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Foreword 
 

America’s Climate Choices 
 
 

Convened by the National Research Council in response to a request from Congress 
(Public Law 110-161), America’s Climate Choices is a suite of five coordinated activities 
designed to study the serious and sweeping issues associated with global climate change, 
including the science and technology challenges involved, and provide advice on the most 
effective steps and most promising strategies that can be taken to respond.   

The Committee on America’s Climate Choices is responsible for providing overall 
direction, coordination, and integration of the America’s Climate Choices suite of activities and 
ensuring that these activities provide well-supported, action-oriented, and useful advice to the 
nation.  The Committee convened a Summit on America’s Climate Choices on March 30-31, 
2009 to help frame the study, provide an opportunity for high-level participation and input on 
key issues, and hear about relevant work carried out by others.  The Committee is also charged 
with writing a final report that builds on four panel reports and other sources to answer the 
following four overarching questions: 

 
 What short-term actions can be taken to respond effectively to climate change? 
 What promising long-term strategies, investments, and opportunities could be pursued to 

respond to climate change? 
 What are the major scientific and technological advances needed to better understand and 

respond to climate change? 
 What are the major impediments (e.g., practical, institutional, economic, ethical, 

intergenerational, etc.) to responding effectively to climate change, and what can be done 
to overcome these impediments? 

 
The Panel on Limiting the Magnitude of Future Climate Change was charged to describe, 

analyze, and assess strategies for reducing the net future human influence on climate, including 
both technology and policy options.  The panel’s report focuses on actions to reduce domestic 
greenhouse gas emissions and other human drivers of climate change, such as changes in land 
use, but also considers the international dimensions of limiting climate change. 

The Panel on Adapting to the Impacts of Climate Change was charged to describe, 
analyze, and assess actions and strategies to reduce vulnerability; increase adaptive capacity; 
improve resiliency; and promote successful adaptation to climate change in different regions, 
sectors, systems, and populations.  The panel’s report draws on a wide range of sources and case 
studies to identify lessons learned from past experiences, promising current approaches, and 
potential new directions. 

The Panel on Advancing the Science of Climate Change was charged to provide a concise 
overview of past, present, and future climate change, including its causes and its impacts, then 
recommend steps to advance our current understanding, including new observations, research 
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programs, next-generation models, and the physical and human assets needed to support these 
and other activities. The panel’s report focuses on the scientific advances needed both to improve 
our understanding of the intergrated human-climate system and to devise more effective 
responses to climate change. 

The Panel on Informing Effective Decisions and Actions Related to Climate Change was 
charged to describe and assess different activities, products, strategies, and tools for informing 
decision makers about climate change and helping them plan and execute effective, integrated 
responses.  The panel’s report describes the different types of climate change-related decisions 
and actions being taken at various levels and in different sectors and regions; and it develops a 
framework, tools, and practical advice for ensuring that the best available technical knowledge 
about climate change is used to inform these decisions and actions. 

America’s Climate Choices builds on an extensive foundation of previous and ongoing 
work, including current and past National Research Council reports, assessments from other 
national and international organizations, the current scientific literature, climate action plans by 
various entities, and other sources.  More than a dozen boards and standing committees of the 
National Research Council were involved in developing and organizing the study, and many 
additional groups and individuals provided additional input during the study process.  Outside 
viewpoints and perspectives were also obtained via public events and workshops (including the 
Summit), invited presentations at committee and panel meetings, and comments and questions 
received through the study website (http://americasclimatechoices.org). 

Collectively, the America’s Climate Choices suite of activities involve more than 90 
volunteers from a range of communities including academia, various levels of government, 
business and industry, other nongovernmental organizations, and the international community.  
Study participants were charged to write consensus reports that provide broad, action-oriented, 
and authoritative analyses to inform and guide responses to climate change across the nation. 
Responsibility for the final content of each report rests solely with the authoring panel and the 
National Research Council.  However, the development of each report included input from and 
interactions with members of all five study groups; the membership of each group is listed in 
Appendix A.  
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Summary  
 
 
Science has made enormous inroads in understanding climate change and its causes, and 

is beginning to develop a strong understanding of current and potential impacts that will affect 
people today and in coming decades.  This understanding is crucial because it allows decision 
makers to place climate change in the context of other large challenges facing the nation and the 
world.  There are still some uncertainties, and there always will be in understanding a complex 
system like Earth’s climate.  Nevertheless, there is a strong, credible body of evidence, based on 
multiple lines of research, documenting that climate is changing, and that these changes are in 
large part caused by human activities.  While much remains to be learned, the core phenomenon, 
scientific questions, and hypotheses have been examined thoroughly and have stood firm in the 
face of serious scientific debate and careful evaluation of alternative explanations.   

As a result of the growing recognition that climate change is underway and poses serious 
risks for both human societies and natural systems, the question that decision makers are asking 
has expanded from “what is happening” to “what is happening and what can we do about it?”  
Scientific research can help answer both of these important questions.  In addition to the 
extensive body of research on the causes and consequences of climate change, there is a growing 
body of knowledge about technologies and policies that can be used to limit the magnitude of 
future climate change, a smaller but expanding understanding of the steps that can be taken to 
adapt to climate change, and a growing recognition that climate change will need to be 
considered in actions and decisions across a wide range of sectors and interests.  Advice on 
prudent short-term actions and long-term strategies in these three areas can be found in the 
companion reports Limiting the Magnitude of Future Climate Change (NRC, 2010b), Adapting 
to the Impacts of Climate Change (NRC, 2010c), and Informing an Effective Response to 
Climate Change (NRC, 2010a).   

This report, Advancing the Science of Climate Change2, reviews the current scientific 
evidence regarding climate change and examines the status of the nation’s scientific research 
efforts.  It also describes the critical role that climate change science, broadly defined, can play 
in developing knowledge and tools to assist decision makers as they act to respond to climate 
change.  The report explores seven cross-cutting research themes that should be included in the 
nation’s climate change research enterprise, and recommends a number of actions to advance the 
science of climate change—a science that includes and increasingly integrates across the 
physical, biological, social, health, and engineering sciences.  Overall, the report concludes that:  

(1) Climate change is occurring, is caused largely by human activities, and poses 
significant risks for a broad range of human and natural systems; and  

(2) The nation needs a comprehensive and integrated climate change science enterprise, 
one that not only contributes to our fundamental understanding of climate change but 
also informs and expands America’s climate choices.   

                                                 

2 The statement of task of the Panel on Advancing the Science of Climate Change can be found in Appendix B (and 
is summarized in Box S-1), and the panel membership is included in Appendix C. 
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WHAT WE KNOW ABOUT CLIMATE CHANGE 
 
Conclusion 1: Climate change is occurring, is caused largely by human activities, and poses 
significant risks for—and in many cases is already affecting—a broad range of human and 
natural systems.  

 
This conclusion is based on a substantial array of scientific evidence, including recent 

work, and is consistent with the conclusions of recent assessments by the U.S. Global Change 
Research Program (USGCRP, 2009a, and others), the Intergovernmental Panel on Climate 
Change’s Fourth Assessment Report (IPCC, 2007a-d), and other assessments of the state of 
scientific knowledge on climate change.  Both our assessment—the details of which can be 
found in Chapter 2 and Part II (Chapters 6-17) of the report—and these previous assessments 
place high or very high confidence3 in the following findings:  

 Earth is warming.  Detailed observations of surface temperature assembled and 
analyzed by several different research groups show that the planet’s average surface 
temperature was 1.4 ºF (0.8 ºC) warmer during the first decade of the 21st century 
than during the first decade of the 20th century, with the most pronounced warming 
over the past three decades.  These data are corroborated by a variety of independent 
observations that indicate warming in other parts of the Earth system, including the 
cryosphere (snow and ice covered regions), the lower atmosphere, and the oceans. 

 Most of the warming over the last several decades can be attributed to human 
activities that release carbon dioxide (CO2) and other heat-trapping greenhouse gases 
(GHGs) into the atmosphere.  The burning of fossil fuels—coal, oil, and natural gas—
for energy is the single largest human driver of climate change, but agriculture, forest 
clearing, and certain industrial activities also make significant contributions. 

 Natural climate variability leads to year-to-year and decade-to-decade fluctuations in 
temperature and other climate variables, as well as significant regional differences, 
but cannot explain or offset the long-term warming trend. 

 Global warming is closely associated with a broad spectrum of other climate changes, 
such as increases in the frequency of intense rainfall, decreases in snow cover and sea 
ice, more frequent and intense heat waves, rising sea levels, and widespread ocean 
acidification. 

 Individually and collectively, these changes pose risks for a wide range of human and 
environmental systems, including freshwater resources, the coastal environment, 
ecosystems, agriculture, fisheries, human health, and national security, among others. 

 Human-induced climate change and its impacts will continue for many decades, and 
in some cases for many centuries.  The ultimate magnitude of climate change and the 
severity of its impacts depend strongly on the actions that human societies take to 
respond to these risks. 

 
                                                 

3 As discussed in Appendix D, high confidence indicates an estimated 8 out of 10 or better chance of a statement 
being correct, while very high confidence indicates a 9 out of 10 or better chance. 
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Despite an international agreement to stabilize GHG concentrations “at levels that would 
avoid dangerous anthropogenic interference with the climate system” (UNFCCC 1992, 2009), 
global emissions of CO2 and several other GHGs continue to increase.  Projections of future 
climate change, which are based on computer models of how the climate system would respond 
to different scenarios of future human activities, anticipate an additional warming of 2.0 to 11.5 
ºF (1.1 to 6.4 ºC) over the 21st century.  A separate NRC report, expected in summer 2010, 
provides an analysis of impacts at different magnitudes of future climate change.  

