutional capability, but would
advocate that the research should be undertaken as a coordinated joint programme
by academic institutions, national laboratories and where appropriate also by con-
tracted commercial research organisations. Funding of various aspects by NSF,
DOE, NOAA and NASA would be appropriate. Private and philanthropic funding
should not be excluded if channelled via a suitably transparent “arms length” mech-
anism.

A suitable scale of investment for the U.S.A. would be of the order of $100 million
per year (direct costs only) for the first five years, as a contribution to a coordinated
international programme, increasing progressively thereafter (possibly doubling
each five years) until one or more methods are selected for deployment, or all are
abandoned as unnecessary or undesirable.

A very wide range of scientific and engineering expertise will be required (the pre-
cise requirement will depend on the technology in question), together with profes-
sional expertise in socio-economic and legal fields. Particular areas which may re-
quire additional support are in all aspects of Earth System & Environmental
Sciences, and Chemical, Electrical & Mechanical Engineering. The further enhance-
ment of Earth System Models (and the computing infrastructure to run them) are
likely to be an early requirement.

Q2. Please prioritize the geoengineering strategies you believe warrant extensive re-
search, and explain your reasoning.

o Within these, please highlight examples of potential negative impacts you pre-
dict might accompany their deployment and /or large-scale research.

o Are there any strategies that you believe should be eliminated from consider-
ation due to unacceptable risks and costs?

A2. Estimates of costs for all methods are very uncertain at present, so cost should
not be taken as a decisive selection criterion for the time being (and it is premature
to attempt comparative cost-benefit analyses except at a very broad-brush level).

Among SRM methods the order of priority, nature of the research, and potential
negative impacts should be

High: Stratospheric aerosols [R&D on all aspects especially deployment tech-
nology, and intended and unintended environmental impacts: possible negative im-
pacts on stratospheric ozone, upper tropospheric clouds, poor cancellation of precipi-
tation pattern changes].
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Medium: Cloud brightening [R&D on all aspects especially deployment technology,
radiative forcing attainable, and intended and unintended environmental impacts:
possible negative impacts on regional weather patterns & ocean upwelling due to
strongly localised radiative forcing].

Low: Space-based methods [R&D: Desk-based feasibility studies only: potential
negative impacts due to non-uniform forcing and release of rocket fuel combustion
products etc to the atmosphere].

Among CDR methods the order of priority, nature of the research, and potential
negative impacts should be

High: Engineered capture of CO> from ambient air [R&D on technological develop-
ment especially energy use and cost reduction: potential negative impacts due to
materials used and CO> sequestration]

Medium: Enhanced weathering methods (both terrestrial and oceanic) [R&D on
technological development, effectiveness, and environmental impacts: potential neg-
ative impacts due to materials & energy used, and possibly on soil and ocean eco-
systems]

Low: Biological methods (SECS, Biochar, enhanced soil carbon & afforestation).
[R&D on ecological impacts and land-use requirements & conflicts: potential nega-
tive impacts on forest & grassland ecosystems]

Unpromising methods include land-surface (desert) albedo enhancement, and
ocean fertilisation (by both iron and macronutrients) because of their expected high
impacts on natural ecosystems.

[Please see Royal Society report for further explanation of rationale]

@3. Could some geoengineering activities be confined to specific geographic loca-
tions?

e For example, could solar radiation management be localized specifically for
the protection of polar ice?

A3. In general CDR methods can be applied at any location (e.g. where energy and
other costs are low) as convenient, though not all would necessarily be confined
within national boundaries (e.g. ocean fertilisation).

It would on the other hand be generally undesirable to attempt to localise SRM
methods, because any localised radiative forcing would need to be proportionally
larger to achieve the same global effect, and this is likely to induce modifications
to normal spatial patterns of weather systems including winds, clouds, precipitation
and ocean currents & upwelling patterns. It would be particularly undesirable to at-
tempt to cool some area (e.g. the polar regions) of one hemisphere but not the other,
as this is very likely to lead to a shift in the location and seasonal range of the
inter-tropical convergence zone (ITCZ) with possible alteration of low-latitude
weather systems (especially the seasonal pattern and strength of monsoon systems).

It could however be useful to engineer a slight and smooth latitudinal variation
of SRM forcing {e.g. by aerosol release primarily at high latitudes), to balance the
spatial pattern of greenhouse warming more precisely, and so to reduce any residual
over-compensation effects which are likely with a spatially uniform forcing (such as
a simple fractional reduction of solar radiation).

Q4. In his submitted testimony, Dr. Robock explained simply: “To actually imple-
ment geoengineering, it needs to be demonstrated that the benefits of
geoengineering outweigh the risks.”

o What do you believe are the “tipping points” that would justify large scale de-
ployment of geoengineering?

e Based on the current pace of carbon increases (about 2 parts per million a
year) and your prediction of the efficacy of conventional mitigation strategies,
what would be an appropriate timeline for research and possible deployment?

A4. T do not consider that a “tipping point” or “emergency” rationale for implemen-
tation of geoengineering is appropriate, simply because it will be extremely difficult
to detect tipping points (at which irreversible state changes occur) before they are
passed, or even to be certain when they have been passed. Moreover, waiting for
an emergency situation more or less implies introducing a high level of intervention
rapidly, which is likely to be imprudent. I think it is more constructive to consider
trigger or threshold levels at which it would be prudent to commence progressive
implementation of geoengineering over several decades (allowing the intervention to
commence at a low level so that one could verify its intended impacts and hopefully
detect any adverse impacts before they become serious). It could for example be ap-
propriate to commence geoengineering intervention in time and in such a way as
to limit the increase of global temperature to 2° C (or any other agreed level) and
maintain it at that level for some considerable time, before deciding whether to seek
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to reduce it. As stated above and in the Royal Society report, it would be imprudent
to commence SRM intervention without an exit strategy, such as simultaneously
commencing CDR intervention on a scale sufficient to supplant the SRM interven-
tion in the long term.

In the light of current (i.e. post-Copenhagen) expectations of climate change, it
would be desirable to commence a substantial programme of R&D immediately,
with a view to possible large-scale deployment in about 20 years time, i.e. about 20
years before it is expected that the global mean temperature increase will reach 2°

Q5. The effects of many geoengineering strategies such as stratospheric injections
could not likely be tested at less than full-scale. To your knowledge, what types
of international agreements would address the challenges of large-scale testing?

e Can you identify any existing treaties or agreements that would apply to large-
scale testing of geoengineering?

A5. To the best of my knowledge, there are no international treaties or institutions
which are at present appropriate to deal with regulation of geoengineering in gen-
eral, or stratospheric aerosol release in particular (see fuller discussion in the Royal
Society report). A major revision and extension of ENMOD, and the creation of an
executive arm for this treaty, could be a possible route for the future. However, any
such body would have to cooperate closely with the UNFCCC eventually, to ensure
coordinated development of mitigation, adaptation and geoengineering activities,
and such a formal linkage should be created in any new legal and institutional
framework. A critical review of existing treaties and institutions is a necessary and
important early action.

Questions submitted by Representative Ralph M. Hall

Q1. Mr. Shepherd, in your written testimony you mention that the technologies re-
quired to achieve sufficient mitigation action are available and affordable right
now.

a. Would you please comment on what those technologies are?

b. Would you consider carbon capture and sequestration technologies available
and affordable?

c. Would you consider the installation and use of such technologies available
and affordable?

Al. (a) Please see the report of the Royal Society “Towards a Low Carbon Energy
Future” (available at http://royalsociety.org/WorkArea /| DownloadAsset.aspx?id
=5453) which summarises technologies available for implementation in the imme-
diate future, the medium term (up to 2050) and thereafter. Most such technologies
would result in somewhat higher energy prices, but should nevertheless be regarded
as affordable, since energy prices are rarely the dominant component of domestic
or industrial costs. Moreover energy prices have historically been held at artificially
low levels (because the costs of the environmental impacts have hitherto been ig-
nored). Society and industry will of course need time to adapt to higher energy
prices.

(b) Given a sufficient investment of effort CCS would be available for deployment
over the next few decades, beginning well before 2020. It would result in a substan-
tial increase in electricity prices, but for the reasons given above this should not be
regarded as an insurmountable obstacle.

(c) There are a number of technologies (see above) available for rapid development
and progressively increasing deployment, but the timescale for the transition to a
low-carbon energy system is nevertheless several decades even using existing tech-
nology such as nuclear fission.

Q2. We've heard a great deal today about Solar Radiation Management techniques.
Would you please tell us of some of the significant side effects and risks associ-
ated with stratospheric aerosol methods?

A2. Please refer to the Royal Society report “Geoengineering the Climate” for a de-
tailed account of the possible side effects and risks associated with SRM using strat-
ospheric aerosols. Briefly the possible side-effects identified to date are:

(a) Imperfect cancellation (over-compensation) of important facets of climate
change, including regional temperature patterns, but more seriously of the regional
and seasonal distribution of precipitation (rainfall) especially at low latitudes. It
should be noted that rainfall is notoriously difficult to predict in all weather fore-
casting and climate models anyway, and the reliable prediction of the effects of SRM
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intervention is similarly difficult. Advances in computer modelling are required for
all of these purposes.

(b) Reduction of stratospheric ozone levels.

(c) Possible modification of high-level tropospheric clouds (with consequences for
climate which have not yet been evaluated).

(d) SRM methods have no effect on CO; levels and therefore do almost nothing
to ameliorate ocean acidification.

The most serious risk is however that SRM techniques “would create an artificial,
approximate, and potentially delicate balance between increased greenhouse gas
concentrations and reduced solar radiation, which would have to be maintained, po-
tentially for many centuries. It is doubtful that such a balance would really be sus-
tainable for such long periods of time, particularly if emissions of greenhouse gases
were allowed to continue or even increase.” Moreover, if the intervention were ter-
minated for any reason, all the climate change to be expected from the elevated
level of GHGs still in the atmosphere would then occur very rapidly indeed (this
is the “termination problem”).

Q3. During your “Working Group” deliberations, were there any discussions sur-
rounding liability? For example, if one nation were to act, using a stratospheric
aerosol method, and several nations gained from the resultant “cooling”, but
there were unintended negative impacts as well, would each nation be liable in
some way or just the one nation taking the action? How would the liability or
remediation be shared?

A3. We did discuss liability issues briefly (see sections 4.5 and 5.4 of the report) but
did not feel able to offer firm conclusions on this difficult subject (which also already
arises, of course, over liability for the impacts of climate change itself). As with cli-
mate change, it is likely to be extremely difficult to attribute specific events causing
losses to the intervention undertaken, with sufficient confidence to underpin a sys-
tem for compensation. It may be more practicable to establish a generic system,
similar to that which is evolving under the UNFCCC for compensation for the im-
pacts of climate change on vulnerable communities.
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ANSWERS TO POST-HEARING QUESTIONS

Responses by Lee Lane, Co-Director, American Enterprise Institute (Aei)
Geoengineering Project

Questions submitted by Chairman Bart Gordon

Q1. Please describe what you think a comprehensive federal research program on
geoengineering should entail. What are the critical features of such a program?

Al. Overview: Such a program should include both scientific research and tech-
nology development. Over time, resource allocation should shift from the former to
the latter. Research should explore both the possible benefits and the possible risks
of geoengineering options. Both solar radiation management (SRM) and air capture
(AC) deserve to be explored, but the former is far more important and less likely
to win adequate private sector support; it should receive the lion’s share of the pub-
lic funding. The SRM program will eventually entail field testing. The scale of the
testing should gradually increase. To advance SRM, the U.S. government will need
to build its capacity to model and to observe Earth’s climate.

Three broad principles are crucial:

First, the solar radiation management (SRM) R&D program should be organized
separately from the air capture (AC) R&D program. Exploring SRM entails tasks
that differ from those needed to explore AC. Disparate tasks demand disparate
skills. Also, if research on AC were ever to be successful it might well devolve to
the private sector; whereas, SRM is likely to remain under direct government con-
trol. Yoking together two such different efforts would be certain to impede the
progress of both.

Second, each program should have a clearly defined and accountable “owner”. He
or she must be accountable for project performance: therefore, he or she must also
be able to allocate the available budget. The R&D process is uncertain; surprises
are inevitable; therefore, managers must be free to respond to them.

Third, Congress, too, would have to play a part in the success of R&D on
geoengineering. R&D involves failures; indeed, an R&D program that experiences
no failures is almost certainly too conservative. Members of Congress may be tempt-
ed to react to agency failures in ways that reinforce this tendency. The temptation
to view R&D through the lens of local jobs is another notorious source of R&D ineffi-
ciency.

QIa. Which U.S. agencies would contribute to a research initiative, and in what ca-
pacity?

Ala. For SRM, R&D will involve Earth observation, modeling, and several different
areas on scientific research. NASA, NOAA, and NSF all possess relevant expertise.
As R&D progresses, skill in managing technology development will play a growing
role. Few civilian agencies of the U.S. government have demonstrated talent for
tasks of this kind.

A critical issue will be to choose the project’s lead agency. The lead agency should
have a budget that allows it to draw on the expertise available in other government
agencies without granting any of them the status of monopoly supplier. Congress
would need to refrain from allocating tasks and dollars to favored agencies and fa-
cilities.

Q1b. Whatg scale of investment would be necessary, both initially and in the longer
term?

A1lb. Initially, a few million dollars a year would suffice. At some point, SRM would
require sub-scale testing. Eventually a full scale test might be warranted. These
tests, and the needed global observation, could eventually cost several billion annu-
ally. Seeking alternatives to satellite observation might be an important cost saving
R&D task. At least some experts believe that such alternatives exist.

QIc. What kind of professional and academic expertise would be required?

Alc. The natural scientists on the panel are better qualified than Ito respond to this
question as it pertains to those disciplines; however, Professor Fleming has observed
that geoengineering also poses a number of questions that fall within the ambit of
the social sciences. On this point, he is, I believe, correct. How government should
respond to this need is an open question. In an earlier era, with the RAND Corpora-
tion, the U.S. government had great success in productively using social science. The
Committee is, I believe, going to be hearing from Dr. Thomas Schelling. Dr. Schel-
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ling has had experience with RAND and with other similar ventures. The Com-
mittee might wish to draw on his views on this subject.

One fundamental question about SRM is the way in. which it should be integrated
with other means of coping with climate change. While the natural sciences provide
important inputs to answering this question, economists, decision theorists, and po-
litical scientists also have crucial contributions to make.

Q2. Please prioritize the geoengineering strategies you believe warrant extensive re-
search, and explain your reasoning.

A2. SRM may offer a defense against the possible onset of rapid and very harmful
climate change. Should such climate change occur, no other response appears to
offer a comparable option for avoiding harm. This feature of SRM, combined with
its apparently low cost, makes exploring it a high priority. AC may also warrant
R&D, but does not offer either of these advantages; further, the private sector has
fairly strong economic incentives to explore AC. In contrast, if we are to have an
SRM option, the public sector will have to develop it.

Q2a. Within these, please highlight examples of potential negative impacts you pre-
dict might accompany their deployment and/or large-scale research.

A2a. Professor Robock has developed an extensive list of possible objections. This
list constitutes a starting point for the defensive research agenda associated with
SRM. I have nothing to add to his list.

In the case of AC, most of the technologies entail relatively localized impacts;
however, to have a global scale impact, AC must capture and safely store truly gar-
gantuan quantities of mass. The shear scale of the task seems to dictate that its
environmental costs will be substantial.

Q2b. Are there any strategies that you believe should be eliminated from consider-
ation due to unacceptable risks and costs?

A2b. For reasons laid out in a recent paper (Bickel and Lane, 2009) the space sun-
shade concept is an unappealing approach to SRM. It offers few benefits that might
not be achieved at vastly lower costs with other SRM techniques, and the very large
up-front infrastructure costs would simply be so much waste if the project were to
fail or be abandoned for any reason.

Q3. Could some geoengineering activities be confined to specific geographic loca-
tions?

A3. My understanding is that Dr. Michael MacCracken has been considering some
SRM options for localized interventions. See: MacCracken, Michael, C. “On the pos-
sible use of geoengineering to moderate specific climate change impacts.” Environ.
Res. Lett. 4 (2009), 045107, available at: http:/ /www.iop.org|EdJ |article | 1748-9326 /
4/4/045107 |er19 4 _045107.html#er1317855s3

Another line of research has been summarized in recent work by Rasch, Latham,
and Chen. See: Rasch, Philip J., John Latham, and Chih-Chieh (Jack) Chen.
“Geoengineering by cloud seeding: influence on sea ice and climate system.” Envi-
ron. Res. Lett. 4 (2009), 045112, available at: http:/ /www.iop.org/Ed [article | 1748-
9326/4/4/045112/er19_4_045112.pdf?request-id=dc8ba35701-01a3-4aec-b654-
eee98f4a8a71

The Committee may wish to query these scholars on the results of their findings.

Q3a. For example, could solar radiation management be localized specifically for the
protection of polar ice? If so, how?

Q4. In his submitted testimony, Dr. Robock explained simply: “To actually imple-
ment geoengineering, it needs to be demonstrated that the benefits of
geoengineering outweigh the risks.”

A4. The potential net benefits of SRM are, however, very large. One recent study
found that, globally, the difference between the benefits of deploying SRM and the
direct costs of doing so range from $200 billion to $700 billion a year in perpetuity.
If other studies confirm this result, SRM should be deployed unless its side-effects
entail annual net costs of at least $200 to $700. Determining if they do is a key
part of a research agenda for exploring this option. (Professor Eric Bickel of the Uni-
versity of Texas at Austin is currently doing innovative work in this field, and the
Committee might wish to consult him on these matters.)

Research of this kind must also encompass the indirect benefits of deploying SRM,
e.g. lowering the risk of trade wars triggered by GHG controls, the ecologic havoc
wreaked by biofuel mandates, and so forth. No valid study can weigh only the indi-
rect costs of SRM while ignoring those of other approaches.
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R4a. What do you believe are the “tipping points” that would justify large-scale de-
ployment of geoengineering?

A4a. The natural scientists on the panel are better qualified than Ito respond to
this question.

