A U.S. Carbon Cycle Science Plan

Anna M. Michalak, Robert B. Jackson, Gregg Marland, Christopher Sabine,
and the Carbon Cycle Science Working Group*

December 10, 2010

Review Draft — Not for citation

The contents of this plan are the sole responsibility of the Carbon Cycle
Science Working Group. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States Government
or any agency thereof.

! Bob Anderson, Debbie Bronk, Kenneth Davis, Ruth DeFries, Scott Denning, Lisa Dilling, Rob Jackson, Andy
Jacobson, Steve Lohrenz, Gregg Marland, David McGuire, Galen McKinley, Anna Michalak, Charles Miller,
Berrien Moore, Dennis Ojima, Brian O’Neill, Jim Randerson, Steve Running, Christopher Sabine, Brent Sohngen,
Pieter Tans, Peter Thornton, Steve Wofsy, Ning Zeng



Table of Contents

EXECULIVE SUMIMAIY ...ttt ettt ettt st et et et e seese et e e seebe s e et et e st e seese et e sb e e e e e e eneereans v
(O8N e I =y o 11 oo [0 Tod o TP 1
CHAPTER 2: HiStory and CONEXL.......ccueiiiiiiiiiecii ittt ste et ste st ste et sta et esteesaestesreesbesbeanaesaesreeneesnas 4
2.1 The 1999 U.S. Carbon Cycle SCIENCE PIAN..........ccoiiiiiiieceee e 4
2.2 Implementation of the 1999 SCIENCE PlaN...........ccoiiiiiiiii e 5
2.3 Other relevant developments since the 1999 SCIence Plan ..o 6
2.4 Successes and remaining ChallENQES.........covi v i 8
CHAPTER 3: Fundamental SCIENCE QUESLIONS .........c.eiiiieiiiieie e ettt 10
3.1 Q1: How do natural processes and human actions affect the carbon cycle on land, in the
atmosphere, and iN ThE OCEANS?........coviiee et te e steste e e steereestesreeeenns 10
3.2 Q2: How do policy and management decisions affect the levels of the primary carbon-containing
gases, carbon dioxide and methane, in the atmOSPREre?.........ccoi i i 11
3.3 Q3: How are ecosystems, species, and natural resources impacted by increasing greenhouse gas
concentrations, the associated changes in climate, and by carbon management decisions?.................. 11
3.4 The critical role 0f ODSEIVALIONS..........oiiiiieie i nas 12
3.5 Dealing With UNCEITAINTY ........oiiiiieie ettt e et e e ste e sreesraesneesneeaneeeneeenneenreens 13
CHAPTER 4: SCIENCE PlaN GOAIS ......coveiviiiiiiiiiiieieiee ettt 15
4.1 Goal 1: Provide clear and timely explanation of past and current variations observed in
atmospheric CO, and CH, - and the uncertainties surrounding them .........cccccccevie i 16
o R Y o) 1= L (o] DRSSPSR 16
4.1.2 Progress oVer the 1ast eCATE ..........ccviiviiii i re e 16
4.1.3 MaJOr UNCEITAINTIES ...veiviitiitiiteetest ettt ettt 17
4.1.4 SCIENTITIC QITBCTIONS. .. .etieiii ittt bttt b s besneesbesteeneeneas 17
Establish a continuity plan and continue expansion of carbon observing networks..............cc.cccue..... 17

Conduct manipulative experiments to provide mechanistic understanding of responses and feedbacks
to changing greenhouse gas concentrations and Climate.............cccccvviiiiviie s 17

Develop models capable of constraining process-based understanding of carbon flux variability .... 18

4.1.5 REIALEA ISSUBS. ... eeitieiteitieiie ettt ettt ettt ettt ettt et sbe et et e sbe e s e e besreeneenbeseeenneneas 18
4.2 Goal 2: Understand and quantify the socio-economic drivers of carbon emissions, and develop
transparent methods to monitor and verify those emissions. (Q1, Q2).......ccccrererereiiniiniinene e 18

o R/ 011}z LA o ] o F OSSOSO PTPTPTRPR 19

4.2.2 Progress OVer the 1aSt deCaUE ...........ooveieiiiiii s 19

4.2.3 MaJOr UNCEITAINTIES ...viivieeieieite ettt ste st te e te et et e sb e s teste e s b e sbeeseesbesra e s esaesteeneeneas 20

4.2.4 SCIENTITIC QITBCTIONS. .. .eeiieie ettt et sre et e tesneenaesreeeeneas 20

Quantify the relative importance of different socio-economic processes and their interactions in

different parts of the world and at different spatial and temporal scales. ..........c.ccoceveiiiiiiiinencnnn, 21