In general, it is reasonable to expect that the magnitude of future climate change and the 
severity of its impacts will be larger if actions are not taken to limit its magnitude and adapt to its 
impacts.  However, as with all projections of the future, there will always be some uncertainty 
regarding the details of future climate change.  Several factors contribute to this uncertainty: 

 Projections of future climate change depend strongly on how human societies decide 
to produce and use energy and other resources in the decades ahead.  

 Human-caused changes in climate overlap with natural climate variability, especially 
at regional scales.  

 Certain Earth system processes—including the carbon cycle, ice sheet dynamics, and 
cloud and aerosol processes—are not yet completely understood or fully represented 
in climate models, but could potentially have a strong influence on future climate 
changes.  

 Climate change impacts typically play out at local-to-regional scales, but processes at 
these scales are not as well represented by models as continental-to-global scale 
changes. 

 The impacts of climate change depend on how climate change interacts with other 
global and regional environmental changes, including changes in land use, 
management of natural resources, and emissions of other pollutants.  

 The impacts of climate change also depend critically on the vulnerability and adaptive 
capacity of human and natural systems, which can vary widely in space and time and 
generally are not as well understood as changes in the physical climate system. 

 
Climate change also poses challenges that set it apart from other risks with which people 

normally deal.   For example, many climate change processes have considerable inertia and long 
time lags, so it is mainly future generations that will have to deal with the consequences (both 
positive and negative) of decisions made today.  Also, rather than smooth and gradual climate 
shifts, there is the potential that the Earth system could cross tipping points or thresholds that 
result in abrupt changes.  Some of the greatest risks posed by climate change are associated with 
these abrupt changes and other climate “surprises” (unexpected changes or impacts), yet the 
likelihood of such events is not well known.  Moreover, there has been comparatively little 
research on the impacts that might be associated with “extreme” climate change—for example, 
the impacts that could be expected if global temperatures rise by 10 °F (6 °C) or more over the 
next century.  Thus, while it is clear that the Earth’s future climate will be unlike the climate that 
ecosystems and human societies have become accustomed to during the last 10,000 years, the 
exact magnitude of future climate change and the nature of its impacts will always remain 
somewhat uncertain.  

Decision makers of all types, including businesses, governments, and individual citizens, 
are beginning to take actions to reduce the risks posed by climate change—including actions to 
limit its magnitude and actions to adapt to its impacts.  Effective management of climate risks 
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will require decision makers to take actions that are flexible and robust, to learn from new 
knowledge and experience, and to adjust future actions accordingly.  The long time lags 
associated with climate change and the presence of differential vulnerabilities and capacities to 
respond to climate change likewise represent formidable management challenges.  These 
challenges also have significant implications for the nation’s climate science enterprise. 

 
 

A NEW ERA OF CLIMATE CHANGE RESEARCH 
 
Conclusion 2: The nation needs a comprehensive and integrative climate change science 
enterprise, one that not only contributes to our fundamental understanding of climate 
change but also informs and expands America’s climate choices. 
 

Research efforts over the past several decades have provided a wealth of information to 
decision makers about the known and potential risks posed by climate change.  Experts from a 
diverse range of disciplines have also identified and developed a variety of actions that could be 
taken to limit the magnitude of future climate change or adapt to its impacts.  However, much 
remains to be learned. Continued investments in scientific research can be expected to improve 
our understanding of the causes and consequences of climate change.  In addition, the nation’s 
research enterprise could potentially play a much larger role in addressing questions of interest to 
decision makers as they develop, evaluate, and execute plans to respond to climate change.  
Because decisions always involve value judgments, science cannot prescribe the decisions that 
should be made.  However, scientific research can play a key role by informing decisions and by 
expanding and improving the portfolio of available options.   

 
 

Cross-Cutting Themes for Climate Change Research 
 
This report identifies seven cross-cutting research themes, grouped into three general 

categories, that collectively span the most critical research needs for understanding climate 
change and for informing and supporting effective responses to it. 
 
Research to Improve Understanding of Human-Environment Systems: 

 
1)  Climate Forcings, Responses, Feedbacks and Thresholds in the Earth System  

Some examples of research needs that fall under this theme include improved 
understanding of climate sensitivity, ice sheet dynamics, climate-carbon interactions, 
crop and ecosystems responses to climate changes (in interaction with other stresses), and 
changes in extreme events. 

2)  Climate-Related Human Behaviors and Institutions  
Some examples include improving understanding of human behavior and decision 
making in the climate context, institutional impediments to limiting or adaptation 
responses, determinants of consumption, and drivers of climate change. 
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Research to Support Effective Responses to Climate Change: 
 

3)  Vulnerability and Adaptation Analyses of Coupled Human-Environment Systems  
Some examples include developing methods and indicators for assessing vulnerability4 
and developing and assessing integrative management approaches to respond effectively 
to the impacts of climate change on coasts, freshwater resources, food production 
systems, human health, and other sectors. 

4)  Research to Support Strategies for Limiting Climate Change  
Some examples include developing new and improved technologies for reducing GHG 
emissions (such as enhanced energy efficiency technologies and wind, solar, geothermal-
based and other energy sources that emit few or no GHGs), assessing alternative methods 
to limit the magnitude of future climate change (such as modifying land use practices to 
increase carbon storage or geoengineering5 approaches), and developing improved 
analytical frameworks and participatory approaches to evaluate trade-offs and synergies 
among actions taken to limit climate change.  

5)  Effective Information and Decision-Support Systems  
Some examples include research on risk communication and risk management processes; 
improved understanding of individual, societal, and institutional factors that facilitate or 
impede decision making; analysis of information needs and existing decision support 
activities, and research to improve decision-support products, processes, and systems.  

 
Tools and Approaches to Improve Both Understanding and Responses: 

 
6)  Integrated Climate Observing Systems  

Some examples include efforts to ensure continuity of existing observations; develop new 
observational capacity for critical physical, ecological, and social variables; ensure that 
current and planned observations are sufficient both to continue building scientific 
understanding of and support more effective responses to climate change (including 
monitoring to assess the effectiveness of responses); and ensure adequate emphasis and 
support for data assimilation, analysis, and management. 

7)  Improved Projections, Analyses, and Assessments  
Some examples include advanced models for analysis and projections of climate forcing, 
responses, and impacts, especially at regional scales; and integrated assessment models 
and approaches—both quantitative and non-quantitative—for evaluating the advantages 
and disadvantages of, and the trade-offs and co-benefits6 among, various options for 
responding to climate change. 
 

                                                 

4 Vulnerability is the degree to which a system is susceptible to, or unable to cope with, adverse effects of climate 
change, including climate variability and extremes. Vulnerability is a function of the character, magnitude, and rate 
of climate variation to which a system is exposed, its sensitivity, and its adaptive capacity (NRC, 2010c) 
5 The term geoengineering refers to deliberate, large-scale manipulations of Earth’s environment designed to offset 
some of the harmful consequences of GHG-induced climate change.  Geoengineering encompasses two very 
different classes of approaches: CO2 removal and solar radiation management.  See Chapter 15 for details. 
6 A co-benefit refers to an additional benefit resulting from an action undertaken to achieve a particular purpose, but 
that is not directly related to that purpose. 
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These seven themes and the range of research questions within them are explored in 
Chapter 4 (and additional discussion of specific research needs can be found in Chapters 6-17).  
Because progress in any one of these themes is related to progress in others, all seven will need 
to be pursued, simultaneously or at least iteratively.  The nation currently has the capabilities 
and capacity to make incremental progress in some of these key research areas, but making 
more dramatic improvements in our understanding of and ability to respond to climate change 
will require several fundamental alterations in the support for and organization and conduct of 
climate change research. 

 
 

RECOMMENDATIONS  
 
Recommendation 1: The nation’s climate change research enterprise should include and 
integrate disciplinary and interdisciplinary research across the physical, social, biological, 
health, and engineering sciences; focus on fundamental, use-inspired research that 
contributes to both improved understanding and more effective decision making; and be 
flexible in identifying and pursuing emerging research challenges. 
 

Climate change research needs to be integrative and interdisciplinary.  Climate change 
involves many aspects of the Earth system, as well a wide range of human activities, and both 
climate change and actions taken to respond to climate change interact in complex ways with 
other global and regional environmental changes.  Understanding climate change, its impacts, 
and potential responses thus inherently requires integration of knowledge bases from many 
different scientific disciplines, including the physical, social, biological, health, and engineering 
sciences, and across different spatial scales of analysis, from local to global. Developing the 
science to support choices about climate change also requires engagement of decision makers 
and other stakeholders, as discussed below. 

Climate change research should focus on fundamental, use-inspired research.  This 
report recognizes the need for scientific research to both improve understanding of climate 
changes and assist in decision making related to climate change.  In categorizing these types of 
scientific research, we found that terms such as  “pure,” “basic,” “applied,” and “curiosity 
driven” have different definitions across communities, are as likely to cause confusion as to 
advance consensus, and are of limited value in discussing climate change.  More compelling, 
however, is the categorization offered by Stokes (1997) who argues that two questions should be 
asked of a research topic:  Does it contribute to fundamental understanding? Can it be expected 
to be useful?  Research that can answer yes to both of these questions, or “fundamental, use-
inspired research,” warrants special priority in the realm of climate change research. 