®4b. Based on the current pace of carbon increases (about 2 parts per million a year)
and your prediction of the efficacy of conventional mitigation strategies, what
would be an appropriate timeline for research and possible deployment?

A4b. Globally, no consensus exists about paying the costs of GHG controls, nor is
such a consensus likely to emerge in less than several decades at the very least.
Under these conditions, global emissions will continue rising for many decades to
come. Atmospheric concentrations will continue rising until long after emissions
have peaked.

At the same time, research on SRM is likely to progress rather slowly. Larger
scale field tests in particular might have to proceed at a deliberate pace. It would
be better to observe the climate’s reaction to one intervention at a time and with
a significant interval between interventions. The latter precaution would ensure
that time-lagged impacts were discovered. This combination of factors implies that
R&D on SRM should begin as soon as possible in order to allow the eventual field
tests to proceed cautiously.

Q5. The effects of many geoengineering strategies such as stratospheric injections
could not likely be tested at less than full-scale. To your knowledge, what types
of international agreements would address the challenges of large-scale testing?
Can you identify any existing treaties or agreements that would apply to large-
scale testing of geoengineering?

A5. In a recent paper prepared for the American Enterprise Institute, Professor
Scott Barrett of Columbia University observed:

“According to Daniel Bodansky (1996: 316), “international law has relatively lit-
tle specific to say about climate engineering.” Moreover, he adds, “we should be
cautious about drawing conclusions from existing rules, for the simple reason
that these rules were not developed with climate engineering in mind”
(Bodansky 1996: 316). Geoengineering creates a new institutional challenge.

Professor Barrett’s observations seem to suggest that no clear regime exists. SRM
is a problem that is likely to require arrangements that are designed to fit its
unique characteristics.

I would reinforce the caution that I expressed in my written statement There is
too much uncertainty about the nature of the U.S. national interest in
geoengineering for the U.S. government to consider international agreements that
might restrict our government’s future freedom of action.

Questions submitted by Representative Ralph M. Hall

Q1. Mr. Lane, would you expand on your comments in your testimony that a steep
decline in greenhouse gas (GHG) emissions may well cost more than the per-
ceived value of its benefits?

Al. Most economic studies of climate change have concluded that a policy of gradu-
ally restraining global GHG emissions would yield net benefits. These same studies
indicate that attempts to apply more rapid emission restraints would be likely to
impose costs that exceed their benefits. Professor Richard Tol’s recent paper for the
Copenhagen Consensus Center basically reaffirms this consensus.

A few studies have departed from this consensus. Some of these, like the analyses
of Lord Stern and. William Cline, produce different results largely because of atypi-
cal assumptions about the rate at which future benefits should be discounted. Wil-
liam Nordhaus of Yale has presented a cogent critique of this approach. It is my
personal impression that, on this point, at least here in the U.S., most economists
who have examined the question, although not all of them, would favor the basic
thrust of Nordhaus’ analysis over that offered by Stern and Cline.

On a different point, Professor Martin Weitzman of Harvard has argued that the
possible harm from low-probability, but very high-impact, climate change events is
so great that benefit-cost analysis becomes, in his view, a poor guide to policy. Other
economists, including Nordhaus, disagree. Debate continues, but unless GHG con-
trols have a large impact on the trend in emissions, they might have little prob-
ability of lowering the risk of high-impact climate change. Nothing in the last twen-
ty years’ history of GHG control talks suggests that controls will, in fact, produce
sharp reductions in emissions.
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Finally, but perhaps most importantly, how GHG controls are structured will
have a major effect on their costs. GHG control policies that are overly stringent,
or those that fall unevenly across countries or economic sectors, will drastically raise
the costs of reaching any given emission reduction target. Unfortunately, both glob-
ally and in the U.S., GHG controls are taking on exactly these cost increasing fea-
tures. China’s and India’s refusal at the Copenhagen climate talks to make firm
commitments or to pledge more than business-as-usual steps guarantees that either
GHG controls will have virtually no effect on emissions or that they will do so only
at an exorbitant cost.

Q2. How do you see R&D informing or defining the scope of the potential problems
associated with solar radiation management (SRM)?

A2. Current climate models do a poor job of replicating regional rainfall patterns.
Yet changes in regional rainfall, if they occur, are likely to account for the most eco-
nomically significant unwanted side effect of SRM. Without improved models, it will
be impossible to determine if a problem exists and, if it does, how severe it might
be. With all of the potential drawbacks of SRM, the initial scientific research should
then supply inputs for studies monetizing any costs that are found.

Where research finds real problems with current SRM, concept redesign may
avoid them. Alternatively, new SRM concepts might avoid problems; thus, earlier
defensive research may partly shape the course of development.

Q3. While the U.S. is party to many international treaties, some of the more signifi-
cant ones are agreements that we have not been able to sign on to, like the Law
of the Sea.

a. How does this affect our future abilities to develop international governance
and regulatory structures to address development and deployment of
geoengineering technologies?

A3. Agreements designed for other purposes, as suggested by Dr. Bodansky, may
fit awkwardly with the features of SRM. A workable SRM option would not require
universal participation. Indeed, if transaction costs of managing the system were to
be kept within reason, a relatively small subset of major powers would have to as-
sume disproportionate authority over its operations. For the “governance” arrange-
ments for SRM, a coalition of the willing might be a better model than agreements
based on the fiction of international equality.

Q3b. How soon should these international negotiations begin? Before the technologies
are deemed feasible by research? Or should we wait until the technology is ma-
ture enough to be considered deployable?

A3b. The U.S. interest in the various kinds of geoengineering remains unclear. It
is clear, however, that the concept of geoengineering as a weapon is nonsense, but
it is also clear that the benefits and costs of geoengineering are likely to vary from
country to country. U.S. interests in the future development of this concept may,
therefore, differ from those of other countries; yet the substance and the form of a
possible international regime on geoengineering would be likely to affect the course
of its development. Indeed, a regime that did not have such an effect would be a
waste of effort. The U.S. government should acquire substantially more knowledge
about geoengineering’s potential benefits and risks before embarking on any talks
that might restrict its future freedom of action.
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ANSWERS TO POST-HEARING QUESTIONS

Responses by Alan Robock, Professor, Department of Environmental Sciences, School
of Environmental and Biological Sciences, Rutgers University

Questions submitted by Chairman Bart Gordon

As stated in my original testimony, geoengineering proposals can be separated
into solar radiation management (by producing a stratospheric cloud or making low
clouds over the ocean brighter) or carbon capture and sequestration (with biological
or chemical means over the land or oceans). My expertise is in the first area. In
particular, my work has focused on the idea of emulating explosive volcanic erup-
tions, by attempting to produce a stratospheric cloud that would reflect some incom-
ing sunlight, to shade and cool the planet to counteract global warming. In these
answers, except where indicated, I will confine my remarks to solar radiation man-
agement, and use the term “geoengineering” to refer to only it. I do this because
it is the suggestion that has gotten the most attention recently, and because it is
the one that I have addressed in my work.

Q1. Please describe what you think a comprehensive federal research program on
geoengineering should entail. What are the critical features of such a program?

Al. A comprehensive federal research program should follow the advice of the policy
statement on geoengineering endorsed by both the American Meteorological Society
and the American Geophysical Union in 2009, who recommend:

1. “Enhanced research on the scientific and technological potential for
geoengineering the climate system, including research on intended and unin-
tended environmental responses.

2. “Coordinated study of historical, ethical, legal, and social implications of
geoengineering that integrates international, interdisciplinary, and
intergenerational issues and perspectives and includes lessons from past ef-
forts to modify weather and climate.

3. “Development and analysis of policy options to promote transparency and
international cooperation in exploring geoengineering options along with re-
strictions on reckless efforts to manipulate the climate system.”

Being only an expert in the first category, I will confine my responses to those
issues, but urge you to seek advice from historians, social scientists, and political
scientists on items 2 and 3, which are also very important.

A research program devoted to the scientific and technological potential should in-
clude computer modeling, engineering studies of systems that could create particles
in the stratosphere or brighten clouds, and observing systems for marine strato-
cumulus clouds and stratospheric aerosols.

State-of-the-art climate models, which have been validated by previous success at
simulating past climate change, including the effects of volcanic eruptions, should
be used for theoretical studies. They would consider different suggested scenarios
for injection of gases or particles designed to produce a stratospheric cloud, and dif-
ferent scenarios of marine cloud brightening, and evaluate the positive and negative
aspects of the climate response. So far, the small number of studies that have been
conducted have all used different scenarios, and it is difficult to compare the results
to see which are robust. Experiments should be coordinated among the different cli-
mate modeling groups that are performing runs for the Climate Modeling Inter-
comparison Project (CMIP) of the World Climate Research Programme Working
Group on Coupled Modelling, described at http:/ /cmip-pcmdi.11nl.gov/, for assess-
ing climate models and their response to many different causes of climate change,
including anthropogenic greenhouse gases and aerosols. As they explain at the
above website, CMIP is “a standard experimental protocol for studying the output
of coupled atmosphere-ocean general circulation models (AOGCMs). CMIP provides
a community-based infrastructure in support of climate model diagnosis, validation,
intercomparison, documentation and data access. This framework enables a diverse
community of scientists to analyze GCMs in a systematic fashion, a process which
serves to facilitate model improvement. Virtually the entire international climate
modeling community has participated in this project since its inception in 1995.” Fi-
nancial support from a national research program, in cooperation with other na-
tions, will produce more rapid and more comprehensive results. The studies need
to include advanced treatment of aerosol particles in climate models, including how
they form and grow, as well as their effects on radiation and ozone.
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Another area of research that needs to be supported under the first category is
the technology of producing a stratospheric aerosol cloud. Robock et al. [2009] cal-
culated that it would cost several billion dollars per year to just inject enough sulfur
gas into the stratosphere to produce a cloud that would cool the planet using exist-
ing military airplanes. Others have suggested that it would be quite a bit more ex-
pensive. However, even if SO, (sulfur dioxide) or H>S (hydrogen sulfide) could be
injected into the stratosphere, there is no assurance that nozzles and injection strat-
egies could be designed to produce a cloud with the right size droplets that would
be effective at scattering sunlight. However, the research program will also need to
fund engineers to actually build prototypes based on modification of existing aircraft
or new designs, and to once again examine other potential mechanisms including
balloons, artillery, and towers. They will also have to look into engineered particles,
and not just assume that we would produce sulfate clouds that mimic volcanic erup-
tions. In addition, engineering studies will be needed for ships that could inject salt
into marine clouds.

At some point, given the results of climate models and engineering, there may be
a desire to test such a system in the real world. But this is not possible without
full-scale deployment, and that decision would have to be made without a full eval-
uation of the possible risks. Certainly individual aircraft or balloons could be
launched into the stratosphere to release sulfur gases. Nozzles can be tested. But
whether such a system would produce the desired cloud could not be tested unless
it was deployed into an existing cloud that is being maintained in the stratosphere.
While small sub-micron particles would be most effective at scattering sunlight and
producing cooling, current theory [e.g., Heckendorn et al., 2009] tells us that contin-
ued emission of sulfur gases would cause existing particles to grow to larger sizes,
larger than volcanic eruptions typically produce, and they would be less effective at
cooling Earth, requiring even more emissions. Such effects could not be tested, ex-
cept at full-scale.

Furthermore, the climatic response to an engineered stratospheric cloud could not
be tested, except at full-scale. The weather is too variable, so that it is not possible
to attribute responses of the climate system to the effects of a stratospheric cloud
without a very large effect of the cloud. Volcanic eruptions serve as an excellent nat-
ural example of this. In 1991, the Mt. Pinatubo volcano in the Philippines injected
20 Mt (megatons) of SO, (sulfur dioxide) into the stratosphere. The planet cooled
by about 0.5° C (1° F) in 1992, and then warmed back up as the volcanic cloud fell
out of the atmosphere over the next year or so. There was a large reduction of the
Asian monsoon in the summer of 1992 and a measurable ozone depletion in the
stratosphere. Climate model simulations suggest that the equivalent of one
Pinatubo every four years or so would be required to counteract global warming for
the next few decades, because if the cloud were maintained in the stratosphere, it
would give the climate system time to cool in response, unlike for the Pinatubo case,
when the cloud fell out of the atmosphere before the climate system could react
fully. To see, for example, what the effects of such a geoengineered cloud would be
on precipitation patterns and ozone, we would have to actually do the experiment.
The effects of smaller amounts of volcanic clouds on climate can simply not be de-
tected, and a diffuse cloud produced by an experiment would not provide the correct
environment for continued emissions of sulfur gases. The recent fairly large erup-
tions of the Kasatochi volcano in 2008 (1.5 Mt SO,) and Sarychev in 2009 (2 Mt
SO2) did not produce a climate response that could be measured against the noise
of chaotic weather variability.

Any field testing of geoengineering would need to be monitored so that it can be
evaluated. While the current climate observing system can do a fairly good job of
measuring temperature, precipitation, and other weather elements, we currently
have no system to measure clouds of particles in the stratosphere. After the 1991
Pinatubo eruption, observations with the Stratospheric Aerosol and Gas Experiment
II (SAGE II) instrument on the Earth Radiation Budget Satellite showed how the
aerosols spread, but it is no longer operating. To be able to measure the vertical
distribution of the aerosols, a limb-scanning design, such as that of SAGE II, is opti-
mal. Right now, the only limb-scanner in orbit is the Optical Spectrograph and In-
fraRed Imaging System (OSIRIS), a Canadian instrument on Odin, a Swedish sat-
ellite. SAGE III flew from 2002 to 2006, and there are no plans for a follow on mis-
sion. A spare SAGE III sits on a shelf at a NASA lab, and could be used now. There
is one satellite in orbit now with a laser, but it is not expected to last long enough
to monitor future geoengineering, and there is no organized system to use it to
produce the required observations of stratospheric particles. Certainly, a dedicated
observational program would be needed as an integral part of any geoengineering
implementation.
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Ila. Which U.S. agencies would contribute to a research initiative, and in what ca-
8
pacity?

Ala. The U.S. agencies most involved in climate modeling are the National Science
Foundation (NSF), National Center for Atmospheric Research (funded mostly by
NSF), National Oceanic and Atmospheric Administration, National Aeronautics and
Space Administration (NASA), and Department of Energy (DOE). I would rec-
ommend that NSF be in charge of a climate modeling research program, coordinated
with the other agencies, with the Program for Climate Model Diagnosis and Inter-
comparison of the DOE continuing their program of archiving all the model output
for intercomparisons. For the engineering studies, I recommend that NASA be in
charge, in cooperation with the Department of Defense, which may be able to pro-
vide expertise in some of the proposed delivery systems. For an improved system
of stratospheric aerosol observing, as well as better cloud observing from space,
NASA should be in charge.

Q1b. What scale of investment would be necessary, both initially and in the longer
term?

A1b. A geoengineering research program should not be at the expense of existing
research into climate change, mitigation, and adaptation. Our first goal should be
rapid mitigation, and we need to continue the current increase in support for green
alternatives to fossil fuels. We also need to continue to better understand regional
climate change, to help us to implement mitigation and adapt to the climate change
that will surely come in the next decades no matter what our actions today. But
a small increment to current funding to support geoengineering will allow us to de-
termine whether geoengineering deserves serious consideration as a policy option.
The total expenditure for climate model experimentation should be on the order of
$10 million per year, which would include expanding current efforts as well as
training of new scientists to work on these problems, through postdocs and graduate
student fellowships.

As for the engineering studies, you would have to ask engineering experts. Cer-
tainly studies should be done of the feasibility of retrofitting existing U.S. Air Force
planes to inject sulfur gases into the stratosphere, as described by Robock et al.
[2009], as well as of developing new vehicles, probably remotely-piloted, for routine
delivery of sulfur gases or production of aerosol particles. A separate engineering
effort aimed at ships that could inject salt into marine clouds should be part of the
effort.

The dedicated observational effort described above would involve field campaigns
to observe cloud experiments, which could probably be conducted with existing air-
craft, but the campaigns would need to be funded. In addition, NASA needs to de-
velop a robust, ongoing set of satellites to observe stratospheric aerosols, to prepare
for the next volcanic eruptions, which serve as natural analogs for stratospheric
geoengineering, as well as to monitor any in situ stratospheric experiments that
may be conducted in the future. However, right now NASA could devote $1 million
per year to just using current satellites to produce a continuous record of strato-
spheric aerosols and precursors. Many different observations are not being analyzed
in a routine manner, and are only used by individual investigators to study specific
cases, such as the Australian forest fires early in 2009 or the Kasatochi volcanic
eruption of 2008. If a NASA-produced database were available routinely, much could
be learned from these ongoing natural experiments. For new systems, experts on
aircraft field campaigns and satellite development would need to be consulted about
the costs.

QIc. What kind of professional and academic expertise would be required?

Alc. Climate modelers; experts in atmospheric chemistry and aerosols; cloud physi-
cists; specialists in aircraft and satellite observations; satellite, aircraft, balloon, ar-
tillery, and tower engineers; historians; social scientists; political scientists.

Q2. Please prioritize the geoengineering strategies you believe warrant extensive re-
search, and explain your reasoning.

A2. Two types of solar radiation management, using stratospheric aerosols and ma-
rine cloud brightening, warrant extensive research. Both mimic observed changes in
the atmosphere that have already occurred. We know that volcanic eruptions reduce
solar radiation and cool the planet and we know that particles injected into marine
stratocumulus clouds make them brighter, which presumably would cool the surface
if there were no other compensating changed in the clouds. In both cases, there are
no obvious serious side effects from the sulfur gases or salt proposed for the injec-
tions.
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R1la. Within these, please highlight examples of potential negative impacts you pre-
dict might accompany their deployment and/or large-scale research.

Ala. Computer modeling research of stratospheric aerosols or marine cloud bright-
ening would only have negative effects if it took resources, such as the time of sci-
entists or computers, away from more productive activities. But if funded in addi-
tion to other ongoing climate research, it would enhance our understanding of the
climate system both in theory and in enhanced observations.