Climate change research should support decision making at local, regional, national, 
and international levels.  Many choices about how to respond to climate change fundamentally 
involve values and ethics, and thus cannot be based on science alone.  However, scientific 
research can inform and guide climate-related decisions in a variety of ways.  Continued research 
on the causes, mechanisms, and consequences of climate change will help clarify the risks that 
climate changes pose to human and natural systems.  Science can help identify new options and 
strategies for limiting the magnitude of climate change or adapting to its impacts, as well as help 
improve existing options.  Science also plays the key role of evaluating the advantages and 
disadvantages associated with different  responses to climate change, including unintended 
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consequences, tradeoffs, and co-benefits among different sets of actions.  Finally, scientific 
research on new, more effective information-sharing and decision-making processes and tools 
can assist decision making. 

Climate change research needs to be a flexible enterprise, able to respond to changing 
knowledge needs and support adaptive risk management and iterative decision making.   
Many resource and infrastructure decisions, from storm sewer planning to crop planting dates, 
will be made in the context of continuously evolving climate conditions as well as ongoing 
changes in other environmental and human systems.  Decision makers would thus be well 
advised to employ iterative and adaptive risk management7 strategies as they make climate-
related decisions.  The nation’s scientific enterprise will be increasingly called upon to provide 
the up-to-date, decision-specific information that such strategies require.  Furthermore, as actions 
to limit and adapt to climate change—many of them never tried before—are taken, decision 
makers will need to understand and take the consequences of these actions into account.  This 
will place increased demands on scientific monitoring, modeling, and analysis activities.  To 
meet these evolving needs, the nation’s climate research enterprise will itself need to be flexible 
and adaptive, and to practice “learning by doing” as it provides decision makers with the 
information they need to make effective decisions.  
 
 
Recommendation 2: Research priorities for the federal climate change research program 
should be set within each of the seven cross-cutting research themes outlined above.  
Priorities should be set using the following three criteria:  

(1) Contribution to improved understanding 
(2) Contribution to improved decision making 
(3) Feasibility of implementation, including scientific readiness and cost   

 
Progress in the seven cross-cutting research themes would advance the science of climate 

change in ways that are responsive to the nation’s needs for information.  Progress in all seven 
themes is needed, but priorities will ultimately need to be set within them.  The development of 
more comprehensive, exhaustive, and prioritized lists of specific research needs within each 
theme should involve members of the relevant research communities, taking into account that it 
is far more challenging to identify and evaluate key uncertainties and information needs in 
understudied areas than in established research fields.  It is critical that priority setting also 
include the perspective of societal need, which necessitates input from decision makers and other 
stakeholders.  Finally, feasibility of implementation, including scientific readiness, cost, and 
other practical, institutional, and managerial concerns, will be needed to ensure effectiveness.  
Chapter 5 provides additional details on priority setting.   
 
 

                                                 

7 Adaptive (or iterative) risk management refers to an ongoing decision-making process that takes known and 
potential risks and uncertainties into account and periodically updates and improves plans and strategies as new 
information becomes available. 
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Recommendation 3: The federal climate change research program, working in partnership 
with other relevant domestic and international bodies, should redouble efforts to develop, 
deploy, and maintain a comprehensive observing system that can support all aspects of 
understanding and responding to climate change.   

 
Long-term, stable, and well-calibrated observations across a spectrum of human and 

environmental systems are essential for diagnosing and understanding climate change and its 
impacts.  The suite of needed observations includes measurements of physical, biological, 
ecological, and socio-economic processes, and includes both remotely sensed and in situ data 
across a range of scales. Observations are also critical for developing, initializing, and testing 
models of future human and environmental changes, and for monitoring and improving the 
effectiveness of actions taken to respond to climate change.  However, many observing systems 
are in decline, putting our ability to monitor and understand future changes at risk.  Stemming 
this decline should be a top priority.  Responding effectively to climate change will also require 
new observational capabilities to monitor and evaluate progress in limiting climate change and 
adapting to its impacts, as well as to monitor known risks and identify new or emerging risks as 
climate change unfolds.  All of these data need to be archived, checked for quality, and made 
readily accessible to a wide range of users, keeping in mind that many climate-related decisions 
require information of many different types and scales.  

Hence, there is a critical need to develop, deploy, and maintain a robust infrastructure for 
collecting and archiving a wide range of climate and climate-related data, integrating data 
collected on different systems, and ensuring that the data are reliable, accurate, and easily 
accessible.  The federal climate research program is the obvious entity for leading the 
development of such a coordinated, comprehensive, and integrated climate observing system, 
and ensuring that the system facilitates both improved understanding and more effective decision 
making.  However, other relevant partners, including the domestic and international research 
communities and action-oriented programs at all spatial scales, also need to be engaged in 
system design, deployment, and maintenance.  Critical steps include reviewing current and 
planned observational assets, identifying critical climate monitoring and measurement needs, and 
developing a comprehensive strategy to meet these needs, including data management and 
stewardship activities.  The climate observing system should be coordinated with other 
environmental and social data collection efforts to take advantage of synergies and ensure 
interoperability.  Finally, careful balancing is needed to ensure that resources are used 
effectively, that investments in one kind of observation do not impede the ability to invest in 
others, and that the full spectrum of most critical observations are collected and made available 
for diverse uses. 

 
 

Recommendation 4: The federal climate change research program should work with the 
international research community and other relevant partners to support and develop 
advanced models and other analytical tools to improve understanding and assist in decision 
making related to climate change.   

 
Enhanced modeling capabilities, including improved representations of underlying 

human and Earth system processes, are needed to support efforts to understand, limit, and adapt 
to climate change.  Improvements are especially needed in integrated Earth system models to 
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allow more thorough examination of climate-related feedbacks and the possibility of abrupt 
changes, regional-scale projections of climate change and its impacts, and integrated assessment 
activities that explicitly link coupled human-environment systems. Also critical are more 
informative and comprehensive scenarios of future human activities that influence or are 
influenced by climate, and models and analyses of the effects of different actions (and 
combinations of actions) taken to adapt to climate change or limit its magnitude.  Information on 
decadal time scales is particularly relevant to many climate-related decisions.  Improvements in 
all of these areas go hand in hand with improvements in fundamental understanding, for example 
of processes and mechanism of regional climate variability and change.  Improvements in 
models and other analytical tools also support decision making by allowing more thorough and 
comprehensive analyses of the economic, social, and environmental consequences of climate 
change and of actions taken to respond. 

Adequate computational resources are critical for Earth system models, regional climate 
models, integrated assessment models, impacts-adaptation-vulnerability models, climate forcing 
scenario development efforts, and other tools for projecting future changes.  Near-term progress 
would benefit from improvements in and access to high performance computing. As with 
observations, efforts are needed to ensure that the output from models, analyses, and assessments 
are appropriately managed, undergo continuing development, and actually inform decision-
making processes at appropriate levels.  The federal climate change research program should 
lead the development of a strategy for dramatically improving and integrating regional climate 
modeling, global Earth system models, and various integrated assessment, vulnerability, impact, 
and adaptation models.  To ensure the success of this strategy, the program and its partners 
should take steps to increase the computational and human resources available to support a wide 
range of modeling efforts and ensure that these efforts are linked with both the national 
observing system strategy and with efforts to support effective decision making.  
 
 
Recommendation 5: A single federal interagency program or other entity should be given 
the authority and resources to coordinate and implement an integrated research effort that 
supports improving both understanding of and responses to climate change.  If several key 
modifications are made, the U.S. Global Change Research Program could serve this role.  

 
There are several ways that climate change research at the federal level could be 

organized to achieve a broad, integrated, and decision-relevant research effort capable of 
coordinating and leading the nation’s broader climate change research enterprise.  After 
reviewing several options (see Chapter 5), the panel came to the conclusion that the Global 
Change Research Act of 1990, which established the U.S. Global Change Research Program 
(USGCRP), provides the legislative authority needed to implement a strategically integrated 
climate change research program (GCRA, 1990).  The USGCRP is capable of implementing the 
other recommendations offered in this report, provided that several key modifications are made 
to its current structure, goals, and practices.   

The USGCRP has been highly successful on many fronts, including in elucidating the 
causes and some of the impacts of climate change.  However, institutional issues and other 
factors have resulted in critical knowledge gaps, including a number of the research needs 
identified in this report (see also NRC, 2009l).  Other persistent criticisms of the program include 
inadequate support for and progress in social science research, decision support activities, and 
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integration across disciplines. To better support improvements in our understanding of climate 
change and effective responses to it, the USGCRP will need to establish improved mechanisms 
for identifying and addressing these and other weaknesses and gaps, as well as the barriers that 
give rise to such gaps. The USGCRP also needs to establish more effective mechanisms to 
interact with decision makers and other stakeholders.   

To ensure progress in the seven key research themes identified above, and implement the 
other recommendations offered in this report, the USGCRP will need high-level leadership.  This 
includes effective and forward-looking leadership of the program itself as well as supportive 
leaders in its partner agencies.  To effectively shape and govern an interagency research effort, 
the program also needs expanded budgeting oversight and authority to coordinate and prioritize 
climate change research across agencies.  The importance of effective leadership, with adequate 
support and programmatic and budgetary authority, has been recognized in several NRC reviews 
of the USGCRP (see Chapter 5 and Appendix E).  Support and oversight from institutions with 
overarching authority, such as the Office of Management and Budget, the Office of Science and 
Technology Policy, and relevant Congressional committees, will be essential, as will a 
comprehensive, inclusive, and ongoing strategic planning process.   
 
 
Recommendation 6: The federal climate change research program should be formally 
linked with action-oriented response programs focused on limiting the magnitude of future 
climate change, adapting to the impacts of climate change, and informing climate-related 
actions and decisions, and, where relevant, should develop partnerships with other 
research and decision-making entities working at local to international scales.  

 
The engagement of institutions at all levels and of all sorts—academic, governmental, 

private sector, and not-for-profit—will be needed to meet the challenges of climate change. By 
working collaboratively with action-oriented programs, both at the federal level and across the 
country, the federal climate change research program can help ensure that the nation’s responses 
to climate change are as effective as possible.  For example, scientific knowledge about the 
impacts of climate change and about the vulnerability and adaptive capacity of different human 
and environmental systems—which typically requires analysis focused at local-to-regional 
scales—is critical for developing and assessing adaptation measures.  Likewise, research on 
human behavior, institutions, and decision-making processes, products, and tools can contribute 
to programs designed to inform decision makers and other stakeholders about climate change 
(including the emerging federal approach to provide “climate services”). Scientific research also 
underpins the development, implementation, and assessment of policies and technologies 
intended to limit the magnitude of climate change, and as such is an important partner for 
technology development programs such a the Climate Change Technology Program (CCTP).  
Such an “end-to-end,” climate change research enterprise was also called for in the recent NRC 
reports on Restructuring Federal Climate Research to meet the Challenges of Climate Change 
(NRC, 2009l) and Informing Decisions in a Changing Climate (NRC, 2009e).  Achieving this 
vision will require high-level coordination, ideally through formal mechanisms, between the 
research program and action-oriented programs at the federal level.  It will also requite new and 
improved mechanisms for engaging with both research and action-oriented programs at state and 
local levels.  Finally, partnerships with the international research community will be essential for 
maximizing the effectiveness of domestic investments in climate change research.  
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Recommendation 7: Congress, federal agencies, and the federal climate change research 
program should work with other relevant partners (including universities, state and local 
governments, the international research community, the business community, and other 
non-governmental organizations) to expand and engage the human capital needed to carry 
out climate change research and response programs.   
 

The scale, importance, and complexity of the climate challenge implies a critical need to 
increase the workforce performing fundamental and decision-relevant climate research, 
implementing responses to climate change, and working at the interface between science and 
decision making. Thanks to more than three decades of research on climate change, the 
disciplinary research community in the United States and elsewhere is strong, at least in research 
areas that have received significant emphasis and support.  However, the more integrative and 
decision-relevant research program described in this report will require expanded intellectual 
capacity in several previously neglected fields as well as in interdisciplinary research areas.  
Responding effectively to climate change will also require new interdisciplinary intellectual 
capacity among state, local, and national government agencies, universities, and other public and 
private research labs, as well as among science managers coordinating efforts to advance the 
science of climate change.  Building and mobilizing this broad research community will require 
a concerted and coordinated effort. 

The federal climate research program, federal agencies and laboratories, universities, 
professional societies, and other elements of the nation’s research enterprise should use a variety 
of mechanisms to encourage and facilitate interdisciplinary and integrative research.  At the 
national scale, institutional changes are needed in federal research and mission agencies to 
increase the focus on interdisciplinary and decision-relevant research throughout government and 
in the nationwide research efforts the agencies support.   Additional venues for presentation and 
publication of interdisciplinary and decision-relevant climate research are also needed, as well as 
professional organizations that support and reward these efforts.  Finally, state and local 
governments, corporations, and non-governmental organizations should be key partners in 
developing and engaging a workforce to implement the national climate research strategy.  
Further discussion of the actions needed to educate and train future generations of scientists, 
engineers, technicians, managers, and decision makers for responding to climate change can be 
found in the companion report Informing an Effective Response to Climate Change (NRC, 
2010a). 
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BOX S.1  
Statement of Task and Report Overview 

 
The Panel on Advancing the Science of Climate Change, one of five groups convened 

under the America’s Climate Choices suite of activities (see Foreword), was charged to address 
the question: "What can be done to better understand climate change and its interactions with 
human and ecological systems?"  The panel was asked to provide a concise overview of past, 
present, and future climate change, including its causes and its impacts, then recommend steps to 
advance our current understanding, including new observations, research programs, next-
generation models, and the physical and human assets needed to support these and other 
activities. The panel was instructed to consider both the natural climate system and the human 
activities responsible for driving climate change and altering the vulnerability of different 
regions, sectors, and populations as a single system, and to consider the scientific advances 
needed to better understand the effectiveness of actions taken to limit the magnitude of future 
climate change and to adapt to the impacts of climate change (the full statement of task of the 
Panel on Advancing the Science of Climate Change can be found in Appendix B, and its 
membership can be found in Appendix C). 

In response to this charge, the panel first assessed what science has learned about climate 
change and its impacts across a variety of sectors, as well as what is known about options for 
responding to climate change in those sectors.  An overview of this analysis is provided in 
Chapter 2, and the details can be found in the technical chapters (Chapters 6-17) that comprise 
Part II of the report.  The panel also identified scientific advances that could improve our present 
understanding of climate change or the effectiveness of actions taken to limit its magnitude or 
adapt to its impacts.  Seven cross-cutting research themes, presented in Chapter 4, were 
identified based on this analysis.  Finally, the panel evaluated actions that could be taken to 
achieve these scientific advances, including the physical and human assets required.  Chapter 5 
includes the panel’s recommendations on these important topics.  
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Research needs for advancing science in the energy supply and consumption sector.  
Because energy is a dominant component of human GHG emissions, major investments are 
needed in both the public and private sectors to accelerate research, development, and 
deployment of climate-friendly energy technologies.  Research is also needed on behavioral and 
institutional barriers to adoption of new energy technologies.  It is critical that energy research is 
not conducted in an isolated manner, but rather using integrated approaches and analyses that 
investigate energy supply and use within the greater context of efforts to achieve sustainable 
development goals and other societal concerns.  Some specific research needs, discussed in 
further detail in Chapter 14, include the following: 

 Develop new energy technologies along with effective implementation strategies. 
 Develop improved understanding of behavioral impediments at both the individual 

and institutional level to reducing energy demand and adopting energy efficient 
technologies. 

 Develop analytical frameworks to evaluate trade-offs and synergies between efforts to 
limit the magnitude and adapt to climate change. 

 
 

SOLAR RADIATION MANAGEMENT25 
 

The term “geoengineering” refers to deliberate, large-scale manipulations of Earth’s 
environment designed to offset some of the harmful consequences of GHG-induced climate 
change.  Geoengineering encompasses two different classes of approaches: carbon dioxide 
removal and solar radiation management (SRM) (see Figure 2.9).  Carbon dioxide removal 
approaches (also referred to as post-emission GHG management, atmospheric remediation, or 
carbon sequestration methods), several of which were discussed in the sections above, involve 
removal and long-term sequestration of atmospheric CO2 (or other GHGs) in forests, agricultural 
systems, or through direct air capture and geologic storage.  Additional details about these 
techniques and their implications can be found in the companion report Limiting the Magnitude 
of Future Climate Change (NRC 2010b). 

SRM approaches, the focus of this section, are those designed to increase the reflectivity 
of Earth’s atmosphere or surface in an attempt to offset some of the effects of GHG-induced 
climate change.  SRM approaches seek to either reduce the amount of sunlight reaching Earth’s 
surface or reflect additional sunlight back into space.  There is a limited body of research on this 
topic.  While some SRM approaches may be technologically and economically feasible (only 
considering direct deployment costs), they all involve considerable risk and potential for 
unintended (albeit currently understudied) side effects.  It is unclear at the present time therefore, 
whether SRM could actually reduce the overall risk associated with climate change, and whether 
it could realistically be employed as quickly as is technically possible, especially in light of the 
full range of environmental and socio-political complexities involved. 
 

                                                 

25 For additional discussion and references, see Chapter 15 in Part II of the report 
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FIGURE 2.9.  Various geoengineering options, including both solar radiation management and 
carbon dioxide removal.  For further details see Figure 15.1.  SOURCE: Lenton and Vaughn 
(2009). 
 

Although few, if any, voices are promoting SRM as a near-term alternative to GHG 
emission reduction strategies, the concept has recently been gaining more serious attention as a 
possible “backstop” measure, because strategies attempted to date have failed to yield significant 
emissions reductions and climate trends may become significantly disruptive or dangerous.  
Further research is necessary to better understand the physical science of the impacts and 
feasibility of SRM as well as issues related to governance, ethics, social acceptability, and 
political feasibility of planetary-scale, intentional manipulation of the climate system. 
 
Proposed solar radiation management approaches.  The SRM approaches proposed to date 
can be divided into four broad categories: space-, stratosphere-, cloud-, and surface-based.  
Space-based proposals involve placing satellites with reflective surfaces in space.  However, to 
counteract GHG-induced warming, 10 square miles of reflective surface would need to be put 
into orbit each day for as long as CO2 emissions continue to increase at current rates.  The most 
widely discussed option for stratosphere-based SRM is the injection of sulfate aerosols, which 
would reflect some amount of incoming solar radiation back to space, offsetting some of the 
warming associated with GHGs.  Another SRM option is to “whiten” clouds, or make them more 
reflective, by increasing the number of water droplets in the clouds.  This could potentially be 
achieved over remote parts of the ocean by distributing a fine seawater spray in the air.  Surface-
based options include whitening roofs in the built environment, and planting more reflective 
crops.  While these proposals merit further research, their efficacy and environmental 
consequences are not currently well understood. 
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Potential drawbacks and unintended consequences.  The overall environmental impacts of 
SRM approaches are not well characterized, and all proposals have the potential for unintended 
negative consequences.  For example, approaches that are intended to offset globally-averaged 
warming may still lead to local or regional scale imbalances in climate forcing that could 
produce large regional changes.  Several analyses also suggest that a sudden increase in 
stratospheric sulfate aerosol could potentially enhance losses of stratospheric ozone for several 
decades, especially in the Arctic.  Additionally, since aerosols remain in the atmosphere for a 
much shorter time than GHGs, abandonment of aerosol injection could cause warming at a rate 
far greater than what is estimated in the absence of SRM.  These and other issues, including the 
impact of SRM on precipitation and the hydrologic cycle, are not well understood.  Finally, it 
should be noted that a major shortcoming of SRM approaches is that while they have the 
potential to offset GHG-induced warming of the atmosphere, they will not offset ocean 
acidification or other impacts of elevated CO2. 
 