Actual deployment of either scheme into the atmosphere, however, would have the
potential to produce serious side effects. That is why I advocate extensive computer
modeling before any such decision is made, to better understand and quantify each
of the potential problems. I have enumerated many potential negative impacts of
stratospheric geoengineering in Robock [2008a, 2008b], so will only list them briefly
here, from Robock et al. [2009]:

Drought in Africa and Asia

Continued ocean acidification from CO>

Ozone depletion

No more blue skies

Less solar power

Environmental impact of implementation

Rapid warming if stopped

Cannot stop effects quickly

Human error

. Unexpected consequences

. Commercial control

. Military use of technology

. Conflicts with current treaties

. Whose hand on the thermostat?

. Ruin terrestrial optical astronomy

. Moral hazard - the prospect of it working would reduce drive for mitigation
17. Moral authority - do we have the right to do this?

As for marine cloud brightening, cooling over the oceans with persistent cloudi-
ness might affect the entire oceanic biosphere and food chain. Because marine
clouds would only be in certain locations, the differential cooling would change
weather patterns. Jones et al. [2009] found in their climate model experiments that

this could produce a drought in the Amazon rainforest, with devastating effects on
the forests and other life there.

Q2b. Are there any strategies that you believe should be eliminated from consider-
ation due to unacceptable risks and costs?
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A2b. Angel [2006] proposed placing shades in orbit between the Sun and Earth to
reduce the amount of insolation, but it would be very expensive and difficult to con-
trol, so I would not recommend research into this idea.

Q3. Could some geoengineering activities be confined to specific geographic loca-
tions?

A3. Marine cloud brightening could be conducted in specific locations, but that
might not be very effective at dealing with global warming.

Q3a. For example, could solar radiation management be localized specifically for the
protection of polar ice?

A3a. Not that I know of. Marine cloud brightening would not be effective in the Arc-
tic, since there is no proposed technology to whiten clouds that would operate on
ice in the Arctic. Furthermore, one would need clouds in the correct location in order
to brighten them. In the Arctic, unlike off the west coasts of North and South Amer-
ica and Africa, marine stratocumulus do not persist as regularly in specific loca-
tions. In addition, because of the low angle of the Sun in the Arctic, changing cloud
albedo would not be very effective.

With respect to stratospheric aerosols, Robock et al. [2008c] showed that if
aerosols were created in the Arctic stratosphere, while Arctic temperature could be
controlled and sea ice melting could be reversed, there would still be large con-
sequences for the summer monsoons over Asia and Africa, since the aerosols would
not be confined to the polar region.
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Q3b. If so; how?

Q4. In your submitted testimony, you explained simply: “To actually implement
geoengineering, it needs to be demonstrated that the benefits of geoengineering
outweigh the risks.” What do you believe are the “tipping points” that would jus-
tify large scale deployment of geoengineering?

A4. The declaration of a planetary emergency that would justify large-scale
geoengineering would require more climate research. While increased melting of
Greenland or Antarctica along with rapidly rising sea level, or an increased fre-
quency of severe hurricanes, droughts or floods, might appear to be a tipping point
or an emergency, we would need much more research to quantify whether these
changes were indeed caused by global warming and whether geoengineering would
halt them. We would also have to be sure that the negative side effects of any pro-
posed geoengineering would be much less than the problems it was attempting to
solve, and that those affected by these actions would be fairly compensated.

®4a. Based on the current pace of carbon increases (about 2 parts per million a year)
and your prediction of the efficacy of conventional mitigation strategies, what
would be an appropriate timeline for research and possible deployment?

A4a. No matter how effective conventional mitigation strategies prove to be in the
next decade, the amount of global warming will be about the same, as the green-
house gases already in the atmosphere will continue to cause warming. Mitigation
will only make a difference in the longer term. So geoengineering research should
not depend on the short-term political decisions in the next few years (and mitiga-
tion should definitely not wait for the possibility of safe and effective
geoengineering). So independent of short-term changes in greenhouse gases emis-
sions, I would recommend a 10-year research program that will use climate models
to investigate the efficacy, risks, and costs of proposed geoengineering schemes, in-
clude technical research to determine whether it is even possible to implement the
proposed schemes, and develop and deploy robust observing systems. This will allow
policymakers to have enough information in a decade to decide whether
geoengineering should ever be implemented as an emergency measure. Since these
proposed schemes would work very quickly, within a year or two, this would leave
enough time to adequately research them and still implement them before cata-
strophic climate change is likely.

Q5. The effects of many geoengineering strategies such as stratospheric injections
could not likely be tested at less than full-scale. To your knowledge, what types
of international agreements would address the challenges of large-scale testing?

Ab5. There are several current international treaties, such as the Montreal Protocol
on Substances That Deplete the Ozone Layer, the Antarctic Treaty, the Law of the
Sea, the Framework Convention on Climate Change, and Nuclear Test Ban treaties,
that seek to limit environmental damage from human emissions. These treaties,
while they do not apply directly to geoengineering, serve as a warning that humans
can have a strong, inadvertent, negative impact on the environment, and that we
must keep this in mind with respect to geoengineering. They also serve as models
for the types of treaties that different nations can sign to agree to protect the envi-
ronment.

R5a. Can you identify any existing treaties or agreements that would apply to large-
scale testing of geoengineering?

Aba. I am not a lawyer, but the U.N. Convention on the Prohibition of Military or
Any Other Hostile Use of Environmental Modification Techniques (ENMOD) may
apply. The terms of ENMOD explicitly prohibit “military or any other hostile use
of environmental modification techniques having widespread, long-lasting or severe
effects as the means of destruction, damage, or injury to any other State Party.”
Any geoengineering scheme that adversely affects regional climate, for example, pro-
ducing warming or drought, would therefore violate ENMOD if done in a hostile
manner, which would be difficult to determine. Therefore, new governance mecha-
nisms would have to be developed before any experimentation in the atmosphere.

SEE END OF DOCUMENT FOR ALL REFERENCES.

Questions submitted by Representative Ralph M. Hall

Q1. In your testimony, you indicate that one of the shortcomings of “solar radiation
management” geo-engineering is that it could produce drought in Asia and Afri-
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ca and threaten the food supply for billions of people. Some scientists have sug-
gested that global climate change could have the same result; others have sug-
gested that it will actually increase agricultural production in some areas of the
world.

a. If we were to undertake some type of large scale geo-engineering experiment,
how would we be able to differentiate between the effects of global climate
change and those from the geo-engineering and make the necessary modifica-
tions to prevent catastrophe?

Al la. There is a certain natural variability of climate because of the chaotic nature
of the atmosphere and oceans. This randomness limits our ability to make weather
forecasts beyond about two weeks and limits our ability to make ocean forecasts,
such for El Nifino events, beyond about six months. So the attribution of particular
weather and climate events, such as strong hurricanes, tornado outbreaks, droughts,
and floods, to a particular geoengineering experiment or to the effects of greenhouse
gases is not possible in the absolute sense and can only be done statistically. That
is, theory (models) tell us that the probability of events like this would change in
response to different things human might put into the atmosphere, but we cannot
attribute any particular event to a particular cause. Therefore, a real-world
geoengineering experiment would have to be conducted for a long time, 10 or 20
years or longer, so as to gather enough data to calculate the statistics. It is only
after 60 years of global warming since about 1950 and decades of the IPCC process
that we have a clear understanding the greenhouse gases are responsible.

The answer to the question would depend on what type of geoengineering were
conducted, such as stratospheric aerosols or marine cloud brightening, and the
strength of the geoengineering. For a massive injection of aerosols into the strato-
sphere, or massive seeding of clouds, the effects of geoengineering would be stronger
and a shorter experiment would be needed to separate the effects from global warm-
ing. Climate model experiments will be able to give us a good idea of how strong
and how long a real-world experiment would be needed to separate the effects from
natural variability and from global warming.

Q1b. If we were able to differentiate between the effects of global climate change and
effects from geoengineering, is it now possible to determine whether a drought
is caused by anthropogenic climate change or just natural variability?

Alb. No. As explained above, the attribution of particular weather and climate
events, such as strong hurricanes, tornado outbreaks, droughts, and floods, to a par-
ticular geoengineering experiment, to the effects of greenhouse gases, or just to nat-
ural variability is not possible in the absolute sense and can only be done statis-
tically. That is, theory (models) tells us that the probability of events like this would
change in response to different things human might put into the atmosphere, but
we cannot attribute any particular event to a particular cause. For example, what
if we start geoengineering and we get a reduction of summer monsoon rainfall in
India for two out of the first five years? Could this have happened by chance, or
was it caused by the geoengineering? We could not answer that question without
many more years of experimentation in the real world. However, we could easily do
that experiment in climate models.

Q2. In your testimony you indicate that you have been using NASA climate models
and NASA computers to conduct climate model simulations. You also indicate
that increases in funding for research are necessary to explore these concepts fur-
ther.

a. Do you believe much of this research can be done utilizing existing resources
such as those at NASA?

A2,2a. No. Climate modeling needs to be done at many different research centers
with many different climate models, and the results compared to be sure they are
robust. This is the current strategy of CMIP, as discussed in detail in the answer
to Mr. Gordon’s question 1 above.

All the world climate modeling groups are currently finalizing their latest model
versions so that they can begin a suite of experiments, called CMIP-5, in prepara-
tion for the next Intergovernmental Panel on Climate Change report. While NASA
and other climate modeling centers in the United States, such as at the National
Oceanic and Atmospheric Administration (NOAA) Geophysical Fluid Dynamics Lab-
oratory. and the National Center for Atmospheric Research do not need new re-
sources to complete their model development, the current scientists working there
are completely occupied with the CMIP-5 experiments. They would need more per-
sonnel and computer resources to complete additional geoengineering experiments.
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Q2b. What additional resources and capabilities would be required to further re-
search in this area?

A2b. This question is completely answered in response to questions 1 and 2 of Mr.
Gordon above, and I refer you to those answers.

Q2c. Are these models peer reviewed? Are you privy to the assumptions that go into
building the models before you run your simulations?

A2c. Absolutely yes. The climate model we are currently using, Goddard Institute
for Space Studies ModelE, is described in peer-reviewed publications by Schmidt et
al. [2006], Russell et al. [1995], and Koch et al. [2006]. We and anyone else who
reads these papers completely understand the assumptions that go into them. Fur-
thermore, this model is part of the CMIP experiments described above, and its capa-
bilities are well known and documented.

Q3. In reading your testimony, one comes to the conclusion that regardless of how
much research we perform ahead of time, we will never really know the true ef-
fects geo-engineering would have on the planet without actually doing it because
of all the possible variables. Is that an accurate statement? How accurate is that
for other technological ventures we have undertaken?

A3. I guess that depends on what “know the true effects” means. Indeed we would
learn a lot by experimenting in the real world and would be able to compare the
responses to those obtained theoretically by climate modeling. But as explained
above, there is a certain natural variability of climate because of the chaotic nature
of the atmosphere and oceans. This randomness limits our ability to make weather
forecasts beyond about two weeks and limits our ability to make ocean forecasts,
such for El Nino events, beyond about six months. So the attribution of particular
weather and climate events, such as strong hurricanes, tornado outbreaks, droughts,
and floods, to a particular geoengineering experiment or to the effects of greenhouse
gases is not possible in the absolute sense and can only be done statistically. That
is, the probability of events like this would change in response to different things
human might put into the atmosphere. Therefore, a real-world experiment would
have to be conducted for a long time, 10 or 20 years or longer, so as to gather
enough data to calculate the statistics. For example, what if we start geoengineering
and we get less drought in California for three out of the first five years. Could this
have happened by chance, or was it caused by the geoengineering? We could not an-
swer that question without many more years of experimentation in the real world.
However, we could easily do that experiment in climate models.

As for other technical ventures, it would depend on the technology, and I am not
an qualified to answer the question in general. But I would like to say that some
experiments should never be conducted in the real world. For example, I have con-
ducted a lot of research on the climatic effects of nuclear weapons. If used in war-
fare, the fires they would ignite would produce so much smoke that climate models
tell us that the cold and dark at the Earth’s surface would severely impact agri-
culture and even produce a nuclear winter [Robock et al., 2007a, 2007b]. This is an
experiment we should never try to verify in the real world.
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ANSWERS TO POST-HEARING QUESTIONS

Responses by James Fleming, Professor and Director, Science, Technology and Soci-
ety Program, Colby College

Questions submitted by Chairman Bart Gordon

Q1. Please describe what you think a comprehensive federal research program on
geoengineering should entail. What are the critical features of such a program?

A2. The American Meteorological Society’s Statement on Geoengineering http://
www.ametsoc.org | policy [ 2009geoengineeringclimate —ansstatement.html (also ap-
proved by the American Geophysical Union) recommends that proposals to
geoengineer climate require more research of an interdisciplinary nature, cautious
consideration, and appropriate restrictions. Here are their summary recommenda-
tions:

a. Enhanced research on the scientific and technological potential for
geoengineering the climate system, including research on intended and unin-
tended environmental responses.

b. Coordinated study of historical, ethical, legal, and social implications of
geoengineering that integrates international, interdisciplinary, and
intergenerational issues and perspectives and includes lessons from past ef-
forts to modify weather and climate.

Development and analysis of policy options to promote transparency and inter-
national cooperation in exploring geoengineering options along with restrictions on
reckless efforts to manipulate the climate system.

Geoengineering, understood as purposeful manipulation of the global climate and
biophysical systems of the entire Earth by a particular project or entity, however
well intentioned, could lead to international conflict and unpredictable ecological
disasters. Humans know far too little about the climate system to imagine that any
large-scale intervention would have the desired result, or even a predictable result.
Any nation engaging in global-scale geoengineering could be placing itself and all
other life on the plant in jeopardy.

The famous mathematician John von Neumann called climate engineering a “thor-
oughly ‘abnormal’ industry,” arguing that large-scale interventions, especially solar
radiation management, were not necessarily rational undertakings and could have
“rather fantastic effects” on a scale difficult to imagine. Tinkering with the Earth’s
heat budget or the atmosphere’s general circulation, he said, “will merge each na-
tion’s affairs with those of every other, more thoroughly than the threat of a nuclear
or any other war may already have done”—and possibly lead to “forms of climatic
warfare as yet unimagined.” In this sense, geoengineering is potentially more pow-
erful and more destructive than an arsenal of H-bombs. Since some forms of solar
radiation tinkering could be undertaken by private entities or rogue nations unilat-
erally and relatively cheaply, what is urgently needed is research, discussion, and
education on all the possible things that are wrong with such a technocratic ap-
proach to thinking about climate change. As Harry Wexler once said, “the human
race is poised precariously on a thin climatic knife-edge.” One of the worst climatic
disasters imaginable involves destabilizing the climate system, damaging strato-
spheric ozone, triggering drought, and otherwise destroying our relationship with
the sky by misplaced climate tinkering.

Therefore, a comprehensive research program in geoengineering cannot be merely
a scientific and technically-based effort. It must be led by historically-informed hu-
manistic and social science efforts to understand the precedents and contextualize
human desires (and hubris) involved in intervening in natural systems. Such discus-
sions should seek to avoid being dominated by Western technocratic influences, and
would need to be fully international, interdisciplinary, and intergenerational in na-
ture so that a global conversation emerges.

In this sense, no technical agency in the U.S. or elsewhere has the capacity to
lead such an effort. More likely international scholarly, humanitarian, and govern-
ance organizations would have to pool their resources in such an undertaking. Any
scientific or technical research on geoengineering should be conducted only as part
of the mainstream effort in atmospheric science. It should not be in any way be a
secret effort within DoD, or a single or multi-agency effort funding mainly enthu-
siasts for the techniques. It should be spearheaded in the U.S. by NSF, which has
the best open peer review practices and which also sponsors the National Center
for Atmospheric Research (NCAR). NSF has the added virtue of funding social, eco-
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nomic, and behavioral studies (including Science Studies) and NCAR maintains a
unit specializing in environmental and social impacts.

Support is urgently needed for historical studies of existing environmental trea-
ties, international accords, and efforts to govern new technologies. These would in-
clude the 1978 UN Convention on the Prohibition of Military or Any Other Hostile
Use of Environmental Modification Techniques (ENMOD), the Antarctic Treaty, the
Law of the Sea, the Peaceful Uses of Outer Space, and gatherings such as the 1975
conference in Asilomar, California on recombinant DNA. This would be followed by
meetings of historians, ethicists, social scientists, and policy experts from around
the world for interdisciplinary discussion and recommendations. Funding for a pro-
gram involving about 10 core staff, office support, a variety of conferences, and a
publishing program with peer-reviewed reports and volumes may be able to function
for approximately $2 million per year or ten times this amount for a robust inter-
national effort. To foster historical, humanistic, social, public policy, and governance
discussions, the Woodrow Wilson International Center for Scholars is a likely venue.
It could serve as a scholarly, non-partisan integration point for related efforts at
other institutions. Investment in this program would not require much if any hard-
ware purchases or facilities, but should involve a full program of conferences, meet-
ings, seminars and high-level consultations. It should have a director and staff, sen-
ior and junior fellows, affiliated members from around the world, and internships
and other student opportunities.

Geoengineering research is currently not ready, and may never be ready for any
field testing, large scale or otherwise. It is best done indoors using computer simula-
tions and in other controlled conditions, such as laboratories and wind tunnels. For
decades, verification of weather modification experiments has been stymied by nat-
ural variability in cloud and weather conditions. The same is true many times over
for experiments on the global climate.

What is most needed in atmospheric science today is more focused and basic re-
search on atmospheric dynamics and chaotic forcings. If, as Edward Lorenz main-
tained, the climate system exhibits modes that are extremely sensitive to perturba-
tions, what unknown effect might a sulfate cannon in China, Russia, or perhaps
Livermore, California have on the global or regional climate? Also needed, especially
now, is a concerted effort to restore scientific and public confidence in the atmos-
pheric sciences, their peer review practices, Earth’s instrumental and proxy tem-
perature records, and the authority and behavior of computer models and their re-
sults. The Earth orbiting satellite monitoring gap identified in the National Acad-
emy’s Decadal Survey (2007) also needs to be addressed. This effort alone may in-
volve approximately doubling the current support for basic research, or about $1—
2 billion per year.