Governance issues.  Due to the global nature of SRM, and especially considering the drawbacks 
and potential negative impacts, an international framework is needed to govern SRM research, 
development, and possible deployment.  Important components of such a framework include a 
clear definition of “climate emergency” that would trigger deployment and criteria for whether, 
when, and how SRM approaches should be tested and/or deployed.  Unilateral SRM testing or 
deployment could lead to international tension, distrust, or even conflict.  Public involvement in 
SRM-related decision making, including research activities, is likewise important since public 
acceptance is a key issue in informing governance decisions. 
 
Ethical issues.  Intentional climate alteration, including SRM, raises significant issues with 
respect to ethics and responsibility.  A key consideration in the deployment of SRM, as with 
other responses to climate change, is the distribution of risks among population groups in the 
present generation, as well as future generations.  Some have suggested that SRM research 
efforts may also pose a “moral hazard,” by detracting from efforts to reduce GHG emissions or 
adapt to the impacts of climate change.  SRM and other geoengineering approaches also raise 
deep questions about humans’ relationship with nature, many of which are beyond the scope of 
this report. 
 
Research needs for advancing solar radiation management.  It is beyond the scope of this 
report to design a research program on SRM, or even to determine the scope, scale, priorities, or 
goals of such a program.  However, the various SRM proposals and their consequences need to 
be examined, as long as such research does not replace or reduce research on fundamental 
understanding of climate change or other approaches to limiting climate change or adapting to its 
impacts.  Some key SRM-related research needs, discussed in Chapter 15, include the following: 

 Improve understanding of the physical potential and technical feasibility of SRM and 
other geoengineering approaches. 

 Evaluate the potential consequences of SRM approaches on other aspects of the Earth 
system, including ecosystems on land and in the oceans. 

 Develop and evaluate systems of governance that would provide a model for how to 
decide whether, when, and how to intentionally intervene in the climate system. 

 Measure and evaluate public attitudes and develop approaches that effectively inform and 
engage the public in decisions regarding SRM. 
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15 
Solar Radiation Management 

 
 

Proposals to whiten clouds, inject particles into the stratosphere, and put sunshades in 
space are examples of ways to increase Earth's reflectivity, thereby reducing incoming solar 
radiation.  For over 45 years, proposals for deliberate, large-scale manipulation of Earth’s 
environment have been put forward to offset some of the consequences of climate change (Box 
15.1).  Although few if any voices are promoting geoengineering as a near-term option to limit 
the magnitude of climate change, the concept has recently been gaining more serious attention as 
a possible backstop measure to be used if traditional strategies to limit emissions fail to yield 
significant emissions reductions and if climate trends become sufficiently disruptive or 
dangerous to warrant risky and extreme measures. 

Questions decision makers are asking, or will be asking, about solar radiation 
management and other geoengineering approaches include: 

 Can undesirable consequences of increased atmospheric GHG concentrations be reduced 
by intentionally intervening in the climate system?  If so, how? 

 What undesirable, unintended consequences might result from such intervention in the 
climate system?  How could they be anticipated or detected? 

 Who should decide, whether, when, and how to intentionally intervene in the climate 
system? 

 What institutional mechanisms would be needed to initiate, carry out, monitor, and 
respond to the impacts, some foreseen, some not, of such an effort? 

 Which types of interferences are socially acceptable and what frameworks for evaluation, 
governance, and compensation should be used? 

 
 

BOX 15.1 
Geoengineering: Solar Radiation Management and GHG Removal 

 
The term geoengineering refers to deliberate, large-scale manipulations of the Earth’s 

environment designed to offset some of the harmful consequences of GHG-induced climate 
change (see AGU, 2009; AMS, 2009; NRC 1992b; The Royal Society, 2009).  Geoengineering 
encompasses two very different classes of approaches: carbon dioxide removal and solar 
radiation management (SRM).  Figure 15.1 depicts the most commonly discussed options in both 
these categories. 

Carbon dioxide removal approaches (also referred to as post-emission GHG management 
or carbon sequestration methods) involve removal and long-term sequestration of atmospheric 
CO2 (or other GHGs) in forests, agricultural systems, or through direct air capture with 
geological storage.  These techniques and their implications are discussed in the companion 
report Limiting the Magnitude of Future Climate Change (NRC, 2010b) and also mentioned in 
several previous chapters.  There is no consensus regarding the extent to which the term 
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geoengineering should be applied to various widely accepted practices that remove CO2 from the 
atmosphere (e.g., reforestation). 

SRM approaches are those designed to increase the reflectivity of the Earth’s atmosphere 
or surface, in an attempt to offset some of the effects of GHG-induced climate change, and are 
the focus of this chapter. 
 

 
FIGURE 15.1  Various geoengineering options, including both solar radiation management and 
carbon dioxide removal.  Dashed boxes represent carbon reservoirs (e.g., soil, ocean); black 
arrowheads represent shortwave radiation and are associated with solar radiation management;  
downward white and gray arrowheads correspond to a variety of natural and engineered 
processes, respectively, for removing CO2 from the atmosphere;  the thicker, upward grey 
arrowhead represents enhanced ocean upwelling, which could conceivably help to remove CO2 
from the atmosphere by enhancing biological activity at the ocean’s surface; and, the thinner 
gray arrowheads correspond to increased cloud condensation nuclei sources.  SOURCE: Lenton 
and Vaughn (2009). 
 
 

In this chapter, we briefly review what is known about proposed SRM approaches and 
related governance and ethical issues, and discuss research needed to better understand SRM. 
Carbon dioxide removal approaches are addressed in Chapters 9 and 14.  Note that SRM 
research is in its infancy and that most conclusions should be regarded as preliminary. 
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HISTORY OF SOLAR RADIATION MANAGEMENT PROPOSALS 
 

In November of 1965, the Environmental Pollution Panel of the President's Science 
Advisory Council (PSAC) for the first time informed a President of the United States about the 
threats posed by increasing atmospheric CO2 concentrations.  Their report stated: 
 

The climatic changes that may be produced by the increased CO2 content could be deleterious 
from the point of view of human beings.  The possibilities of bringing about countervailing 
climatic changes therefore need to be thoroughly explored.  A change in the radiation balance in 
the opposite direction to that which might result from the increase of atmospheric CO2 could be 
produced by raising the albedo, or reflectivity, of the earth (PSAC, 1965). 

 
The topic of SRM was also taken up in the National Research Council’s 1992 report on Policy 
Implications of Greenhouse Warming (NRC, 1992b).  That report noted: 
 

…we are at present involved in a large project of inadvertent "geoengineering" by altering 
atmospheric chemistry [i.e., by increasing GHG concentrations], and it does not seem 
inappropriate to inquire if there are countermeasures that might be implemented to address 
adverse impacts…  Our current project of "geoengineering" involves great uncertainty and risk.  
Engineering countermeasures need to be evaluated but should not be implemented without broad 
understanding of the direct effects and potential side effects, the ethical issues, and the risks. 

 
The PSAC (1965) and NRC (1992b) reports suggested that proposals to increase the reflectivity 
of the Earth (and to remove GHGs from the atmosphere) be thoroughly examined.  This 
sentiment was echoed by many participants at the geoengineering workshop held in June 2009 as 
part of the suite of activities for the America’s Climate Choices study (Appendix F), as long as 
such research does not undermine other critical climate research efforts (see the discussion of 
ethical issues below), including research on adapting to the impacts of climate change and on 
conventional strategies for limiting the magnitude of future climate change (i.e., reducing fossil 
fuel consumption, deforestation, and other activities that contribute to climate forcing).  
Critically, these evaluations should explore the intended effects of geoengineering approaches 
and their potential unintended side effects, as well as the ethical, institutional, social, and 
political aspects of intentional manipulation of the climate system. 
 
 

PROPOSED SOLAR RADIATION MANAGEMENT APPROACHES 
 

A number of different SRM methods have been proposed.  This subsection briefly 
outlines some of the approaches that have been discussed in the literature (Keith, 2000; Rasch et 
al., 2008) and briefly summarizes their potential to reduce total radiative forcing.  Other sources, 
including a recent report by the Royal Society (The Royal Society, 2009) provide a more 
comprehensive description.  The relative advantages and disadvantages, potential for unintended 
consequences, and governance and ethical issues associated with these approaches are discussed 
in the next subsection.  It should be noted that, unlike many other areas of research discussed in 
this report, these issues have undergone relatively little scientific scrutiny, with most of the 
relevant research done by a few small groups of scientists working with limited resources.  Thus, 
many of the conclusions presented here must be regarded as preliminary and subject to revision. 
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Space-Based Options 

 
A variety of options have been proposed for placing vast satellites in space, typically at 

the L1 point55 between the Earth and Sun (Early, 1989).  However, to compensate for the 
increase in GHGs, nearly 4,000 square miles (10,000 square kilometers) of reflective surface 
would need to be constructed and put into orbit each year—or approximately an additional 10 
square miles per day each and every day—for as long as CO2 emissions continue increasing at 
rates comparable to today’s (Govindasamy and Caldeira, 2000).  Due to the magnitude of 
spaced-based deployment required for such an undertaking, and the enormous cost of putting 
objects into orbit, these options appear impractical for addressing threats posed by climate 
change this century. 
 
 

Stratosphere-Based Options 
 

One of the most widely discussed options for SRM involves the injection of sulfate 
aerosols into the stratosphere, although other types of particles could potentially serve the same 
function.  As discussed in Chapter 6, particles can reflect solar radiation back to space, offsetting 
some of the warming associated with GHGs.  The amount of sulfur that would need to be 
supplied to the stratosphere to offset the radiative forcing associated with GHG emissions could 
be delivered through a variety of means, including aircraft and artillery shells, with relatively 
small direct costs (Crutzen, 2006; NRC, 1992b; Robock et al., 2009; The Royal Society, 2009).  
Since sulfate particles are also injected into the stratosphere by volcanic eruptions, cooling 
following recent eruptions serve at least as a general “proof-of-concept” for this approach.  For 
example, in the year following the eruption of Mount Pinatubo in June 1991, global temperatures 
cooled by approximately 0.9 °F (0.5 °C; Trenberth and Dai, 2007).  Process understanding could 
be developed through small scale tests but an understanding of global climate effects would 
require either reliance on models or tests that would be of global scale and at least one-tenth the 
size of a full deployment.  Full deployment would require a long-term, uninterrupted 
commitment to continued injection at the scale of tens of kilograms of material per second 
injected quasi-continuously.  A sudden cessation after a sustained deployment could result in 
temperature increases over a period of a few years, causing potentially severe impacts on 
ecological and social systems (Matthews and Caldeira, 2007). 
 
 

Cloud-Based Options 
 

A range of options have been proposed to “whiten” clouds, or make them more reflective, 
by increasing the number of water droplets in the clouds.  The most widely discussed proposal 
involves whitening low clouds over remote parts of the ocean by spraying a fine seawater spray 

                                                 

55 “Lagrange Point 1” refers to a point roughly 1.5 million km above the surface of the Earth and between the Earth 
and the Sun.  An object at the L1 point appears stationary from the perspective of Earth, as the net gravitational 
forces of the Earth and Sun are balanced by the centripetal force associated with that object’s orbit of the Sun. 
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in the air (Latham, 2002).  This approach may be able to offset some or most of the radiative 
forcing associated with a doubling of atmospheric CO2 (Bower et al., 2006; Latham, 2002).  
Process understanding relevant to this approach (e.g., cloud physics) can be tested at relatively 
small scales (Salter et al., 2008), although such tests would not permit direct inference of climate 
consequences of large scale deployment.  Another proposed cloud-based approach involves the 
seeding of high cirrus clouds with heterogeneous ice nuclei to reduce their coverage, potentially 
using commercial airplanes (Mitchell and Finnegan, 2009).  While this method is not technically 
an example of SRM, it could potentially increase the amount of longwave (infrared) radiation 
emitted to space, which would cool the Earth. 
 
 

Surface-Based Options 
 

It has been proposed that global warming could be slowed by whitening roofs to reflect 
more sunlight back to space (Akbari et al., 2009).  Under certain circumstances whiter roofs 
could both reduce heating costs and help keep the Earth cool by reflecting sunlight back to space.  
Others have proposed growing more reflective crops (Ridgwell et al., 2009).  Both approaches, if 
applied on a global scale, could potentially yield a modest cooling effect (The Royal Society, 
2009), and white roofs also have the potential for co-benefits such as reducing urban heat islands 
(see Chapter 12).  To date, studies indicate limited potential for such approaches, and the 
efficacy and environmental consequences of these approaches have yet to be carefully studied. 
 
 

POSSIBLE UNINTENDED CONSEQUENCES 
 

The overall climatic and environmental responses to SRM approaches are not well 
characterized.  All proposed approaches have the potential for unintended negative consequences 
for both environmental and human systems.  While the magnitude of the consequences is 
generally proportional to the scale on which the approach is deployed (painting an individual 
home white would yield fewer impacts—and be more easily reversible—than injecting millions 
of tons of sulfur into the stratosphere), several issues associated with large-scale deployment 
merit discussion. 

First, none of the SRM approaches would stem ocean acidification (see Chapter 9) 
associated with enhanced atmospheric CO2 levels.  This is a key difference between SRM 
approaches and the CO2 removal approaches discussed in the companion report Limiting the 
Magnitude of Future Climate Change (NRC, 2010b). 

Second, despite the potential for SRM approaches to offset warming in a globally-
averaged sense, local imbalances in radiative forcing could still lead to regional climate shifts, 
and the impact of SRM on precipitation and the hydrologic cycle is not very well understood.  
Short-term volcanic eruptions are not a good direct analog of long-term deployments, yet provide 
valuable tests of our process understanding and ability to simulate the climate response to such 
forcings.  Currently climate models underestimate the magnitude of the observed global land 
precipitation response to 20th century volcanic forcing (Hegerl and Solomon, 2009) as well as 
human-induced aerosol changes (Gillett et al., 2004; Lambert et al., 2005), suggesting that these 
models may not reliably predict the simultaneous effect of SRM approaches on both 
precipitation and temperature (Caldeira and Wood, 2008).  Some modeling studies (Robock et 



296  Advancing the Science of Climate Change 

PREPUBLICATION COPY 

al., 2008) indicate that sulfate aerosol injection could decrease rainfall in the Asian and African 
monsoons, thereby impacting food supplies.  Observational studies also reported that the Ganges 
and Amazon rivers both experienced very low flows immediately following the eruption of 
Mount Pinatubo (Trenberth and Dai, 2007).  With regard to cloud-based options, it is also 
unclear if changes to cloud properties in one region could lead to “downwind” changes in the 
hydrologic cycle, including changes to precipitation. 

For the injection of sulfate aerosols, an additional concern exists: the potential for 
increased concentrations of stratospheric aerosols to enhance the ability of residual chlorine, left 
from the legacy of chlorofluorocarbon (CFC) use, to damage the ozone layer, especially in the 
early spring months at high latitudes.  A sudden increase in stratospheric sulfate aerosol could 
strongly enhance chemical loss of stratospheric polar ozone for several decades, especially in the 
Arctic (Tilmes et al., 2008).  There is also some evidence, however, that sulfate injection, by 
scattering some of the sunlight that does reach the Earth’s surface, could actually boost 
ecosystem productivity and crop yields— this could disturb natural ecosystems but be an 
unintended co-benefit for agricultural systems (Gu et al., 2003; Roderick et al., 2001). 

Lastly, many SRM approaches require continuous intervention with the climate system in 
order to offset the forcing associated with GHGs.  At some point in the future, if geoengineering 
were abandoned following its deployment, the adjustment of the climate system to the 
accumulated GHGs could involve warming on the order of several degrees Fahrenheit per 
decade (Matthews and Caldeira, 2007), a rate far greater than that estimated for the planet in the 
absence of geoengineering. 
 
 

GOVERNANCE ISSUES 
 

The deployment of SRM approaches has been discussed as a means of buying time for 
society to develop more effective ways to reduce GHG emissions, to avoid having to reduce 
emissions, and to produce a global cooling within years and decades in order to avert or reduce 
damage from a “climate emergency” (NASA, 2005) such as ice sheet collapse, rapid GHG 
degassing from melting permafrost, or other abrupt shifts in climate (see Chapter 6).  Regardless 
of the ability of an SRM intervention to effectively buy time or avert crisis, several governance 
issues are associated with the decision to test or deploy SRM. 

Due to the global nature of SRM, and especially considering some of the potential 
unintended consequences discussed in the preceding sub-sections, most analyses suggest that 
some sort of international framework—whether a series of bilateral or global, multi-lateral 
treaties—will be needed for governing SRM (e.g., Virgoe, 2009).  Currently, no widely agreed 
upon international governing body or legal or regulatory framework exists to govern the testing 
or deployment of SRM methods.  Recent conferences on this topic have discussed how such a 
framework might be developed; the Council on Foreign Relations’ Workshop on Unilateral 
Planetary-Scale Geoengineering, suggested the application of standards such as “encapsulation” 
(the degree to which SRM releases material into the environment) and “reversibility” (the ability 
to terminate and reverse the effects of SRM) (The Royal Society, 2009), and another recent 
conference recommended voluntary governance mechanisms and basic principles to guide future 
geoengineering research (Asilomar Scientific Organizing Committee, 2010), but international 
endorsement and formal adoption by relevant research institutions and governments have not 
been undertaken.  Because some research groups may be ready to test SRM approaches in the 
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near term, there is also a near-term need to define what kinds of field experiments might be 
permitted in the near-term while a broader regulatory framework is developed.  Without a clear 
international agreement and relevant international and complementary national institutions, the 
probability of unilateral testing or deployment of SRM is elevated.  Such unilateral action could 
potentially result in international tension, distrust, or even conflict (Virgoe, 2009), which could 
compromise the physical feasibility of SRM or increase the economic cost (Gardiner, in press). 
 