So in summary, $2-20 million for open conferences on social aspects and govern-
ance, and $1-2 billion for basic peer-reviewed research on and monitoring of the cli-
mate system seem to be in order.

Q2. Please prioritize the geoengineering strategies you believe warrant extensive re-
search, and explain your reasoning.

A2a. As described above, concerted study of the history, social aspects, and govern-
ance of technological interventions and geoengineering proposals, past and present,
to cast a new light on just what is being proposed.

b. As described above, increased capacity in basic atmospheric science and climate
monitoring, in which model geoengineering proposal play a role, but only a role in
a better understanding of the planet.

c. All of the proposed techniques of solar radiation management (SRM) and carbon
capture and sequestration (CCS) have many, many serious and unexamined prob-
lems. None are really cheap, because economists have only looked at direct costs,
not at potential damages. None are ready for field testing or deployment. All of the
technicllues might well be researched using models and laboratory experiments. For
example:

Space mirrors. In 1989 James Early, a scientist from Lawrence Livermore Na-
tional Laboratory, revisited the issue of space mirrors (first proposed in the 1920s)
and linked space manufacturing fantasies with environmental issues in his wild
speculations on the construction of a solar shield “to offset the greenhouse effect.”
His back-of-the-envelope calculations indicated that a massive shield some 1,250
miles in diameter would be needed to reduce incoming sunlight by 2 percent. He
estimated that an ultra-thin shield, possibly manufactured from lunar materials
using nano-fabrication techniques, might cost “from one to ten trillion dollars.”
Launched from the moon by an unspecified “mass driver,” the shield would reach
a “semi-stable” orbit at the L1 point one million miles from Earth along a direct
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line toward the Sun, where it would perch “like a barely balanced cart atop a steep
hill, a hair’s-width away from falling down one side or the other.” Here it would be
subjected to the solar wind, harsh radiation, cosmic rays, and the buildup of electro-
static forces. It would have to remain functional for “several centuries,” which would
entail repair missions. It would also require an active positioning system to keep
it from falling back to Earth or into the Sun. Early did not indicate what a guidance
system might look like for a 5 million square mile sheet of material possibly thinner
than kitchen plastic wrap, with a mass close to a billion kilograms (2.2 billion
pounds in Earth gravity). In other words, it was not feasible. A recent update of
this proposal by Roger Angel fares no better.

Stratospheric Aerosols. Using guns, rockets, or balloons to maintain a dust or
aerosol cloud in the stratosphere to increase the reflection of sunlight may sound
cheap and appealing, but it is far from rational and may have many unwanted an
unexpected side effects. Geoengineering advocate Lowell Wood has proposed attach-
ing a long hose to a nonexistent but futuristic military High Altitude Airship (a
Lockheed-Martin/DOD stratospheric super blimp now on the drawing board with
some twenty-five times the volume of the Goodyear blimp) to “pump” reflective par-
ticles into the stratosphere. According to Wood, “Pipe it up; spray it out!” Wood has
worked out many of the details—except for high winds, icing, and accidents, since
the HAAs are likely to wander as much as 100 miles from their assigned stations.
Imagine a 25-mile long hose filled with ten tons of sulfuric acid ripping loose, writh-
ing wildly, and falling out of the sky. Environmental problems from such techniques
(as documented by Alan Robock) include damage to tropical rainfall patterns, un-
wanted stratospheric ozone depletion, and regional effects that may lead to inter-
national disagreements.

Air capture of carbon dioxide, with long-term storage. Klaus Lackner of the
Earth Institute at Columbia University, collaborating with Tucson, Arizona-based
Global Research Technologies, envisions a world filled with millions of inverse chim-
neys, some of them over 300 feet high and 30 feet in diameter, inhaling up to 30
billion tons of carbon dioxide from the atmosphere every year (the world’s annual
emissions) and sequestering it in underground or undersea storage areas. Lackner
has built a demonstration unit in which a filter filled with caustic and energy inten-
sive sodium hydroxide can absorb the carbon dioxide output of a single car. He ad-
mits, however, that this system is not safe or practical, so he is currently looking
into proprietary “ion-exchange resins” with undisclosed energetic and environmental
properties. Of course, the capture, cooling, liquefaction, and pumping of 30 billion
tons of atmospheric carbon

dioxide (the world’s annual emissions) would require an astronomical amount of
energy and infrastructure, and it is not at all certain that Earth has the capacity
for safe long-term storage of such a large amount of carbon.

Q3. Could some geoengineering activities be confined to specific geographic loca-
tions?

A3. No. If they could, they would not be “geo”—scale engineering. Also, the Earth’s
atmosphere is a fluid system that interacts and exchanges energy, mass, and mo-
mentum. Interventions in the radiation budget anywhere will trigger changes in the
general circulation, including changes in stoma tracks and in particular storms and
precipitation patterns. Proposals to restrict aerosol injections to the Arctic circle do
not address the global spread of matter in the stratosphere or the interaction of air
masses across latitudes. An imaginary Arctic forecasting center with authority to
trigger stratospheric aerosol attacks is far beyond modem operational meteorology.
Understanding and prediction are what is needed. Intervention and control are not
really possible.

Q4. In his submitted testimony, Dr. Robock explained simply, “To actually imple-
ment geoengineering, it needs to be demonstrated that the benefits of
geoengineering outweigh the risks.” [Questions on tipping points and timeline for
research and deployment].

A4. Dr. Robock has published “20 Reasons Why Geoengineering May Be a Bad
Idea.” His list includes the following:

(1) Potentially devastating effects on regional climate, including drought in Afri-
ca and Asia, (2) Accelerated stratospheric zone depletion, (3) Unknown environ-
mental impacts of implementation, (4) Rapid warming if deployment ever stops,
(5) Inability to reverse the effects quickly, (6) Continued ocean acidification, (7)
Whitening of the sky, with no more blue skies, but nice sunsets, (8) The end
of terrestrial optical astronomy, (9) Greatly reduced direct beam solar power,
(10) Human error, (11) The moral hazard of undermining emissions mitigation,
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(12) Commercialization of the technology, (13) Militarization of the technology,
(14) Conflicts with current treaties, (15) Who controls the thermostat? (16) Who
has the moral right to do this? (17) Unexpected consequences.

Some of these results (1-5) are derived from general circulation model simulations
and others (6-9) from back-of-the-envelope calculations; most, however (10-17),
stem from historical, ethical, legal, and social considerations. Regarding item (8),
most enthusiasts for solar radiation management have overlooked its “dark” side:
the scattering of starlight as well as sunlight, which would further degrade seeing
conditions for both ground-based optical astronomy and general night sky gazing.
Imagine the outcry from professional astronomers and the general public if the
geoengineers pollute the stratosphere with a global sulfate cloud; imagine a night
sky in which sixth-magnitude stars were invisible, with a barely discernable Milky
Way, and fewer visible star clusters or galaxies. This would constitute a worldwide
cultural catastrophe.

Since global climate change is forced by a combination of natural and human fac-
tors, since it is a relatively slowly developing problem, and since it will affect dif-
ferent nations and groups differently, there is no clear “cliff” or readily defined “tip-
ping point,” beyond which the sulfate cannons should roar. Mitigation and adapta-
tion are the best strategies, so no lines in the sand can yet be set. The 1992 UN
Framework Convention on Climate Change requires the “stabilization of greenhouse
gas concentrations in the atmosphere at a level that would prevent dangerous an-
thropogenic interference with the climate system.” No one has yet defined “dan-
gerous,” but attempts have been made to set the goal at 2 degrees of warming or
350 or 450 ppm CO,. SRM does not stabilize greenhouse gas concentrations at all,
it does not help with ocean acidification, and it may in its own right be considered
“dangerous anthropogenic interference with the climate system.” CCS maybe pos-
sible, but the energetics, cost, and stability of long term sequestration, with giant
pools of COz underground remain unknown.

The increase in CO2 concentration of 2 ppm per year is not in itself a significant
problem. It is the sensitivity of the climate system to CO; forcings (via water vapor,
clouds, and other mechanisms) that is at issue. Efforts at mitigation and adaptation
must be bipartisan and international; they must be given every possibility for suc-
cess. Research in the historical, social, governance aspects of geoengineering should
begin now, with the possibility left open that these technologies are too dangerous
and unpredictable to govern. Also research into the negative side effects of
geoengineering proposals should continue with modeling studies. There are no cur-
rent prospects for responsible deployment of geoengineering techniques.

Q5. The effects of many geoengineering strategies such as stratospheric injections
could not likely be tested at less than full scale. To your knowledge, what types
of international agreements would address the challenges of large-scale testing?

A5. The 1978 UN Convention on the Prohibition of Military or Any Other Hostile
Use of Environmental Modification Techniques (ENMOD) serves as a landmark
treaty that may have to be revisited soon to avoid or at least try to mitigate both
inadvertent harm or possible military or otherwise hostile use of climate control.
This includes the governance and possible side effects of large-scale outdoor testing.
If “climate change has the power to unsettle boundaries and shake up geopolitics,
usually for the worse,” it is certain that the governments of the world will have
their strategic military planners working in secret on both worst-case scenarios and
technological responses.

Chairman Gordon, the U.S. Congress can play a large role in supporting efforts
to study the problems and limits of the non-existent technologies of geoengineering,
but there is as yet no warrant for field testing or deployment.

Questions submitted by Representative Ralph M. Hall

Q1. Dr. Fleming, in your statement you include a short list of reasons that many
people have claimed as the fundamental problems with climate engineering. Just
to name a few, you mention the claims regarding lack of understanding, lack
of technology, lack of political will to govern over it, etc.

a. Are these claims very similar to the ones people have heard every time a new
technology or concept arises that threatens to alter our fundamental under-
standings of the universe?

b. How has society managed to get through those previous technological growth
spurts?
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Al. Geoengineering does not “alter our fundamental understanding of the universe”
in any Copernican sense. Nor is it a “quantum revolution” or in any way comparable
to famous discoveries or theories, such as evolution, relativity, or plate tectonics. It
is not a scientific discover at all, but a set of speculative intervention strategies with
potential military implications. In the past new technologies such as radio or tran-
sistors allowed us to communicate across the miles and to miniaturize electronic de-
vices such as radios and computers. New drugs such as penicillin battled infections.
While they needed regulation and some guidelines, they did not offer a global threat
to the planet. Recombinant DNA is a new technology that required oversight and
regulatory control. This was true in spades for nuclear power and nuclear weapons.
Geoengineering comes closest to these types of dangerous technologies, but it is
much, much more speculative, and as yet, it does not even exist!

There is no one answer to how “society managed to get through those previous
technological growth spurts.” I think each case is unique and requires special histor-
ical contextualization. In some cases, such as the use of the machine gun in the
Anglo-Zulu War of 1879, that society did not “manage” very well. And civil society
itself was lucky to survive the escalation of civilian aerial bombing that occurred
during World War II.

Q2. Just for the sake of argument, if it was decided that such climate engineering
projects needed regulation, which Federal agency would be the most appropriate
to do it?

A2. This answer closely parallels my response to Congressman Gordon, which I
hope you have in hand. No technical or regulatory agency in the U.S. or elsewhere
has the authority or capacity to lead such an effort. Just as no nation has the au-
thority to set the global temperature, even if it could. Study and discussion of
geoengineering must be international, interdisciplinary, and intergenerational, with
strong historical, social, and governance efforts leading the way. In the US, the NSF
would be the best agency to study the issues, but regulation would have to be inter-
national, perhaps through UN mechanisms such as the ENMOD Convention.

Q3. I find it interesting that you state that the human dimension is the biggest
wildcard in the whole climate change debate that essentially makes it unpredict-
able. One of the reasons the hearing is important is due to the concern that one
nation, or even just one individual, could take it upon themselves to “fix the cli-
mate change problem” and utilize some technology that would have global ef-
fects.

a. Should we be looking at this issue as a national security problem? Not unlike
a rogue state or terrorist group that releases a biological, chemical or nuclear
weapon on some unsuspecting populace?

b. Could the actions of a lone “climate savior” have global effects that would rise
to this level of concern? Or is the technology really not in a place where this
is an issue now, but we should be discussing it for the future?

A3. Unilateral or rogue nation intervention in the global climate system is indeed
possible and would raise very serious national and international security concerns,
as John von Neumann in 1956 and many others have repeatedly pointed out. One
problem is that such interventions may start out as well-intentioned, but the effects
could be widespread, harmful, and unpredictable. That is, they might be indiscrimi-
nate. Other scenarios may include climate tinkering favoring one nation and harm-
ing another, for example by redirecting rainfall. Also attribution may be a real prob-
lem, given the large variability of weather and climate, so such tinkering may be
hard to prove. A favorable result of this situation may be a desire to strengthen sat-
ellite or ground-based measuring and monitoring capabilities in order to detect such
activity and take more measurements. In this sense it may resemble the need for
verification schemes for other potential weapons systems.

I think many of the recent and current geoengineering proposals have a tinge of
“climate savior” As (rightly or wrongly) alarm over global warming spreads, some
climate engineers are engaging in wild speculation and are advancing increasingly
urgent proposals about how to “control” Earth’s climate. They are stalking the hall-
ways of power, hyping their proposals, and seeking support for their ideas about fix-
ing the sky. The figures they scribble on the backs of envelopes and the results of
their simple (yet somehow portrayed as complex) climate models have convinced
them, but very few others, that they are planetary saviors, lifeboat builders on a
sinking Titanic, visionaries who are taking action in the face of a looming crisis.
They present themselves as insurance salesmen for the planet, with policies that
may or may not pay benefits. In response to the question of what to do about cli-
mate change, they are prepared to take ultimate actions to intervene, even to do
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too much if others, in their estimation, are doing too little. We are already dis-
cussing these attitudes, and there may arise some day a need to stop even a well-
intentioned action. Bill Gates is currently investing in geoengineering and may have
such an attitude; while $25 million “Branson prize” for reducing global warming
acts to encourage planetary tinkers, cum saviors.

Ranking Member Hall, the U.S. Congress can play a large role in supporting ef-
forts to study the problems and limits of the non-existent technologies of
geoengineering, but there is as yet no warrant for field testing or deployment.
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Submission to the U.S. House of Representatives
Committee on Science and Technology

T
ey 4 November 2009
ETC Group

www.etcgroup.org

action group an erosson. kechmology and econceniration

Re: Geoengineering: Assessing the Implications
of Large-Scale Climate Intervention
Full Committee Hearing, 5 November 2009

ETC Group, an international civil society organization with offices in the United States (North
Carolina), Canada, Mexico and the Phillippines, is dedicated to the conservation and
sustainable advancement of cultural and ecological diversity and human rights. To this end,
ETC Group supports socially responsible developments of technologies useful to the poor and
marginalized and we address issues related to international governance and the concentration
of corporate power. =
ETC Group welcomes the news of Thursday's hearing on geoengineering to be held by the
House of Representatives Committee on Science and Technology. We hope that the hearing
will mark the beginning of a vigorous public debate on this important topic. At the same time that
Committee members are listening to testimony in Washington, delegates at the UN Framework
Convention on Climate Change will be negotiating in Barcelona in an effort to make progress on
an agreement to bring about significant reductions in global greenhouse gas emissions. The
world's leading climate scientists agree that a reduction in greenhouse gas emissions is the
world's best hope for averting a climate catastrophe.’

ETC Group believes that geoengineering is the wrong response to climate change and that
inadequate knowledge of the earth’'s systems makes gecengineering, or even real-world
geoengineering experiments, too risky. We do not know if geoengineering is going to be
inexpensive, as proponents insist — especially if geoengineering technologies don't work as
intended, forestall constructive alternatives or cause adverse effects. We do not know how to
recall a planet-altering technology once it has been released.

In addition to unintended consequences, gecengineering techniques could have unequal
impacts around the world (sometimes referred to as “spatial heterogeneity”).? As much as the
Industrial Revolution's “inadvertant geoengineering” (i.e., human-induced climate change) has
disproportionately harmed people living in tropical and subtropical areas of the world, purposeful

! See for example, IPCC, 2007: Summary for Policymakers. In: Climate Change 2007: Mitigation. Contribution of
Working Group 11l to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change [B. Metz,
O.R. Davidson, P.R. Bosch, R. Dave, L.A. Meyer (eds)], Cambridge University Press, Cambridge, United Kingdom
and New York, NY, USA.

* UK Royal Society, Geoengineering the climate: science, governance and uncertainty, 1 September 2009, p. 62;
available on the Internet: hitp://royalsociety.org/d aspMip=0&id=8729
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geoengineering experiments could well do the same. It is critical that those states and
populations on the front lines in the fight against climate change, particularly the most
vulnerable developing countries, be involved in a broadbased and international debate.

It should be recognized that states — or even corporations — with the technical and economic
means to “adjust the global thermostat” may be tempted to do it. Geoengineering technologies
warrant robust regulatory oversight. In the absence of a multilateral framework and a global
consensus, support for geoengineering technologies would be irresponsible and would reinforce
the lack of accountability of industrialized countries for climate change and for the worsening
negative consequences in the global South.

ETC Group's conclusions on geoengineering include the following:

= For any geoengineering technique to have a noticeable impact on the climate, it will
have to be deployed on a massive scale, and any unintended consequences are also
likely to be massive. We don't know how to recall a planetary-scale technology.

= OECD governments — which have historically denied climate change or prevaricated for
decades (and are responsible for 90% of historic greenhouse gas emissions) — are the
ones with the budgets and the capacity to execute geoengineering projects. Will they
have the rights and well-being of more vulnerable states or peoples in mind?

= |t is possible — though far from certain — that some geoengineering techniques will be
relatively inexpensive to deploy. The technical capacity to attempt large-scale climate
interventions could be in some hands (of individuals, corporations, states) within the next
ten years. It is urgent to develop a multilateral mechanism to govern geoengineering,
including establishing a ban on unilateral attempts at climate modification.

= Geoengineering interventions could lead to unintended consequences due to
mechanical failure, human error, inadequate understanding of the earth's climate
systems, effects from future natural phenomena (e.g., storms, volcanic eruptions),
irreversibility or funding lapses.