 

ETHICAL ISSUES 
 

Intentional climate alteration, including SRM, raises important issues with respect to 
ethics and responsibility (Gardiner, 2010; Jamieson, 1996).  First and foremost is the issue of 
equity.  Issues of inequities include unequal representation in relevant decision making bodies in 
relationship to benefits, and intergenerational equity, where future generations inherit the long-
term commitment to certain types of interventions, or face the consequences involved in phasing 
out past SRM interventions.  Secondly, consideration of SRM may pose a “moral hazard,” where 
focus on SRM as a solution to climate change may detract from efforts to reduce GHG emissions 
or adapt to the consequences of climate change, or create an institutional inertia that essentially 
commits us to its deployment (Gardiner, 2010).  Finally, there is the question—probably 
impossible to discern scientifically but nonetheless powerful in coloring public debate—about 
the “appropriate” place of the human species in the global ecology and whether human attempts 
to control the complex Earth system are a matter of hubris or a desirable evolution (e.g., 
Jamieson, 1996; Keutartz, 1999; Lovelock, 2008; Schneider, 1996, 2008). 

Issues of ethics are likely to affect the social acceptability and political feasibility of 
planetary-scale, intentional manipulation of the climate system.  Judging from past experience 
with siting and deployment of potentially fear-invoking technologies, these issues may dominate 
the political process (e.g., Douglas, 1985; Erikson, 1994; Fischhoff, 1981; Freudenburg and 
Pastor, 1992; Kates et al., 1984).  Little if anything is known at present, however, about how 
U.S. citizens or other countries perceive SRM or other geoengineering options, and improved 
understanding of these perceptions may be critical inputs to governance discussions. 
 
 

RESEARCH NEEDS 
 
Improve understanding of the physical potential and technical feasibility of approaches.  
None of the SRM approaches have proceeded beyond the level of relatively simple analyses, 
small-scale laboratory experiments, and preliminary computer simulations.  Hence, only a little 
is known about how effective proposed approaches would be at achieving their stated goals, or 
how possible it would be to actually deploy them.  For example, in the case of stratospheric 
sulfur aerosol injection options, modeling and experiments to improve understanding of how 
particles aggregate in the stratosphere are needed.  Because this and similar basic research 
questions relevant to climate engineering would also improve fundamental knowledge about the 
atmosphere, they could contribute more broadly to understanding the physical climate system.  
Engineering and cost analyses of different approaches are also likely to be useful as options are 
explored. 
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Focus research attention on the potential consequences of SRM approaches on other 
aspects of the Earth system, including ecosystems on land and in the oceans.  Because the 
coupled human-environment system is large and complex, it is impossible to fully anticipate all 
consequences of a geoengineering intervention in advance, or any other type of intervention for 
that matter.  Nevertheless, it is possible to predict and anticipate some of these consequences 
through a combination of analysis, small-scale de minimis experiments, and computer modeling.  
Again, in the case of stratospheric sulfur aerosol injection options, experiments that evaluate how 
increases in diffuse solar radiation would affect ecosystem productivity or how stratospheric 
particles might affect the ozone layer could be carried out.  Similarly, modeling studies and 
analysis of observations around volcanic eruptions may provide insight into the changes to be 
expected in the hydrologic cycle from SRM. 
 
Develop metrics and methods for informing discussions and decisions related to “climate 
emergencies”.  There are at least two components to this research need.  For use of SRM as a 
potential "back-stop option” in the case of an emerging “climate emergency ", improved 
observations and understanding of climate system thresholds, reversibility, and abrupt changes 
(see Chapter 6)—for example, observations to let us know when an ice sheet or methane hydrate 
field may become unstable (e.g., Khvorostyanov et al., 2008; Shakhova et al., 2010)—could 
inform societal debate and decision making about needs for deployment of a climate intervention 
system.  Second, there is no consensus on what constitutes a "climate emergency", nor is there a 
consensus regarding when an SRM deployment might be warranted.  The notion of an 
"emergency" is not simply a scientific concept, but one that involves both scientific facts and 
human values—quite similar to discussions about “dangerous interference in the climate system” 
(e.g., Dessai et al., 2004; Gupta and van Asselt, 2006; Hansen, 2005; Lorenzoni et al., 2005; 
Oppenheimer, 2005; Smith et al., 2009).  To some people, losing Arctic ecosystems constitutes a 
climate emergency, whereas to others the declaration of an “emergency” might require 
widespread loss of human life.  Therefore, to inform a broader discussion of how society wants 
to address issues of risk, climate intervention cannot be studied in isolation but must be placed in 
a broader context considering, for example, drivers of climate change, climate consequences, 
socio-political systems, and human values. 
 
Develop and evaluate systems of governance that provide models for decision making about 
whether, when, and how to intentionally intervene in the climate system.  Because decisions 
about intentional alteration in the climate system will have widespread consequences, options for 
governance, including different types of institutions, assigned decision makers, procedures, 
norms, and rules and regulations, will be needed and can be provided through analysis.  Much 
can be learned, for example, by studying past environmental and national security agreements, 
the siting and deployment of large-scale technology, and the conditions under which cooperation 
or conflict develops.  Further research can help elucidate when and what type of governance 
might be useful not only for deployment, but also for field experiments that can be reasonably 
expected to involve risks of negative consequences.  Decisions about intentional interventions in 
the climate system require not only an understanding of the physical climate system response, 
but also how these climate responses affect differentially vulnerable people and things people 
need or care about such as food and water security. 
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Improve detection and attribution of climate change so as to provide an adequate baseline 
of observations of the "non-engineered" system with which to compare observations of the 
"engineered" system.  Just as it is a non-trivial exercise to quantitatively attribute observed 
climate change among different climate forcing agents, distinguishing the effects of intentional 
climate intervention from other causes of climate change to ascertain the effectiveness of SRM 
approaches is a non-trivial task.  Detection and attribution of climate change, and evaluation of 
all actions taken to respond, including initial testing, will require enhanced observing systems 
and analyses covering a wide array of climate and other environmental variables, especially more 
complete observations of energy flows in Earth's climate system.  In particular, preparations are 
needed to carefully observe the effects of the next major volcanic eruption. 
 
Measure and evaluate public attitudes and test communication approaches to effectively 
inform and engage the public in decision making.  Past experience with large and potentially 
dangerous (or perceived as dangerous) technologies shows the importance of involving the 
public in advancing ideas and deliberations regarding testing or deployment of climate 
engineering approaches (see references above).  However, little is known at this time about how 
different publics would perceive such large-scale interventions, what their attitudes are, how they 
should be engaged, and how best to communicate the complex issues concerning climate 
engineering.  Also, attitudes and communicative approaches are likely to change over time and 
require periodic reassessment. 
 
Develop an integrated research effort that considers the physical, ecological, technical, 
social, and ethical issues related to SRM.  Much of the research and observations needed to 
advance the scientific understanding of SRM approaches are also needed to advance general 
understanding of the climate system and related human and environmental systems.  Examples of 
dual-purpose research include studies of the climate effects of aerosols, cloud physics, and how 
ecosystems, ocean circulation, permafrost, and ice sheets respond to changes in temperature and 
precipitation.  There is, however, additional research that would be needed to support full 
evaluation of SRM approaches just as with other options for limiting the magnitude of future 
climate change, including a variety of social, ecological, and physical sciences (see Chapter 4).  
Such an effort would no doubt draw on many of the experts already engaged in climate change 
research, but would also need to engage new disciplines and expertise to aid in issues related to 
governance, public acceptance, and ethics. 
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Appendix A 
America’s Climate Choices 

Membership Lists 
 
 
Asterisks (*) denote members who resigned during the study to take policy-making positions in 
the federal government 
 
 

COMMITTEE ON AMERICA’S CLIMATE CHOICES 
 
ALBERT CARNESALE (Chair), University of California, Los Angeles 
WILLIAM CHAMEIDES (Vice-Chair), Duke University, Durham, North Carolina 
DONALD F. BOESCH, University of Maryland Center for Environmental Science, Cambridge 
MARILYN A. BROWN, Georgia Institute of Technology, Atlanta 
JONATHAN CANNON, University of Virginia, Charlottesville 
THOMAS DIETZ, Michigan State University, East Lansing 
GEORGE C. EADS, CRA Charles River Associates, Washington, D.C. 
ROBERT W. FRI, Resources for the Future, Washington, D.C. 
JAMES E. GERINGER, Environmental Systems Research Institute, Cheyenne, Wyoming 
DENNIS L. HARTMANN, University of Washington, Seattle 
CHARLES O. HOLLIDAY, JR., DuPont, Wilmington, Delaware 
KATHARINE L. JACOBS*, Arizona Water Institute, Tucson 
THOMAS KARL*, National Oceanic and Atmospheric Administration, Asheville, North 

Carolina 
DIANA M. LIVERMAN, University of Arizona and University of Oxford, Tuscon 
PAMELA A. MATSON, Stanford University, California 
PETER H. RAVEN, Missouri Botanical Garden, St. Louis 
RICHARD SCHMALENSEE, Massachusetts Institute of Technology, Boston 
PHILIP R. SHARP, Resources for the Future, Washington, D.C. 
PEGGY M. SHEPARD, WE ACT for Environmental Justice, New York, New York 
ROBERT H. SOCOLOW, Princeton University, New Jersey 
SUSAN SOLOMON, National Oceanic and Atmospheric Administration, Boulder, Colorado 
BJORN STIGSON, World Business Council for Sustainable Development, Geneva, 

Switzerland 
THOMAS J. WILBANKS, Oak Ridge National Laboratory, Tennessee 
PETER ZANDAN, Public Strategies, Inc., Austin, Texas 
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PANEL ON LIMITING THE MAGNITUDE OF FUTURE CLIMATE CHANGE 
 