= Many geoengineering techniques are “dual use” (i.e., have military applications). Any
deployment of geoengineering by a single state could be a threat to neighboring
countries and, very likely, the entire international community. As such, deployment could
violate the UN Environmental Modification Treaty — ratified by the United States — which
prohibits the hostile use of environmental modification.

= Patent offices are already being inundated with applications on geoengineering
technigues. Monopoly control of any deployed global geoengineering scheme would be
unacceptable.

= Geoengineering could be seen by governments as a “time-buying"” strategy and as an
alternative to reducing greenhouse gas emissions.

= Commercial interests should not be allowed to influence the research, development or
deployment of geoengineering technologies. If, as advocates insist, geoengineering is
actually a “Plan B" to be used only in a climate emergency, then it should not be a profit-
making endeavor. Further, it should not be employed to meet emissions reduction
targets.

? See, for example, “Geo-Engineering: Giving us the Time to Act,” Institute of Mechanical Engineers (UK), August
2009, available at http://www.imeche.org/
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Purpose

On Thursday, February 4, 2010, the House Committee on Science & Technology,
Subcommittee on Energy and Environment will hold a hearing entitled
“Geoengineering II: The Scientific Basis and Engineering Challenges.” The
purpose of the hearing is to explore the science, engineering needs, environmental
impact(s), price, efficacy, and permanence of select geoengineering proposals.

Witnesses

e Dr. David Keith is the Canada Research Chair in Energy and the Environ-
ment at the University of Calgary.

e Dr. Philip Rasch is a Laboratory Fellow of the Atmospheric Sciences and
Global Change Division and Chief Scientist for Climate Science, Pacific
Northwest National Laboratory, U.S. Department of Energy.

¢ Dr. Klaus Lackner is the Ewing Worzel Professor of Geophysics and Chair
of the Earth and Environmental Engineering Department at Columbia Uni-
versity.

¢ Dr. Robert Jackson is the Nicholas Chair of Global Environmental Change
and a professor of Biology at Duke University.

Background

This hearing is the second of a three-part series on geoengineering. On November
5, 2009 the Full Committee held the first hearing in the series, entitled
“Geoengineering: Assessing the Implications of Large-Scale Climate Intervention.”
This Subcommittee hearing will examine the scientific basis and engineering chal-
lenges of geoengineering. In the spring of 2010 the Committee will hold the final
hearing in this series in which issues of governance will be discussed. This series
of hearings serves to create the foundation for an informed and open dialogue on
the science and engineering of geoengineering.

As discussed in the first hearing, strategies for geoengineering typically fall into
two major categories: Solar Radiation Management and Carbon Dioxide Removal
(hereafter SRM and CDR, respectively). The objective of Solar Radiation Manage-
ment (SRM) methods is to reflect a portion of the sun’s radiation back into space,
thereby reducing the amount of solar radiation trapped in Earth’s atmosphere and
stabilizing its energy balance. Methodologies for SRM include: installing reflective
surfaces in space; and increasing reflectivity, or albedo! of natural surfaces, built
structures, and the atmosphere. To balance the impacts of increased atmospheric
carbon levels, most SRM proposals recommend a goal of 1-2% reduction of absorbed
solar radiation from current levels. Carbon Dioxide Removal (CDR) methods propose
to reduce excess CO, concentrations by capturing, storing, or consuming carbon di-
rectly from air, as compared to direct capture from power plant flue gas and storage
as a gas. CDR proposals typically include such methods as carbon sequestration in
biomass and soils, ocean fertilization, modified ocean circulation, non-traditional
carbon capture and sequestration in geologic formations, and distributing mined
minerals over agricultural soils, among others.

1 Albedo is measured on a scale from 0 to 1, with 0 representing the reflectivity of a material
which absorbs all radiation and 1 represents a material which reflects all radiation. Newly laid
asphalt has a typical albedo of ~0.05 and fresh snow can have an albedo of 0.90.
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Geoengineering Strategies

Atmospheric solar radiation management (SRM)

One approach to atmospheric SRM is known as ‘marine cloud whitening’ in which
a fine spray of particles, typically via droplets of salt water, would be injected into
the troposphere (the lowest level of our atmosphere) to increase the number of
cloud-condensation nuclei and encourage greater low level cloud formation. The ob-
jective is to increase the albedo of existing clouds over the oceans, thus reflecting
more sunlight into the atmosphere before it reaches Earth. To achieve the necessary
radiative forcing to stabilize global temperatures, cloud cover would need to increase
50-100% from current levels.2

Stratospheric sulfate injection is another atmospheric SRM approach.. The objec-
tive is to mimic the large quantity of sulfuric emissions and the consequent albedo
increase that a volcanic eruption would naturally create. For example, the 1991
eruption of Mt. Pinatubo in the Philippines is thought to have caused a 1-2 year
decrease in the average global temperature by ~0.5° C by increasing global albedo.3
To accomplish this effect via stratospheric sulfate injections, a spray of sulfate par-
ticles would be injected into the stratosphere, which is between six and 30 miles
above the Earth’s surface. This proposal typically garners the most attention among
geoengineering’s scientific community.

Drawbacks and challenges

Both atmospheric SRM approaches described here could be quickly deployed at a
relatively low cost and shut down if necessary; however, both approaches require
further research and may carry significant unintended consequences for ocean eco-
systems, agriculture, and the built environment.

Marine cloud whitening deployment strategies could include aerosol distribution
from a large fleet of ships, unmanned radio-controlled ocean vessels, or aircraft.
Further research is needed to optimize variables such as droplet size and concentra-
tion, cloud longevity, and the necessary increase in cloud cover to achieve desired
results. The material itself (i.e. salt water) would be inexpensive for marine cloud
whitening as it is abundant, and environmental impacts may be limited and some-
what predictable. However, it has been noted that marine cloud whitening activities
could cause changes in local weather patterns, and deployment might be very en-
ergy-intensive.

A variety of deployment methods have been suggested for stratospheric sulfate in-
jections, including sprays from aircraft, land-based guns, rockets, manmade chim-
neys, and aerial balloons.4 Environmental impacts from sulfate injection could occur
because the sulfate materials would eventually fall from the stratosphere into the
troposphere and “rain out” onto the land and ocean. This would contribute to ocean
acidification and could negatively impact crop soils and built structures.

The SRM strategies discussed here would be long term investments that must be
carefully planned and continually maintained in order to achieve their goals and
avoid rapid climatic changes. Presumably, greenhouse gas levels could continuously
rise while such SRM strategies were deployed. Therefore, in the case of an interrup-
tion or termination in service, the actual impact(s) of increased greenhouse gas con-
centrations would be felt, i.e., the effects of SRM would be quickly negated. This
would present great risk to human populations and natural ecosystems. Apart from
these effects, stratospheric injections and marine cloud whitening also run the risk
of creating localized impacts on regional climates throughout their deployment. In
addition, the decrease in sunlight over the oceans due to marine cloud whitening
could affect precipitation patterns and regional ocean ecosystem function. Further-
more, as with other geoengineering ideas, these SRM approaches are criticized for
drawing attention and resources away from climate change mitigation and CO; re-
duction efforts.

Terrestrial-based biological approaches (SRM and CDR)

The terrestrial-based biological approaches to geoengineering discussed here in-
clude vegetative land cover and forestry methods (e.g., the biological sequestration
of carbon, CDR strategies, and increasing the albedo of terrestrial plants, an SRM
strategy). These strategies are at different stages of development and deployment,

2 An increase in ocean cloud cover to 37.5-50% of ocean surface area.
3 Groisman PY (1992)
4Novim (2009)
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with carbon sequestration in forest ecosystems?5 likely to be the most effective in
the near-term.

Increasing albedo and carbon sequestration potential in forests, grasslands, and
croplands

The ability of forests and other vegetative systems such as grasslands and crop-
lands to store CO2 and to reflect solar radiation is crucial to climate change mitiga-
tion efforts. Certain geoengineering strategies propose to leverage these properties
through massive-scale planting of more reflective or COz-absorbent vegetation. In
traditional, terrestrial-based biological carbon sequestration, CO, is absorbed by
trees and plants and it is stored in the tree trunks, branches, foliage, roots, and
soils. Geoengineers propose to alter the ability of the plants and trees to sequester
carbon or to reflect light® using non-native species and techniques from traditional
plant breeding and genetic engineering. The basic processes of photosynthesis and
light reflection would still occur, but geoengineers would either increase the carbon
absorption and reflective capacities of existing vegetation, or introduce non-native
species with such increased capacity(s). Deployment of these land-cover systems
would be both systematic and massive to achieve the desired effect(s).

There are a number of advantages of these approaches. Development and imple-
mentation is relatively low cost and the global infrastructure required to create and
propagate similar traits in crops and grasses through to large-scale cultivation al-
ready exists.” There are fewer potential issues concerning irreversibility than other
proposed geoengineering schemes. And, the climate impacts are inherently focused
in the regions that are most important to food production and to population centers,
thus providing more directed benefits even when applied globally. Maintaining the
technology is also less of a problem as crops are replanted annually; however, to
maintain the mitigation benefit, high albedo varietals must be continually planted
and mature forests must be maintained.

Biochar

Biochar® may have potential as an efficient method of atmospheric carbon re-
moval (via plant growth) for storage in soil. Biomass® is converted to both biochar
(solid) and a bio-oil (liquid) by heating it in the absence of air. The bio-oil can be
converted to a biofuel after a costly conversion process, and the biochar can serve
as bio-sequester (i.e. atmospheric carbon capture and storage). Biochar, is a stable
charcoal-solid that is rich in carbon content, and thus can potentially be used to lock
globally significant amounts of carbon in the soil.10 Unlike typical CO, capture
methods which typically require large amounts of oxygen and require energy for in-
jection, the biochar process breaks the carbon dioxide cycle, releasing oxygen, and
removing carbon from the atmosphere and sequestering it in the soil for possibly
hundreds to thousands of years.11

Drawbacks and challenges

The biological systems discussed here present challenges to the development of ef-
fective deployment, accounting, and verification systems for these terrestrial-based
approaches to geoengineering. For example, the climate benefits of sequestration
practices can be partially or completely reversed because these resources are subject
to natural decay, disturbances, and harvests, which could result in the sudden or
gradual release the carbon back to the atmosphere. Forests plateau 12 in their abil-
ity to reflect light and absorb CO, as they mature, and they release CO, as they

5The Reduced Emissions Deforestation and Degradation (REDD) carbon trading concept pro-
vides a starting point for this discussion. The REDD program employs market mechanisms to
compensate communities in developing countries to protect local forests as an alternative income
mechanism to logging or farming the same land.

6 Research suggests that vegetative land cover in the form of crops and grasslands can impact
climate by increasing local albedo by up to 0.25 (on a 0-1 point scale) and thus reflect more light
into the atmosphere.

7The technology exists, but to deploy it on a commercial scale across the globe could take a
decade or more.

8 Biochar is charcoal created by the heating of biomass, trees and agriculture waste, in the ab-
sence of air, i.e. pyrolysis.

9 Biomass could consist of trees and agricultural wastes.

10 Laird (2008)

11 Not only do biochar-enriched soils contain more carbon, 150gC/kg compared to 20-30gC/
kg in surrounding soils, but biochar-enriched soils are, on average, more than twice as deep as
surrounding soils. Therefore, the total carbon stored in these soils can be one order of magnitude
higher than adjacent soils (Winsley 2007).

12 Soils also plateau in their ability to sequester CO.
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decay; therefore, their utilization as geoengineering strategies would require careful
monitoring and accounting of CO; storage over time as these systems do not provide
long-term storage stability. These systems would also need to be maintained even
after saturation to prevent subsequent losses of carbon back to the atmosphere. This
would also be the case for management of soils.131415 Addressing these challenges
is important if sequestration benefits are to be compared to other approaches.

Sophisticated and verifiable carbon accounting strategies are needed across the
board to optimize carbon-sensitive land uses at different climates and geographies.
Existing statistical sampling, models and remote sensing tools can estimate carbon
sequestration and emission sources at the global, national, and local scales. How-
ever, complex spatial-temporal models would be required for each technique de-
scribed here. For example, estimating changes in soil carbon over time is generally
more challenging than those for forests due to the high degree of variability of soil
organic matter—even within small geographic scales like a corn field—and because
changes in soil carbon may be small compared to the total amount of soil carbon.
And, it is not presently clear whether there would be greater carbon savings by
planting trees and then converting those trees into biochar or planting trees and
allowingi them to grow, thereby sequestering carbon in both the soil and in the plant
material.

Tradeoffs between immediate climate objectives and environmental quality may
be necessary with these techniques. If nitrogen-based fertilizers are applied to crops
to increase yields for biological sequestration methods, the benefit would be partially
or completely offset by increased emissions of N2O. The installation of non-native
or genetically engineered species could be associated with additional environmental
disruption such counteractive changes in reflectivity. For example, a large scale
afforestation initiative over snow or highly reflective grasslands would increase car-
bon consumption but greatly decrease local albedo. Similarly, genetic modification
of crops to increase their albedo could reduce their carbon uptake. Lastly, these
techniques are likely to replace diverse ecosystems with single-species timber or
grass plantations to generate greater carbon accumulation at the cost of biodiver-
sity.

Non-traditional carbon capture and sequestration or conversion

Non-traditional carbon capture and sequestration (i.e. conversion) strategies
would utilize geological systems to capture carbon. First carbon would be captured
by exposing it to chemical adsorbents such as calcium hydroxide (CaCOs, zeolites,
silicates, amines, and magnesium hydroxide (Mg(OH),).16 Then, heat or agitation
would be used to separate the carbon from the adsorbent. The carbon can then be
stored in a geologic receptacle or it would be stored as a new chemical compound
in a liquid or solid formation.

Most geologic carbon removal strategies can be categorized as in situ or ex situ.
Ex situ carbonation requires the sourcing and transportation of materials that react
with carbon to the source of output (e.g., the smokestack). The energy input may
be quite high because the carbon absorbent must be ground up to allow for a suffi-
cient rate of carbon absorption. Air capture is a key component to the geologic car-
bon sequestration and geochemical weathering of carbon. In this process, a carbon-
adsorbent chemical, such as calcium hydroxide, binds to carbon and separates it
from the ambient air. The adsorbent chemical is then heated, the bound CO; is re-
leased, and a pure CO; stream is produced. Air capture differs from traditional car-
bon capture on power plants and other high-intensity carbon emitters in that it is
a distributed approach to capture (as many of the main sources of carbon are actu-
ally a collection of distributed entities, e.g. vehicles and buildings).

Alternatively, in situ carbonation injects carbon into geologic formations suited to
the mineralization of carbon.l? The injected material is then left in the formation
to carbonize at a more natural rate. Carbon storage in a liquid or solid represents
a more permanent option for carbon management and can be thought of as the mere
stimulation of naturally occurring processes that take place over thousands of years
instead of months. It would potentially require less stringent regulatory and liability
frameworks than traditional carbon storage in a gaseous form. This could make de-
ployment costs more manageable per unit than traditional carbon capture and stor-
age.

13 Lehmann, Gaunt and Rondon (2006)
14Lal et al. (1999)

15West and Post (2002)

16 Dubey et al. (2002)

17Kelemen and Matter (2008)



142

Challenges and drawbacks

The scale required for deployment of non-traditional carbon capture and seques-
tration methods present challenges to their eventual use. Geological capture and
storage at a geoengineering scale would represent an immense investment, requir-
ing hundreds or thousands of units and immense land formations suitable for stor-
age. In addition, most suggested geological sequestration strategies require a high
input of heat or pressure, either to release the carbon from its adsorbents or to
speed the necessary reactions for solid storage, and thus are energy burdens for the
deployment of this technology.

Ambient air is comprised of 0.04% carbon, and the slip streams of exhaust from
coal fired power plants are approximately 15%; therefore, the amount of carbon
gathered per unit of air processed would be far lower. In addition to issues of scale,
in situ storage material may remain as a gas and be released after a period of time,
which leads to additional monitoring and verification needs.

Other Strategies

Several geoengineering strategies were not emphasized in this hearing due to pro-
jected environmental impacts and project feasibility. Several of these techniques are
detailed below.

Enhanced weathering techniques—Silicate minerals would be sourced, ground, and
distributed over agricultural soils to form carbonates. This category of in situ
carbonation works in the same manner as the non-traditional carbon consumption
strategies discussed above. The actual mineral distribution could be performed at
a relatively low direct cost; however, the mining activities would require sizable en-
ergy inputs. In addition, introducing large quantities of chemicals to a landmass
could incur significant changes, both predictable and unpredictable, to the entire
ecosystem.

Chemical ocean fertilization—Similar to enhanced weathering in terrestrial sys-
tems, this strategy calls for the distribution of ground minerals over the oceans.
Iron, silicates, phosphorus, nitrogen, calcium hydroxide and/or limestone could en-
hance natural chemical processes that consume carbon, such as photosynthesis in
phytoplankton. Mining and environmental impacts are major challenges. Iron is the
most popular candidate chemical for this strategy as it would require the smallest
quantity to significantly lower carbon concentrations.

Oceanic upwelling and downwelling—Naturally occurring ocean circulation would
be accelerated in order to transfer atmospheric greenhouse gases to the deep sea.
Atmospheric carbon is absorbed by the ocean at the air-water interface, and it is
largely stored in the top third of the water column. This approach would use vertical
pipes to transfer the carbon rich surface waters to the deep ocean for storage. It
would likely require massive engineering efforts and could significantly alter the
ocean’s natural carbon cycle and circulation systems.

White roofs and surfaces—Painting the roofs of urban structures and pavements
in the urban environment white would increase their albedo by 15-25%. A white
roofs program would need global implementation to achieve a meaningful impact on
radiative forcing, incurring great costs and logistical challenges; however, white
roofs can help mitigate the urban heat island problem, which plagues metropolises
like Tokyo and New York City.

Desert reflectors—Metallic and other reflective materials would be used to cover
largely underused desert areas, which account for 2% of the earth’s surface to reflect
sunlight. This approach could have large detrimental impacts on local ecosystems
and precipitation patterns. Preliminary cost estimates are in the high billions or
trillions of dollars.

Space-based reflective surfaces—A large satellite or an array of several small sat-
ellites with mirrors or sunshades would be placed in orbit or at the sun-earth La-
grange (L 1) point to reflect some percentage of sun radiation. Preliminary cost esti-
mates for this strategy are usually in the trillions of dollars.
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Chairman BAIRD. I will call the hearing to order.!

As I mentioned earlier, I have already introduced our witnesses,
and this is a hearing on geoengineering. As we deal with the issues
of overheating of our planet and acidification of the ocean, this is
one option for possibly mitigating the impacts, part of a series of
hearings and an effort initiated by our Chair, Mr. Gordon.

[The prepared statement of Chairman Baird follows:]

PREPARED STATEMENT OF CHAIRMAN BRIAN BAIRD

Good morning. I want to welcome everyone to today’s hearing discussing the sci-
entific and technological premises underlying various proposals for geoengineering.

Geoengineering is a term that has come to define a range of often controversial
strategies to deliberately alter the Earth’s climate systems for the purpose of coun-
teracting climate change—presumably through reflection of sunlight or absorption
of CO; from the air.

Make no mistake, despite the sometimes far-fetched proposals, this is not a sub-
ject that should be taken lightly. As Chairman Gordon has also made clear:
Geoengineering has been proposed as, and it can only be responsibly discussed as
a last-ditch measure in the case that traditional carbon mitigation efforts prove inef-
fective on their own. Even then, a tremendous amount of research is required to
know what strategies may be worth deploying.

The concentration of greenhouse gases in the atmosphere is already driving great
changes in the Earth’s climate.

The long-term consequences of climate change will become especially threatening,
and some of these consequences are already being felt.

For example, oceans naturally absorb atmospheric carbon through the air-water
interface. As the concentration of greenhouse gases has increased in the atmosphere
so has the absorption of carbon by the oceans. On the surface this is good because
it helps to mitigate climate change; however, below the ocean’s surface the excessive
absorption of carbon is changing the chemistry of the ocean—it is creating ocean
acidification.

The effects of ocean acidification will span the ocean food web which will affect
our fishermen, coastal communities, and our national and global economies.

Today’s hearing is not about ocean acidification per se, but it is about controver-
sial methods to reduce or mitigate the causes and effects of climate change through
geoengineering.

Without question, our first priority is to reduce the production of global green-
house gas emissions.

However, as I said, if such reductions achieve too little, too late, there may be
a need to consider a plan B—to utilize methodologies to counteract the climatic ef-
fects of greenhouse gas emissions by ‘geoengineering’.

Many proposals for geoengineering have already been made. Some may have po-
tential, some sound downright scary, and they all carry levels of uncertainty, haz-
ards, and risks that could outweigh their intended benefit.

Furthermore, the technologies proposed for deployment of many of these
geoengineering techniques are very young or non-existent, and there are major un-
certainties regarding their effectiveness, environmental impacts, and economic costs.

For example, I am especially interested in discussing the potential for the solar
radiation management techniques to exacerbate ocean acidification.

The implications of geoengineering are decidedly global in scope, but
geoengineering has the potential to be undertaken in a unilateral fashion, without
consensus or regard for the well-being of other nations.

Therefore, an open, public dialogue is needed in the face of such hazards, risks,
and uncertainties. As you may recall this hearing is the second of a three-part series
on geoengineering.

On November 5, 2009, the Full Committee held the first hearing in the series,
entitled “Geoengineering: Assessing the Implications of Large-Scale Climate Interven-
tion.”

Today’s Subcommittee hearing will examine the scientific basis and engineering
challenges of geoengineering.

1Some discussion was held prior to the formal opening of this hearing. For a transcript of
these comments, see Appendix.
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This series of hearings serves to create the foundation for an informed and open
dialogue on the science of geoengineering, and should in no way be regarded as sup-
portive of deployment of geoengineering.

With that I turn it over to the distinguished Ranking Member, Mr. Inglis.

Chairman BAIRD. I thank the Ranking Member for being here,
and recognize him if he has any opening remarks.

Mr. INGLIS. I don’t, Mr. Chairman, and I will submit them for
the record.

[The prepared statement of Mr. Inglis follows:]

PREPARED STATEMENT OF REPRESENTATIVE BOB INGLIS

Good morning, and thank you for holding this hearing, Mr. Chairman. I look for-
ward to discussing the scientific and engineering challenges related to
geoengineering.

Last November, the full committee began our examination of geoengineering as
a strategy to minimize the impacts of a warming climate. What we heard was theo-
retically promising: geoengineering may prove to be a low-cost intervention to buy
us time to reduce our greenhouse gas emissions and limit our impact on the global
climate system.

Still, we face considerable uncertainty. Dr. Rasch appropriately describes
geoengineering as a “gamble” in his testimony. is this a gamble worth trying? At
this hearing, I hope to hear what steps we need to take to increase our under-
standing of geoengineering technologies and come one step closer to determining
whether this is a viable option.

In particular, I hope that the witnesses will discuss what technologies, techniques,
and capabilities must be developed to study and deploy geoengineering options, and
what level of financial investment is required for these developments. I also hope
the witnesses will discuss the gaps in our understanding of the climate system that
may limit our ability to justify such large-scale intervention, and which alternatives
may minimize further changes to the climate, resource cycles, or global ecology.

We also need to decide whether investments in geoengineering are worthwhile.
There are a number of ecological, economic, and political uncertainties that also
need to be addressed before these interventionist strategies are implemented. More-
over, there is a significant ethical question involved in deploying large-scale
geoengineering techniques to forcibly change the climate in an effort to undo the
damage we have already done. I hope to address these questions in a future hear-
ing.

Again, thank you for holding this important hearing, Mr. Chairman. I look for-
ward to hearing from the witnesses and I yield back the balance of my time.

Chairman BAIRD. Thank you, and I will submit my opening re-
marks for the record.

With that, we will proceed. Each witness will have five minutes
to proceed. Then if we have time, we will follow up with questions.
If not, we will take a break for votes.

Dr. Keith, please.

STATEMENTS OF DR. DAVID KEITH, CANADA RESEARCH
CHAIR IN ENERGY AND THE ENVIRONMENT, DIRECTOR,
ISEEE ENERGY AND ENVIRONMENTAL SYSTEMS GROUP,
UNIVERSITY OF CALGARY

Dr. KeEITH. Chairman Baird, Committee Members, thank you
very much for having me here today.

We must make deep cuts in global emissions if we are going to
manage the risks of climate change. Emissions reductions are nec-
essary, but they are not necessarily sufficient. This is because even
if we halt all emissions instantly today, which is not going to hap-
pen, the climate risks they pose would persist for millennia. Also,
the climate’s response to the amount of CO, we put in the air is
highly uncertain. We could get lucky and see small amounts of cli-
mate change, or we could be unlucky. Risk management is the



146

heart of climate policy, so a small risk of catastrophic impact exists
even with today’s carbon burden, and that risk grows with each ton
of new emissions. So because risk management is central, we must
hope for the best while laying plans to navigate the worst.

Geoengineering describes two distinct concepts. Carbon dioxide
removal, CDR, is a set of tools for removing carbon dioxide from
the atmosphere, while solar radiation management, SRM, would
reduce the earth’s absorption of solar energy, cooling the planet by
adding sulfur aerosols to the upper atmosphere or by adding sea
salt aerosols to whiten marine clouds. SRM and CDR—forgive my
acronyms—do different things, entirely different things. SRM is
cheap and can act quickly to cool the planet, but it introduces novel
environmental and security risks, and it can at best only partially
mask the impacts of CO; in the air. The low price tag is very at-
tractive but it raises the risks of unilateral action and a facile
cheerleading that promotes exclusive reliance on SRM.

In concert with emissions cuts, CDR can reduce the carbon bur-
den in the atmosphere, a kind of global climate remediation. We
need this capability. Unless we can remove CO; from the air faster
than nature does, we will, we are, consigning the earth to a warm-
er future for millennia or a sustained and risky program of solar
radiation management.

Carbon removal can only make a difference if we capture carbon
by the gigaton. The sheer scale of the carbon challenge means that
just like emissions cuts, CDR will always be much more expensive
and much slower acting than SRM.

SRM and CDR—again, forgive the acronyms—each provide a
means to manage climate risk, but they are wholly distinct with re-
spect to the science and technology required to deploy and test
them, with respect to their costs and environmental risks, and with
respect to the challenges they pose for public policy and governance
regulation. Because these technologies have little in common, I sug-
gest that we will have a better chance to craft sensible policy if we
separate them almost entirely in the policy process.

In the spirit of disclosure, I offer a few comments about my own
work. Along with my academic work, I run a startup company, Car-
bon Engineering, that seeks to develop large-scale industrial tech-
nologies for capturing CO, from the air, a form of CDR. Professor
Lackner will say more about this later. I am thrilled to work on
this technology. It has a shot, however small, at providing a tool
to manage one of the greatest environmental threats. I will be
happy to answer questions about this and other CDR technologies
but I will focus my remarks on SRM because I believe that is
where there is the most urgent need for government action.

Because of the serious concerns raised by the enormous leverage
SRM grants us over the global climate, I think it is crucial that de-
velopment of these technologies be managed in a way that is as
transparent as possible. I therefore do no commercial or propri-
etary work on SRM.

In my written comments, I offer some thoughts about the specific
kinds of research that are needed, the funding, the agencies that
might be appropriate or might not, the scale of the research pro-
gram. One thing I will say here is that we don’t want to start too
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fast. Research programs can be killed by getting too much money
too quickly.

The idea of deliberately manipulating the earth’s energy balance
to offset human-driven climate change strikes many as dangerous
hubris. Solar engineering is like chemotherapy: no one wants it. It
is far better to avoid carcinogens but we all want the ability to do
chemo and to understand its risks should we find ourselves with
dangerous cancer. The primary argument against doing SRM re-
search is fear that it will sap our will to cut emissions. I share this
view. Yet I believe that the risks of not doing research outweigh
the risks of doing it. SRM may be the only means to fend off the
risk of rapid and high-consequence climate impacts. Furthermore,
there are environmental and geopolitical risks posed by the poten-
tial of unilateral deployment of SRM by a small or large state act-
ing alone which can best be managed by developing widely shared
knowledge, risk assessment and norms of governance. I don’t mean
one big U.N.-style government system, I just mean some under-
standing, however it works, of how we manage this thermostat for
the planet.

It is a healthy sign that a common first response to
geoengineering is revulsion. It suggests we have learned something
from past instances of techno-optimism and subsequent failures,
but we must not overinterpret past experience. Responsible man-
agement of climate risk requires sharp emissions cuts and clear-
eyed research on SRM linked with the development of shared tools
for managing it. The two are not in opposition. They are not di-
chotomies. We are currently doing very little on either, cutting
emissions or this, and we urgently need action on both. Thank you.

[The prepared statement of Dr. Keith follows:]

PREPARED STATEMENT OF DAVID KEITH

Learning to manage sunlight: Research needs for Solar Radiation Manage-
ment

Two kinds of geoengineering

Geoengineering describes two distinct concepts. Carbon Dioxide Removal (CDR)
describes a set of tools for removing carbon dioxide from the atmosphere, while
Solar Radiation Management (SRM) would reduce the Earth’s absorption of solar
energy, cooling the planet by, for example, adding sulfur aerosols to the upper at-
mosphere or adding sea salt aerosols to increase the lifetime and reflectivity of low-
altitude clouds.

We must make deep cuts in global emissions of carbon dioxide to manage the
risks of climate change. While emissions reductions are necessary, they are not nec-
essarily sufficient. Emission cuts alone may be insufficient because even if we could
halt all carbon emissions today, the climate risks they pose would persist for mil-
lennia—by some measures, the climate impact of carbon emissions persists longer
than nuclear waste. Moreover, the climatic response to elevated carbon dioxide con-
centration is uncertain, so a small risk of catastrophic impacts exists even at today’s
concentration.

Technologies for decarbonizing the energy system, from solar or nuclear power to
the capture of CO, from the flue gases of coal-fired power plants, can cut emis-
sions—allowing us to limit our future commitment to warming—but they cannot re-
duce the climate risk posed by the carbon we have already added to the air, and
that risk grows as each ton of emissions drive up the atmospheric carbon burden.

Risk management is at the heart of climate policy: planning our response around
our current estimate of the most likely outcome is reckless. We must hope for the
best while laying plans to navigate the worst.

SRM and CDR do different things. SRM is cheap and can act quickly to cool the
planet, but it introduces novel environmental and security risks and can—at
best—only partially mask the environmental impacts of elevated carbon dioxide.
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In concert with emissions cuts, CDR technologies can reduce the carbon burden
in the atmosphere; one might call it global climate remediation. We need a means
to reduce atmospheric CO> concentrations in order to manage the long-run risks of
climate change. Unless we can remove CO, from the air faster than nature does,
we will consign the earth to a warmer future for millennia or commit ourselves to
the risks of sustained SRM.

But, carbon removal can only make a difference if we capture carbon by the
gigaton. The shear scale of the carbon challenge means that CDR will always be
relatively slow and expensive.

SRM and CDR each provide a means to manage climate risks; they are, however,
wholly distinct with respect to

the science and technology required to develop, test and deploy them;
their costs and environmental risks; and,
the challenges they pose for public policy and governance.

Because these technologies have little in common, I suggest that we will have a
better chance to craft sensible policy if we treat them separately.

In the spirit of disclosure, I offer a few comments about my own work. I run Car-
bon Engineering, a startup company that aims to develop industrial scale tech-
nologies for capturing CO; from the air. I will be happy to answer questions about
these technologies, but I will focus my remarks on SRM because I believe that is
where there is the most urgent need for action that links the development of a re-
search program to progress on learning how to manage this potentially dangerous
technology.

Because of the serious and legitimate concerns raised by the enormous leverage
SRM technologies grant us over the global climate, I think it is crucial that develop-
ment of these technologies be managed in a way that is as transparent as possible.
I therefore do no commercial or proprietary work on SRM.

The primary argument against research on SRM is fear that it will reduce the
political will to lower greenhouse gas emissions. I believe that the risks of not doing
research outweigh the risks of doing it. Solar-radiation management may be the
only response that can fend off unlikely but rapid and high-consequence climate im-
pacts. Further, there are environmental and geopolitical risks posed by the potential
of unilateral deployment of SRM, which can best be managed by developing widely-
shared knowledge, risk assessment, and norms of governance.

The idea of deliberately manipulating the Earth’s energy balance to offset human-
driven climate change strikes many as dangerous hubris. It is a healthy sign that
a common first response to geoengineering is revulsion. It suggests we have learned
something from past instances of over-eager technological optimism and subsequent
failures. But we must also avoid over-interpreting this past experience. Responsible
management of climate risks requires sharp emissions cuts and clear-eyed research
and assessment of SRM capability. The two are not in opposition. We are currently
doing neither; action is urgently needed on both.

An overview of solar radiation management

SRM has three essential characteristics: it is cheap, fast, and imperfect. Long-es-
tablished estimates show that SRM could offset this century’s global-average tem-
perature rise a few hundred times more cheaply than achieving the same cooling
by emission cuts. This is because such a tiny mass is required: a few grams of sul-
fate particles in the stratosphere can offset the radiative forcing of a ton of atmos-
pheric carbon dioxide. At a few $1000 a ton for aerosol delivery to the stratosphere
that adds up to a figure in the order of $10 billion dollars per year to provide a
cooling that—however crudely—counteracts the heating from a doubling of atmos-
pheric carbon dioxide.

This low price tag is attractive, but raises the risks of single groups acting alone
and of facile cheerleading that promotes exclusive reliance on SRM.

SRM can alter the global climate within months—as shown by the 1991 eruption
of Mt. Pinatubo, which cooled the globe about 0.5° C in less than a year. In contrast,
because of the carbon cycle’s inertia, even a massive program of emission cuts or
carbon dioxide removal will take many decades to discernibly slow global warming.

A world cooled by managing sunlight will not be the same as one cooled by low-
ering emissions. An SRM-cooled world would have less precipitation and less evapo-
ration. Some areas would be more protected from temperature changes than others,
creating local winners and losers. SRM could weaken monsoon rains and winds. It
would not combat ocean acidification or other carbon dioxide-driven ecosystem
changes and would introduce other environmental risks such as delaying the recov-
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ery of the ozone hole. Initial studies suggest that known risks are small, but the
possibility of unanticipated risks remains a serious underlying concern.

Cheap, fast and imperfect: each of these essential characteristics has profound im-
plications for public policy.

Because SRM is imperfect, it cannot replace emissions cuts. If we let emis-
sions grow and rely solely on SRM to limit warming, these problems will eventually
grow to pose risks comparable to the risks of uncontrolled emissions.

Because SRM is cheap, even a small county could act alone, a fact that poses
hard and novel challenges for international security.

Finally, because SRM appears to be the only fast-acting method of slowing
global warming it may be a powerful tool to manage the risks of unexpectedly dan-
gerous climate outcomes.

Towards Solar Radiation Management research plan

The capacity to implement SRM cannot simply be assumed. It must be developed,
tested, and assessed. Research to date has largely consisted of a handful of climate
model studies, using very simple parameterization of aerosol microphysics. More
complex models of aerosol physics need to be developed and linked to global climate
models. Field tests will be needed, such as experiments generating and tracking
stratospheric aerosols to block sunlight and dispersing sea-salt aerosols to brighten
marine clouds. Decades of upper atmosphere research has produced a mass of rel-
evant science. But, except for a recent ill-conceived Russian test, there have been
no field tests of SRM.

There has been no dedicated government research funding available for SRM any-
where in the world; though, a few programs for have begun in Europe in the past
few months.

The environmental hazards of SRM cannot be assessed without knowing the spe-
cific techniques that might be used, and it is impossible to identify and develop tech-
niques without field testing. Such tests can be small: tonnes not megatonnes.

It is widely assumed, for example, that a suitable distribution of stratospheric sul-
fate aerosols can be produced by releasing SO in the stratosphere, but new simula-
tions of aerosol micro-physics suggest the resultant aerosol size distribution would
be skewed to large particles that are relatively ineffective. Several aerosol composi-
tions and delivery methods may offer a way around this problem, but choosing be-
tween them and assessing their environmental impacts will require small-scale in-
situ testing.