ROBERT W. FRI (Chair), Resources for the Future, Washington D.C. 
MARILYN A. BROWN (Vice-Chair), Georgia Institute of Technology, Atlanta 
DOUG ARENT, National Renewable Energy Laboratory, Golden, Colorado 
ANN CARLSON, University of California, Los Angeles 
MAJORA CARTER, Majora Carter Group, LLC, Bronx, New York 
LEON CLARKE, Pacific Northwest National Laboratory, College Park, Maryland 
FRANCISCO DE LA CHESNAYE, Electric Power Research Institute, Washington, D.C. 
GEORGE C. EADS, Charles River Associates, Washington, District of Columbia 
GENEVIEVE GIULIANO, University of Southern California, Los Angeles 
ANDREW J. HOFFMAN, University of Michigan, Ann Arbor 
ROBERT O. KEOHANE, Princeton University, New Jersey 
LOREN LUTZENHISER, Portland State University, Oregon 
BRUCE MCCARL, Texas A&M University, College Station 
MACK MCFARLAND, DuPont, Wilmington, Delaware 
MARY D. NICHOLS, California Air Resources Board, Sacramento 
EDWARD S. RUBIN, Carnegie Mellon University, Pittsburgh, Pennsylvania 
THOMAS H. TIETENBERG, Colby College (retired), Waterville, Maine 
JAMES A. TRAINHAM, RTI International, Research Triangle Park, North Carolina 
 
 

PANEL ON ADAPTING TO THE IMPACTS OF CLIMATE CHANGE 
 

KATHARINE L. JACOBS*, (Chair, through January 3, 2010), University of Arizona, Tucson 
THOMAS J. WILBANKS (Chair), Oak Ridge National Laboratory, Tennessee 
BRUCE P. BAUGHMAN, IEM, Inc., Alabaster, Alabama 
ROBERT BEACHY*, Donald Danforth Plant Sciences Center, Saint Louis, Missouri 
GEORGES C. BENJAMIN, American Public Health Association, Washington, D.C. 
JAMES L. BUIZER, Arizona State University, Tempe 
F. STUART CHAPIN III, University of Alaska, Fairbanks 
W. PETER CHERRY, Science Applications International Corporation, Ann Arbor, Michigan 
BRAXTON DAVIS, South Carolina Department of Health and Environmental Control, 

Charleston 
KRISTIE L. EBI, IPCC Technical Support Unit WGII, Stanford, California 
JEREMY HARRIS, Sustainable Cities Institute, Honolulu, Hawaii 
ROBERT W. KATES, Independent Scholar, Bangor, Maine 
HOWARD C. KUNREUTHER, University of Pennsylvania Wharton School of Business, 

Philadelphia 
LINDA O. MEARNS, National Center for Atmospheric Research, Boulder, Colorado 
PHILIP MOTE, Oregon State University, Corvallis 
ANDREW A. ROSENBERG, Conservation International, Arlington, Virginia 
HENRY G. SCHWARTZ, JR., Jacobs Civil (retired), Saint Louis, Missouri 
JOEL B. SMITH, Stratus Consulting, Inc., Boulder, Colorado 
GARY W. YOHE, Wesleyan University, Middletown, Connecticut 
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PANEL ON ADVANCING THE SCIENCE OF CLIMATE CHANGE 
 
PAMELA A. MATSON (Chair), Stanford University, California 
THOMAS DIETZ (Vice-Chair), Michigan State University, East Lansing 
WALEED ABDALATI, University of Colorado at Boulder, Colorado 
ANTONIO J. BUSALACCHI, JR., University of Maryland, College Park 
KEN CALDEIRA, Carnegie Institution of Washington, Stanford, California 
ROBERT W. CORELL, H. John Heinz III Center for Science, Economics and the 

Environment, Washington, D.C. 
RUTH S. DEFRIES, Columbia University, New York, New York 
INEZ Y. FUNG, University of California, Berkeley 
STEVEN GAINES, University of California, Santa Barbara 
GEORGE M. HORNBERGER, Vanderbilt University, Nashville, Tennessee 
MARIA CARMEN LEMOS, University of Michigan, Ann Arbor 
SUSANNE C. MOSER, Susanne Moser Research & Consulting, Santa Cruz, California 
RICHARD H. MOSS, Pacific Northwest National Laboratory, Washington, D.C. 
EDWARD A. PARSON, University of Michigan, Ann Arbor 
A. R. RAVISHANKARA, National Oceanic and Atmospheric Administration, Boulder, 

Colorado 
RAYMOND W. SCHMITT, Woods Hole Oceanographic Institution, Massachusetts 
B. L. TURNER, II, Arizona State University, Tempe 
WARREN M. WASHINGTON, National Center for Atmospheric Research, Boulder, Colorado 
JOHN P. WEYANT, Stanford University, California 
DAVID A. WHELAN, The Boeing Company, Seal Beach, California 

 
 

PANEL ON INFORMING EFFECTIVE DECISIONS AND ACTIONS RELATED TO 
CLIMATE CHANGE 

 
DIANA LIVERMAN (Co-chair), University of Arizona, Tucson 
PETER RAVEN (Co-chair), Missouri Botanical Garden, Saint Louis 
DANIEL BARSTOW, Challenger Center for Space Science Education, Alexandria, Virginia 
ROSINA M. BIERBAUM, University of Michigan, Ann Arbor 
DANIEL W. BROMLEY, University of Wisconsin-Madison 
ANTHONY LEISEROWITZ, Yale University 
ROBERT J. LEMPERT, The RAND Corporation, New Haven, Connecticutt 
JIM LOPEZ*, King County, Washington 
EDWARD L. MILES, University of Washington, Seattle 
BERRIEN MOORE, III, Climate Central, Princeton, New Jersey 
MARK D. NEWTON, Dell, Inc., Round Rock, Texas 
VENKATACHALAM RAMASWAMY, Geophysical Fluid Dynamics Laboratory, Princeton, 

New Jersey 
RICHARD RICHELS, Electric Power Research Institute, Inc., Washington, D.C. 
DOUGLAS P. SCOTT, Illinois Environmental Protection Agency, Springfield 
KATHLEEN J. TIERNEY, University of Colorado at Boulder 
CHRIS WALKER, The Carbon Trust LLC, New York, New York 
SHARI T. WILSON, Maryland Department of the Environment, Baltimore 
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Appendix F 

 
Geoengineering Options to Respond to Climate 
Change: Steps to Establish a Research Agenda 

 
A Workshop to Provide Input to the  
America’s Climate Choices Study 

 
June 15-16, 2009 

Washington Court Hotel 
525 New Jersey Avenue, NW, Washington, DC 20001 

 
 

Workshop Objective and Scope 
 

The workshop will inform the work of the America’s Climate Choices suite of activities 
by examining a number of proposed "geoengineering" approaches, or interventions in the climate 
system designed to diminish the amount of climate change occurring after greenhouse gases or 
radiatively active aerosols are released to the atmosphere.  The emphasis of the workshop will be 
on the research needed to better understand the potential efficacy and consequences of various 
geoengineering approaches.     
 

The workshop will draw on a growing body of studies and previous workshops that have 
examined a broad range of geoengineering issues—from the international governance of 
deliberate climate interventions to the feasibility of specific approaches.  The particular focus of 
this workshop will be approaches (i) to reduce concentrations of greenhouse gases after they 
have been emitted to the atmosphere (e.g., CO2 capture approaches), or (ii) to limit or offset 
physical effects of increased greenhouse gas concentrations (e.g., albedo increase approaches).  
Other parts of the America’s Climate Choices study are addressing approaches to reduce 
greenhouse gas emissions and adapt to climate change.  Furthermore, there is already a 
developed research effort in CO2 capture by conventional land management approaches (e.g., 
conventional afforestation). Thus, these topics will be outside the scope of this workshop.  
 

The workshop will be structured to bring multiple perspectives to the table—engineering, 
physical and environmental science, social science, policy, legal and ethical—to encourage an 
interdisciplinary dialogue and exchange of ideas, with an emphasis on the research needed to 
better understand the potential efficacy and consequences of various geoengineering approaches.   
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Workshop Agenda 
 

Monday, June 15 
 
8:00 Registration   
 
8:30 Welcome  Ralph Cicerone, National Academy of Sciences 
 
8:45 Meeting Overview – Day 1:  “Getting the Issues on the Table” 
  Pamela Matson, Stanford University 
 
9:00 Survey of Geoengineering Options (including estimates of effectiveness, risk, and cost) 
  Ken Caldeira, Carnegie Institution  
 
9:40 Engineering: Important questions, state of knowledge, and major uncertainties related to 

selected geoengineering options           David Keith, University of Calgary 
 
10:20 Break 
 
10:50 Physical Science: Important questions, state of knowledge, and major uncertainties 

related to selected geoengineering options   Danel Schrag, Harvard University 
 
11:30 Terrestrial Ecosystems, Complexity, and Geoengineering  
  Tony Janetos, University of Maryland 
 
12:00 Working Lunch (Informal Discussion) 
 
1:00  From Research to Field Testing and Deployment: Ethical Issues Raised By 

Geoengineering (Panel Discussion) Martin Bunzl, Rutgers University (Moderator) 
  Stephen Gardiner, University of Washington 
  Dale Jamieson, New York University 
  William Travis, University of Colorado 
 
2:00 Governance and Geoengineering: Who Decides and How (Panel Discussion) 
  Granger Morgan, Carnegie Mellon University (Moderator) 
  John Steinbruner, University of Maryland 
  Jason Blackstock, IIASA 
  Jay Apt, Carnegie Mellon University 
 
3:00 Assignments/Instructions to breakout groups and 20-minute break 
 
3:30 Breakout Session 1  All Participants 
 
5:30 Adjourn for the day 
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