To provide a specific example related to my own work, NASA’s ER-2 high-altitude
research plane might be used to release a ton of sulfuric acid vapor along a 10 km
plume in the stratosphere, and fly through the plume to assess the formation of aer-
osol and its sun scattering ability and its impact on ozone chemistry. Such tests
take a few years to plan and cost a few million dollars.

An international research budget growing from roughly $10 million to $1 billion
annually over this decade would likely be sufficient to build the capability to deploy
SRM and greatly improve understanding of its risks.

It is important to start slowly. Research programs can fail if they get too much
money too quickly. Given the limited scientific community now knowledgeable about
SRM, a very rapid buildup of research funding might result in a lot of ill-conceived
projects being funded and, given the inherently controversial nature of the tech-
nology, the result might be a backlash that effectively ends systematic research.

The U.S. will need an interagency research program, because no single agency has
the right combination of abilities to manage the whole program. For example, NSF’s
processes for transparent peer-review and investigator driven funding will be impor-
tant in effectively supporting the diversity of critical analysis that is necessary on
such an inherently controversial topic. But NSF is perhaps less suited to manage
the larger mission oriented programs that link technology development and science.

NASA has some institutional history and abilities that may be particularly rel-
evant to stratospheric SRM. The high-speed research program, for example, linked
scientific efforts to understand the impacts a supersonic transport fleet on the ozone
layer with technology development aimed to minimize those impacts. The manage-
ment and research assets used in this program could serve as the foundation of a
program to develop and test technologies for delivering stratospheric aerosols. But
NASA is less suited to fostering diverse early-stage science.

DOE’s Office of Science has a record managing large programs and DOE has a
relevant track record with its Atmospheric Radiation Measurement (ARM) program.
But SRM is not at its core an energy problem and there will be difficulties fitting
it into the DOE structure.
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Finally, the inherently controversial nature of SRM research makes it particularly
important that it not be entrusted exclusively to either its proponents or its adver-
saries. The development of an interagency program may help to foster the necessary
diversity. Indeed, there may be value in a “blue team/red team” approach, as some-
times used for military preparedness planning. One team is charged to make an ap-
proach as effective and low-risk as possible, while the other works to identify all
the ways it can fail. Anticipating the conditions of urgency, even panic, that might
attend a future decision to deploy SRM, such an adversarial approach may increase
the quality and utility of information available in time to aid future decision-mak-
ers.

Concluding thoughts

Although risk of climate emergencies may motivate SRM research, it would be
reckless to conduct the first large-scale SRM tests in an emergency. Instead, experi-
ments should expand gradually to scales big enough to produce barely detectable cli-
mate effects and reveal unexpected problems, yet small enough to limit resultant
risks. Our ability to detect the climatic response to SRM grows with the test’s dura-
tion, so starting sooner makes the scale of experiment needed to give detectable re-
sults by any future date-say by 2030-smaller. A later start delays when results are
known, or requires a bigger intervention in order to detect the response.

Beyond research, building responsibly toward future SRM capability also requires
surmounting problems of international governance that are hard, and novel. These
are quite unlike the problems of emissions mitigation, where the main governance
challenge is motivating contributions to a costly shared goal. For SRM, the main
problem will be establishing legitimate collective control over an activity that some
might seek to do unilaterally. Such a unilateral challenge could arise in many forms
and from many quarters. At one extreme, a state might simply decide that avoiding
climate-change impacts on its people takes precedence over environmental concerns
of SRM and begin injecting sulfur into the stratosphere, with no prior risk assess-
ment or international consultation. If this were a small state, it could be quickly
stgf)ped by great-power intervention. If it were a major state, that might not be pos-
sible.

Alternatively a nation might grow frustrated at the pace of international coopera-
tion and establish a national program of gradually expanding research and field
tests. This might be linked to a distinguished international advisory board, includ-
ing leading scientists and retired politicians of global stature. It is plausible that,
after exhausting other avenues to limit climate risks, such a nation might decide
to begin a gradual, well-monitored program of SRM deployment, even absent any
international agreement on its regulation. In this case, one nation—which need not
be a large and rich industrialized country—would effectively seize the initiative on
global climate, making it extremely difficult for other powers to restrain it.

No existing treaty or institution is well suited to SRM governance. Given current
uncertainties immediate negotiation of a treaty is probably not advisable. Hasty
pursuit of international regulation would risk locking in commitments that might
soon be seen as wrong-headed, such as a total ban on research or testing, or burden-
some vetting of even innocuous research projects.

A better approach would be to build international cooperation and norms from the
bottom up, as knowledge and experience develop—as has occurred in cases as di-
verse as the development of technical standards for communications technology to
the landmine treaty which emerged bottom-up from action by NGOs. A first step
might be a transparent, loosely-coordinated international program supporting re-
search and risk assessments by multiple independent teams. Simultaneously, infor-
mal consultations on risk assessment, acceptability, regulation, and governance
could engage broad groups of experts and stakeholders such as former government
officials and NGO leaders. Iterative links between emerging governance and ongoing
scientific and technical research would be the core of this bottom-up approach.

Opinions about SRM are changing rapidly. Only a few years ago, many scientists
opposed open discussion of the topic. Many now support model-based research, but
discussion of field testing of the sort we advocate here is contentious and will likely
grow more so. The main argument against SRM research is that it would undermine
already-inadequate resolve to cut emissions. I am keenly aware of this ‘moral haz-
ard’—indeed I introduced the term into the geoengineering literature—but I am
skeptical that suppressing SRM research would in fact raise commitment to mitiga-
tion. Indeed, with the possibility of SRM now widely recognized, failing to subject
it to serious research and risk assessment may well pose the greater threat to miti-
gation efforts, by allowing implicit reliance on SRM without critical scrutiny of its
actual requirements, limitations, and risks. If SRM proves to be unworkable or
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poses unacceptable risks, the sooner we know the less moral hazard it poses; if it
is effective, we gain a useful additional tool to limit climate damages.
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Chairman BAIRD. Thank you, Dr. Keith.
Dr. Rasch.

STATEMENTS OF DR. PHILIP RASCH, CHIEF SCIENTIST FOR
CLIMATE SCIENCE, LABORATORY FELLOW, ATMOSPHERIC
SCIENCES AND GLOBAL CHANGE DIVISION, PACIFIC NORTH-
WEST NATIONAL LABORATORY

Dr. RascH. Thank you, Chairman Baird and the Subcommittee,
for inviting me today.

I think I will start by just reminding you of what solar radiation
management is. Scientists tend to loosely refer to light or heat or
energy as radiation, and so when we speak of solar radiation man-
agement, we really mean managing the amount of sunlight reach-
ing the surface of the earth. If we can reflect a little bit more sun-
light back to space, then we will cool the planet.

Before jumping into some of the scientific issues, I am going to
speak just for a second on funding issues. If you look at my assess-
ment of funding in the written testimony, you will see that I think
that the total grants from U.S. agencies today for geoengineering
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research amounts to about $200,000 a year. If you add in some in-
visible funding that comes from faculty members or scientists like
myself donating their time, it might double. If you add in founda-
tion money, it might come to a million dollars a year. If you con-
trast this with the kind of program like the Apollo program to put
a man on the moon of $2 billion per year or total up all the climate
research today of $1 billion per year, then you can see we are cur-
rently putting a tiny, tiny amount in, and maybe that is the right
thing to do. That is really for policymakers like you to help us de-
cide. But if you think it is important to do geoengineering research,
then it would be very easy to make a big difference with a rel-
atively small amount of money.

You asked me to talk about the solar radiation management
techniques known as stratospheric sulfate aerosols and cloud whit-
ening. I have worked in both of these areas. Scientists are inter-
ested in these two ideas because we already know they play a role
in the real world. We see that when volcanoes produce sulfate
aerosols high in the atmosphere, the planet cools. We see that
when ships inject aerosols as pollution into clouds, that those
clouds become whiter and reflect more sunlight—some of those
clouds do—which should cool the planet a bit. We think we might
be able to do the same kind of thing deliberately. In climate models
when we brighten the clouds, we see that the planet cools. When
we inject an aerosol like volcanoes do, we see that the planet cools.
That is the good news, but that statement is far too simple. There
are also undesirable things that happen. We see that even though
we might make the average temperature of the planet about right,
the rainfall patterns would change some from today, and some
places become warmer and some places become cooler.

So there are going to be winners and losers in this
geoengineering activity if we were to do it. But nevertheless, as
David has said, there are reasons why we might consider doing it.
We know that the models that we are using today are far too sim-
ple and incomplete. We know how to do better. There are many
outstanding unresolved important issues that need to be addressed
if one wants to understand geoengineering better. I have made
some suggestions in my written testimony about ways we might
use funding to strengthen the activity involving computer mod-
eling, technology development, and lab and field research. There
are a bunch of first-class research scientists and engineers in the
United States and Europe now working for free in their spare time
to think about this, but there are some things that take money to
solve, and a much better job could be done if there was a funded
program for geoengineering.

All the work that I have suggested doing essentially comes down
to focusing on two questions: Can we actually create particles in
the stratosphere or whiten clouds as we assumed in our first cli-
mate studies? We need technology development and we need funda-
mental research to understand this.

Then the second part would be: What would be the impact on cli-
mate if we did put the particles into the stratosphere or whiten
clouds? This involves deployment, actually, at some level. I think
I have to skip over, in the interest of time, my discussions of some
of the subtleties of the ways we could focus on the cloud whitening
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or the stratospheric aerosols, but I would be glad to take questions
about it.

You also asked me to address deployment issues. I feel very
strongly we are not ready for deployment, if by deployment you
mean trying to affect the climate. There are too many things that
haven’t been looked at yet, but there is a lot we can do with
fieldwork that will help us understand geoengineering but won’t
change the climate. For the cloud whitening strategy, field and
modeling studies would help us understand a critical feature of the
climate system called the aerosol indirect effect, which is really
critical for understanding climate change more generally as well. I
don’t have the time to talk to you about this now but I would love
to address it if you ask me questions.

I think that if we managed to tighten up our work to the point
that we think a geoengineering strategy looks viable, it would prob-
ably require a Manhattan Project, looking at it with a much larger
group of stakeholders, checking the science, searching for flaws in
our initial work and worrying about issues far beyond the scope of
physical scientists.

Thanks for listening to me and I am happy to take questions.

[The prepared statement of Dr. Rasch follows:]

PREPARED STATEMENT OF PHILIP RASCH

I would like to thank the committee for the invitation to provide testimony at this
hearing. I am aware that this is the second of three hearings on geoengineering,
and that you have already been introduced to many of the concepts behind
geoengineering at your previous hearing. A number of important documents were
submitted during the previous hearing. I will not submit any more beyond my own
testimony during this hearing, but I do refer to a few more scientific papers that
I think are relevant (listed in the references at the end). I have attempted to strike
a balance between repeating some of the information covered in the last hearing to
provide continuity, and new material.

There are two classes of geoengineering (the intentional modification of the
Earth’s Climate) being discussed in the scientific community and by the congres-
sional committee: 1) Approaches designed to draw down the concentration of Green-
house Gases, to reduce Global Warming; and 2) “Solar Radiation Management”. You
asked me to focus on Solar Radiation Management, with particular attention to
stratospheric sulfate aerosols, and marine cloud whitening. I will try to respond to
the specific questions that you listed in your letter, and will also provide additional
information where I think it relevant.

What is Solar Radiation Management? Solar Radiation Management refers to
the idea that mankind might be able to influence the amount of sunlight reaching
the surface of the Earth deliberately. Scientists sometimes use the terms “radi-
ation”, “light”, “energy” and “heat” in this context interchangeably. So “Solar Radi-
ation Management” really means, “managing the amount of sunlight reaching the
Earth’s surface”. The global temperature of the planet is determined by the Earth
system finding a balance between the energy absorbed from sunlight, and the en-
ergy leaving the atmosphere as radiant energy (heat) in the infrared part of the
electromagnetic spectrum. The idea behind Solar Radiation Management is that if
mankind could find a way to make the planet a little more reflective to sunlight,
then less would be absorbed by the Earth, and the planet will be slightly cooler than
it would otherwise be. So Solar Radiation Management is designed to cancel
some of the warming that we expect from increasing Greenhouse Gas Con-
centrations.

Note that even if Solar Radiation Management succeeds, it will not can-
cel all the effects of increasing greenhouse gas concentrations. The increas-
ing acidity of the oceans with its impact on ocean life is a good example of a con-
sequence of increasing CO> that will not be treated by Solar Radiation Management.

Before jumping in further, I want to get past a few “buzzwords” immediately.
From here on I will often replace the term “Solar Radiation Management” with the
word “geoengineering”. And I will often loosely refer to the “changes in the amount
of energy entering or leaving some part of the planet because of some climate factor”
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as a “forcing”. So there is a forcing associated with increasing greenhouse gases, and
there is another forcing associated with Solar Radiation Management. The idea is
to try to match the forcings so that they kind of cancel.

Preliminary Remarks on Geoengineering Research Goals and Expected
Outcomes: There are many uncertainties in geoengineering research. Identifying
the consequences of geoengineering to the climate of the planet is at least as dif-
ficult as identifying the changes to the planet that will occur from increasing green-
house gases. Just as scientists cannot be certain of all of the consequences of dou-
bling (or more) the concentration of CO> to the planet, we cannot be certain of the
outcome of any particular strategy for geoengineering the planet to counter that
warming. What science can do is use the same tools and body of knowledge to iden-
tify likely outcomes from either class of perturbations to the planet.

I am not sure we could ever be certain of the outcome of geoengineering. I think
it is important to recognize that geoengineering is a gamble. The decision to try
geoengineering in the end will probably be based upon balancing the consequences
of a negative outcome from geoengineering against the negative outcome from “not
geoengineering”.

I believe there are a variety of activities to consider for geoengineering research:

e Assessment, Integration: to brainstorm, review suggested strategies, and
identify obviously unsuitable suggestions. Only a little work has been done
to evaluate proposed strategies for efficacy and costs (e.g. Royal Society re-
port, 2009 and Lenton and Vaughan, 2009).

o Computer Modeling: There are a variety of kinds of modeling studies that
are relevant to geoengineering.

O Climate models and Earth system models are needed that provide a glob-
al view about interactions between many parts of the climate system over
time scales as long a centuries.

“Process Models” that include a lot of detail about one specific feature of
the Earth system are also needed. These kinds of models might describe
how for example cloud drops might form, but they neglect anything that
isn’t central to that understanding, like what the rainfall was a thousand
miles away. They do calculations that are generally far too expensive to
be used for a global computer calculation but they are incredibly useful
for understanding how a particular process operates. Science frequently
uses global models to produce a broad view of geoengineering outcomes,
but for those strategies that look promising, increasingly stringent levels
of analysis are required to see whether the simple assumptions used in
a climate model hold up. Process models are used to understand impor-
tant details.

O Other models may also be needed for a broader set of questions (for ex-
ample the impact of geoengineering on ecosystems or the economy).

@]

e Lab and Fieldwork: Lab and fieldwork are critical to assure a thorough un-
derstanding of the fundamental physical process important to climate and
that computer models are reasonably accurate in representing that process.
I think it is critical to distinguish between “small scale field studies” where
we might introduce some particles into the atmosphere over such a small
scale that they would have negligible climate impact, and “full scale deploy-
ment” where we expect to actually have a climate impact. Field studies might
try to induce a deliberate change to some feature of the earth system at a level
with a negligible impact on the climate, but the change would allow us to de-
tect a response in a component important to climate. For example, with Cloud
Whitening one might try to modify a cloud, or a group of clouds by intro-
ducing a change over a very small area, over and over again for a month, to
see whether we really understand how that kind of cloud works, and whether
models can reproduce what we see in the real world. With Stratospheric
Aerosols one might envision devoting a few aircraft to trying to deliver the
material needed to make aerosol particles in the stratosphere, and then look
to see whether the right size particles form, and how long they last.

Technology Development: to develop equipment and measurement strate-
gies that might be used for process studies, for exploratory trials, or as proto-
types for full deployment. Some work has been done to develop plans for the
devices needed for the cloud whitening strategy, and the ships that could de-
ploy the sea salt particles.

¢ Deployment Activities: Obviously, one can envision a gradation of experi-
ments to the climate, ranging from those with no impact, to those having a
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huge impact. I am going to reserve the word “deployment” to refer to
geoengineering designed to have a big impact on climate. I don’t
think scientists know enough today about geoengineering, and so I
don’t think we are ready for “deployment”. I am going to avoid much
discussion of full deployment scenarios for the rest of my testimony
except to tell you what a climate model says might happen, and to ac-
knowledge that when and if we think we understand geoengineering
well enough to deploy it we must consider many new issues. Moni-
toring, infrastructure, energy consumption, economic modeling, governance,
and much else are needed if we reach a stage where deployment is viable.

Preliminary Remarks on Costs associated with Geoengineering Research.
The costs are determined in large part by the goals of the research, and the out-
comes that are to be achieved.

In my opinion before a nation (or the world) ever decided to deploy a full scale
geoengineering project to try to compensate for warming by greenhouse gases it
would require an enormous activity, equivalent to that presently occurring within
the modeling and assessment activities associated with the Intergovernmental Panel
on Climate Change (IPCC) activity, or a Manhattan Project, or both. It would in-
volve hundreds or thousands of scientists and engineers and require the involve-
ment of politicians, ethicists, social scientists, and possibly the military. These
issues are outside of my area of expertise. Early “back of the envelope” calculations
estimated costs of a few billion dollars per year for full deployment of a strato-
spheric aerosol strategy (see for example, Crutzen, (2006) or Robock et al (2009b)).
These numbers are very rough. I am not sure it is worth refining them much at
this t}ilme, due to the many uncertainties that need to be resolved by exploratory re-
search.

There are many smaller steps that can be taken to make initial progress on un-
derstanding geoengineering at a much lower cost, and at a level that does not re-
quire an international consensus, or actually introduce significant changes in the
Earth’s climate. These steps are worth doing because they allow us to identify obvi-
ous deficiencies in geoengineering strategies, and revise or abandon the problematic
strategies.

To put my recommendations on future research in context, I want to start by sum-
marizing the research taking place today, and estimating the costs associated with
that research.

The research that has been done so far has been done on a shoestring budget. 1
am aware of 3 research groups in the U.S. that have done substantial
geoengineering research in the last five years (I believe there are now 4 groups).
Some of that work was done by postdoctoral researchers or students with fellow-
ships allowing the freedom to work on any topic of their choice. Other work was
done because a faculty member or a scientist like myself (in my previous position)
had some small amount of flexibility in his or her appointment that allowed them
to do research on geoengineering for a small fraction of their time. I believe that
there are now two very small research grants sponsored by U.S. government agen-
cies that explicitly support GEOE research totaling about $200,000/year. The “im-
plicit” funding I described might double that contribution. Foundations have also
contributed funding for geoengineering that may amount to another $500,000 per
year.

I estimate the total (2009) budget for all geoengineering research within the U.S.
is probably $1M /year or less. Perhaps half of that is from private foundations.

There is a single major European Proposal funded by the E.U. at $1.5 Million per
year to fund geoengineering research, and a number of activities started in the
United Kingdom on geoengineering that total perhaps $1.6 Million per year. I be-
lieve that Germany is also now considering funding some geoengineering research.

I think the Apollo Program to send a man to the moon took place over about 10
years, and ran about $20 Billion dollars (http:/ / spaceflight.nasa.gov / history/apollo)
so that comes to about $2 Billion per year. And those costs are not cast in today’s
dollars, so it would appear to be more if we adjusted for inflation.

I estimate from the U.S. Climate Change Science Program 2009 budgets (http:/
Jwww.usgerp.gov | usgerp [ Library [ ocp2009 | ocp2009-budget-gen.htm) that the total
for climate science in the U.S. is about $1 Billion per year.

So the current spending on geoengineering research is tiny compared to these ac-
tivities. And maybe it should be, that is not for me to decide. I think that is your
job in part. But I can tell you that $10, 20, or $50 Million per year would have an
enormous effect on the research activity in this area.

Finally, it is worth writing a little bit about costs of field experiments. Although
the comprehensive, international and successful VOCALS field research experiment
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conducted off Chile in 2008 had no geoengineering component to it, the range of
techniques and measurement strategies involved were very similar to those required
for a limited-area field test of the cloud whitening scheme discussed below. VOCALS
cost $20—25 Million.

Now, on to your questions.

How does stratospheric sulfate aerosol achieve the necessary radiative
forcing?

Mankind has known for many years that the planet cools following a moderately
strong volcanic eruption (like Pinatubo). We believe that the planet cools because
volcanoes inject a lot of a gas called sulfur dioxide into the layer of the atmosphere
called the stratosphere (a stable layer in the atmosphere with its base at about
10km near the poles, and about 18km at the equator). This gas undergoes a series
of natural chemical reactions that end up producing a mixture of water and sulfuric
acid in small droplets we call sulfate aerosols. These sulfate aerosols act like small
reflectors that scatter sunlight. Some of the sunlight hitting these drops gets scat-
tered down, and some up. The part that goes up never reaches the surface of the
Earth and so the Earth gets a bit cooler than it would otherwise.

The geoengineering idea is to inject a “source” for aerosols into the same region
of the atmosphere that volcanoes tend to inject the gas. I use the word “source” to
refer to either a gas like sulfur dioxide (or another gas that will eventually react
chemically and form sulfate aerosols), or to inject sulfuric acid (or some other par-
ticle type) directly. The expectation is that similar particles to those following a vol-
canic eruption will form from that source, and the earth will undergo a cooling simi-
lar to a volcano. The idea is to reduce the amount of energy reaching the surface
of the earth to introduce just enough to balance the warming caused by increases
in greenhouse gases. If the particles were like those that formed after Pinatubo we
think that an amount like one quarter of that injected by Pinatubo per year would
balance the warming that we expect from a doubling of CO, concentrations if it
were injected at tropical latitudes. These numbers might change if the aerosols were
injected in Polar Regions.

You might also be interested to know that scientists have occasionally considered
using other kinds of particles to do geoengineering. But you asked me to focus on
sulfate aerosols so I will not discuss other particles further.

Scale and amount of materials needed. The amount of material needed de-
pends upon the size of the particles that form. Little particles are better reflectors
than big particles, and big particles also settle out faster than little ones do, so it
is desirable to keep them small. Unfortunately, the size of the particles that form
is a really complicated process. It depends upon whether particles already reside in
the volume where the source is introduced. If particles already exist near the place
the source is introduced then the source will tend to collect on the existing particles
and make them bigger, rather than making new small particles. One of the main
challenges to this geoengineering strategy is finding a way to continue to make
small particles. One very recent paper (Heckendorn et al, 2009) suggests that first
studies underestimated how quickly big particles will form, and that more of the
source will be needed than the first studies assumed (perhaps 5 times as much).
One challenge to this type of geoengineering research is to establish whether it is pos-
sible to produce small particles deliberately at the appropriate altitude for long peri-
ods of time.

Over what time period would deployment need to take place?

If the geoengineering works as we have seen in climate models [that is, it cooled
the planet] there would be very strong hints that the strategy was working within
a couple of years of deployment. Scientists would certainly be more comfortable con-
sidering averages of 5 to 10 years of temperature data before making very strong
statements about temperature changes. It would also take multiple years to sort out
all the consequences (good and bad) to precipitation, sea ice, etc. Some of the known
negative consequences from this type of geoengineering would be evident quickly
(e.g. impact on concentrations of ozone in the stratosphere, changes in the amount
of direct sunlight useful for solar power concentrators, and other consequences dis-
cussed in Rasch et al, 2008 and Robock 2009). Some effects, like those on eco-
systems, might take more years to manifest. I don’t think anyone has yet looked
at impacts on ecosystems.

How would we do the deployment? This geoengineering strategy would re-
quire deploying the particle source year after year, for as long as society wanted to
produce a cooling. Aerosols introduced in the stratosphere will gradually mix into
other layers in the atmosphere as they are blown around by winds or as gravity
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draws them into lower layers where they are rapidly removed. Aerosols in the strat-
osphere tend to last about a year before being removed (shorter near the poles
where the aerosols get flushed out faster, and longer near the equator). One strat-
egy is to deploy the source near the equator, and allow the particles to spread as
a thin layer over the whole globe (this 1s roughly how things worked for Pinatubo).
This would apply a cooling that is relatively uniform over the globe. Model studies
usually assume that the source would be introduced steadily near the equator over
the course of a year. Another strategy might be to produce the particles only near
the poles during the spring, and let them get flushed out over the course of a sum-
mer (because they are flushed out faster near the pole). While the aerosols are lo-
cated above the poles, they would shield the sea ice to keep the poles cooler in sum-
mer, and then allow the aerosols to disappear during winter when there is no sun-
light at the poles anyway. Robock (2009) has shown that the particles actually
spread and produce a cooling beyond the Polar Regions.

An important issue to note is that will be substantial difficulties in evalu-
ating this geoengineering strategy without full deployment. This makes it
difficult to improve our understanding slowly and carefully using field ex-
periments that do not change the Earth’s climate. The issue is this. We know
from volcanic eruptions that stratospheric aerosols reside at these high altitudes for
long periods of time (months to a year or so), and over that time, no matter where
the aerosols are initially produced, they will spread to cover quite a bit of a hemi-
sphere. We also know stratospheric aerosols develop differently if a source is intro-
duced where aerosols already exist compared to the way they would form if there
are only a few aerosols around. A fully implemented geoengineering solution would
require that the aerosols cover a very large area of the globe with high concentra-
tions. So it is important that we study the aerosols in an environment where they
exist in high concentrations.

But to avoid introducing a large perturbation to the atmosphere with con-
sequences to the Earth’s climate during exploratory tests it would be desirable to
start by introducing the aerosol over a very small patch of the earth. However if
one started with a small patch of aerosol, then it will mix with the rest of the at-
mosphere and dilute quite rapidly, and we do not expect the aerosol to evolve in
the same way when the particles are dilute, as they would if there were a lot of
them around. It will also be difficult to monitor their evolution if there aren’t many
of them around.

So we are caught between rock and a hard place. Too small a field test, and it
wont reveal all the subtleties of the way the aerosols will behave at full deployment.
A bigger field test to identify the way the aerosols will behave when they are con-
centrated will have an effect on the planet’s climate (like Pinatubo did), albeit for
only a year or two. I have not seen a suggestion on how to avoid this issue.

How long the direct and indirect impacts would persist: Model simulations, and
observations of volcanic eruptions suggest that when the source is terminated, most
of the aerosols would disappear in a year or two. Models suggest that the globally
averaged temperature would respond by warming rapidly (over a decade or so) to
the temperature similar to what would occur if no geoengineering had been done
(Robock et al, 2008). The rapid transition to a warmer planet would probably be
quite stressful to ecosystems and to society. There might be other longer timescale
responses in the climate system (in Ecosystems (plant and animal life) because it
takes many years for plants and animals to recover from a perturbation (think of a
forest fire for example). Deep ocean circulations also respond very slowly, so it would
take many years to influence them, and many years for them to recover. These effects
have not been looked at in climate models and it is another area meriting scientific
research.

State of Research on geoengineering by stratospheric aerosols Here is a
ger&y brief overview of research has been taking place given the current “shoestring

udgets”:

1. Assessment, Integration: As mentioned above, the papers by Lenton and
Vaughan (2008), and the report of the Royal Society (citation) provide some
assessments of this strategy compared to others. Those studies are already
somewhat out of date, given the additional information from studies over the
last two years.

2. Modeling: A number of papers have appeared in the scientific literature ex-
ploring consequences of geoengineering with stratospheric aerosols using
global models. These studies essentially frame the questions by assuming
that it is possible to deliver a source gas to the stratosphere, and that gas
will produce particles similar to the ones produced after the Mount Pinatubo
eruption. Then they proceed to ask questions like “What would be the effect
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of those aerosols on the Earth System?” using standard climate modeling
techniques. The community is beginning to transition from the first “quick
and dirty look” (e.g. Robock et al, 2008; Rasch et al, 2008). Each modeling
group that explored stratospheric aerosol geoengineering did it a different
way. Alan Robock has proposed that modeling groups try to compare their
stratospheric aerosol geoengineering studies in a more systematic for the
next IPCC assessment. Only one group (Heckendorn) has tried to understand
the details of formation and aerosol size evolution, and they used a model
framework with a number of very significant simplifications. It would be de-
sirable to remove those simplifications. It is also time to begin assessing the
evolution of the source of the aerosol from the time it is delivered from an
aircraft until it spreads to a larger volume (like a few hundred km). Rasch
et al (2008) revisited research performed during the 1970s and 1980s to esti-
mate the aerosol formation and evolution after the source is released from
an aircraft.

3. Lab and Field Studies: I am not aware of any efforts to conduct or plan
lab or field studies to understand component processes important for this
kind of geoengineering.

4. Technology development: I am not aware of any efforts to assess or de-
velop technologies for producing the stratospheric aerosols.

5. Deployment: There has been one study that tried to assess the cost of just
lifting various candidate compounds to the needed altitude using existing
technology (Robock et al, 2009). There have been no studies yet published
that explore what the optimal source gas or liquid is, how it should be in-
jected into the atmosphere, or how to optimally deliver it. I know that David
Keith, who is also testifying here, has thought about this, and he can do a
better job briefing you on this activity than I.

Cost estimates and recommendations for an improved research program
for stratospheric Aerosols:

A few $10s of Million per year funding for research would allow substantial theo-
retical progress in geoengineering research through modeling, and perhaps some
proto-typing of instruments to produce the aerosol source, and specialized instru-
ments for measurement. It might be sufficient for a field program every other year.

Here is an incomplete list of some of the tasks that should considered in
terms of the topics the committee charged me with addressing: 1)
Research, 2) Deployment, 3) Monitoring 4) Downscaling, cessation
and necessary environmental remediation, and 5) Environmental
impacts:

1) Research: There are many opportunities for research. Here are a few ideas.
Detailed Models

a. Systematic assessment of particle formation and growth using size re-
solved aerosol models. Two different kinds of models would probably be
required: 1) A plume model to deal with the evolution of the particles
from source release to the point that the plume has grown to maybe
10km in horizontal extent and a few hundred meters in the vertical, 2)
a size resolved aerosol model to track the particle evolution from 10km
until the aerosol has been removed. Investigator could be tasked with ex-
ploring whether one would inject particles or a gas as a source, the strat-
egies for the temporal and spatial scales of injection, and sensitive to the
environment that the source is injected (e.g. do the particles developed
differently if the air already contains aerosols).

Global Models

a. Global models indicate a number of positive and negative consequences
to the planet from geoengineering. The first “quick and dirty” calcula-
tions described above produced different cooling responses, and different
precipitation responses in different models. We don’t yet know whether
the differences are due to model differences, or different assumptions
about emissions, particle size, etc. It would be good to systematize stud-
ies of geoengineering across multiple models to help in assessing uncer-
tainty about the effect of geoengineering.



159

b. We need to make sure that the global models are producing similar pic-
tures of aerosol formation, coalescence and removal to the picture pro-
vided by the detailed process models.

c. Very little work has been done in exploring sensitivity to injection sce-
narios. For example we don’t know whether the geoengineering may
have a different impact if we produce the aerosol at a constant rate over
a year, or mimic a volcanic injection every other year.

d. There has been no assessment of the impact of the geoengineering aer-
osol on homogeneous nucleation of ice clouds

e. There has been no exploration of how changes in how geoengineering
might affect ecosystems (plants and animal health)
2) Field testing and Deployment
a. How do we deliver the source to the region of release? A variety of deliv-
ery mechanisms have been proposed, but none have been tested, and no
engineering details have ever been developed to the point that costs
could be assessed.

b. Once we have a detailed idea of precisely what source we want, can we
produce that source?

c. Plan an exploratory field experiment to help understand the formation
and evolution of the particles for the first few weeks. After injecting the
source in the stratosphere do particles form as models suggest? How do
we track the plume? What instruments are required to measure the par-
ticle properties, the plume extent, and the reduction in sunlight below
the plume. Do the particles coagulate and grow as our models suggest?
Do the particles mix and evolve the way our models tell us they will
(from source to the first scale, and from the first scale to the globe
scale?).

3) Monitoring: We don’t have much capability of monitoring the details of sulfate
aerosol from space any more (we had better capability in the past before the NASA
SAGE instrument died). This issue is documented in some of the contributions sub-
mitted by Allen Robock in the previous hearing. It would also be good to develop
a “standing task force” that was capable of monitoring the detailed evolution of the
aerosol plume following a volcanic eruption. This would allow us to gain significant
understanding of plume evolution without the need to produce a source for the aer-
osol.

4) Downscaling, cessation, environmental remediation.

a. The only insight that we have about impacts of the geoengineering by
sulfate aerosols come from that gained from the global climate model
studies, and seeing the impact of climate changing volcanic eruptions.
Both classes of studies suggest that if the source for stratospheric
aerosols was turned off, the aerosols go away within a year or two, and
the climate returns to a state much like it was before the stratospheric
aerosols over a decade or so. The rapid return of temperature to the
ungeoengineered state would probably produce significant stresses to so-
ciety, and ecosystems, but no studies have been done to explore this.

5) Environmental Impact: There are a variety of possible environmental con-
sequences, which have been described in the studies by Rasch and Robock submitted
at the last hearing. Among them are a) changes in the ratio of direct to diffuse sun-
light, with possible impacts on ecosystem, and solar electricity generation; b)
changes in precipitation patterns; ¢) changes in El Nino.

Which U.S. Agencies might be involved: I can easily identify expertise and ca-
pability in the following agencies:

1) NASA (which has a long history of interest in particles and chemistry at the
relevant altitudes through its High Speed Research Program and Atmos-
pheric Effects of Aviation Programs, as well as the capability of remote sens-
ing of particles and their radiative impact from space and the surface).

2) NSF (many university researchers can also contribute to the same parts of
the project that are mentioned for NASA).

3) There are individual research groups within DOE and NOAA that could
make important contributions to modeling, field campaign and measurement
programs.
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How does marine cloud whitening achieve the necessary radiative forcing?

The idea behind “Solar Radiation Management” by “cloud whitening” is to make
clouds a bit “whiter” (a bit more reflective to sunlight) than they would otherwise be.

Clouds are enormously important to the climate of the earth. Everyone has expe-
rienced the cooling that results on a hot summer afternoon when a cloud goes by
overhead and shades the earth. This occurs because the cloud reflects the sunlight
that would otherwise reach the surface and heat up the ground. Clear winter nights
will frequently be much colder than a nearby night when the sky is overcast. This
is because high clouds “trap” heat that would otherwise escape to space. So it is
warmer when high ice clouds are around.

These features of clouds acting to cool or warm the planet are (like the strato-
spheric aerosols) due to their impact on “radiation” (again loosely identified with
“energy”, or “light”, or “heat”). Low altitude liquid clouds tend to cool the planet
more than they warm it. High altitude ice clouds also act to warm the planet, by
trapping some of the energy that would otherwise escape to space. Scientists believe
the low cloud effect wins out in terms of reflecting or trapping energy, and clouds
as a whole tend to cool the planet more than they warm it.

It is easy to find a few places on the planet where we know that mankind makes
clouds “whiter” (by which I mean more reflective) because we see evidence for it in
satellite pictures. These are the areas where “ship tracks” occur. In these special
regions dramatic changes occur in cloud properties near where the ships go. Sci-
entists believe that the clouds are whiter due to the aerosols emitted as pollution
by the ships as they burn fuel. The extra aerosols in the clouds change the way the
cloud develops, and this makes it whiter, as I describe below.

All clouds are influenced by (both man-made and natural) aerosols. Every cloud
drop has an aerosol embedded in it. Cloud drops always form around aerosols. The
way that aerosols interact with a cloud is determined by the size and chemical com-
position of the aerosol, and by the cloud type. To make an extreme simp