Better quantify the potential range of future emissions from energy and land use.............cccccceeevennee. 21

Page |i



Determine how carbon prices and other policies affect socio-economic drivers and emissions........ 22
Develop the tools, observations, and models needed to quantify and evaluate emissions.................. 22
4.2.5 REIALEU ISSUES. ... eeeirieiieiietieii ittt bbb bbbt s ettt eneens 22

4.3 Goal 3: Determine and evaluate the vulnerability of carbon stocks and flows to future climate
change and human activity, emphasizing potential positive feedbacks to sources or sinks that make

climate stabilization more critical or more diffiCult.............ccocoiiiiiiiiiii 23
O 00 V[0 (Y= U1 o] SRR 23
4.3.2 Progress oVer the 1ast deCade .........cecviiiiieie et 23
4.3.3 MaJOr UNCEITAINTIES ....ueeveieiitiitiiteee ettt b bbb e 24
4.3.4 SCIENTITIC QITBCTIONS. ... etiieii ittt ettt e se e besneesaesreeeeneas 24
Identify vulnerable pools and flows and monitor their changes, especially those that may change
more rapidly in the NEAT FULUIE. .........cuiiii e 24

Understand the physical, chemical, and biological processes important in determining the degree of
vulnerability of carbon pools and flows, and build such understanding into diagnostic and
MECHANISTIC MOUBIS. ...ttt sttt e st et e e sbe e st e sbesbeeseesbeenee e 25

Predict the likelihood, timing and extent of potential changes in vulnerable carbon stocks and flows
with numerical models and empirical MethOdS. ............ccoiiiiiiiiii e 25

Predict the consequences of carbon management and sequestration schemes on vulnerable pools;
support carbon management goals by helping to prioritize the most vulnerable stocks and flows that

require management and the resources that are NEEUEM. ...........cceiveiiiiiriie e 25
4.3.5 REIALEU ISSUES. ..ottt bbbttt bbbttt ettt eneens 25
4.4 Goal 4: Predict how ecosystems, biodiversity, and natural resources will change under different
CO; and climate ChanQge SCENAIIOS. ......ccuveiieiieiiesresie e e e e e eese e sreese e se e s e e e e be e teesteesteesneeeneeaneesneeanes 26
g |V 1) (U1 o] ST SSR 26
4.4.2 Progress oVer the 1aSt deCaTE ..........coi i 26
4.4.3 MaJOr UNCEITAINTIES ..e.veivieeieiteiieetesie sttt et e ettt e be e e e st e s te e st e sbeese e besae e e e saesreeseenras 26
4.4.4 SCIENTITIC QITBCTIONS. .. ettt et st ne e tesneesaesreeneeneas 27
Improve understanding of, and ability to predict, responses of ecosystem productivity, biodiversity,
and sustainability to changing levels of carbon dioxide and other greenhouse gases............ccccevuene.. 27
Determine the synergistic effects of rising CO, on ecosystems in the presence of altered patterns of
climate and associated changes in weather, hydrology, sea level, and ocean circulation................... 27
Enhance capabilities for sustained and integrated observations of ecosystems in support of scientific
research as well as management and deciSion-making. .........ccccoevieiiieiiieiie s 28
445 REIAEA ISSUBS......veeiieieeieeiesie ettt sttt et este et e te s te e s e ste e e e saesteessesbeeseebesbeeseessesreaneentesseeeenes 28
4.5 Goal 5: Determine the likelihood of success and the potential for unintended consequences of
carbon-management pathways that might be undertaken to achieve a low carbon future...................... 28
TNt V[0 1Y =LA o TSR 28
4.5.2 Progress oVer the 1ast deCadE .........ceoviiiiieie et 29
4.5.3 MaJOr UNCEITAINTIES ....ueiuiitiiiiitisteit ettt bt b 29
4.5.4 SCIENTITIC QIMECTIONS. .. c.eitiitiitiiteite ittt b ettt ne s 29

Page |ii



Develop mechanisms for evaluating, integrating and balancing interconnected and potentially

competing management goals within the context of carbon cycle SCience...........ccccevvvvevevvcvevesinnne. 30
Determine the impacts of carbon management and sequestration strategies on sustainability of
ecosystems and ecosystem services, including water resources and biodiversity. ...........c.ccocvevvevnane. 30
Quantify the net climate effects of carbon-management pathways, including albedo and other
energy-balance components that influence temperature. ... 30
o =] L o I ET ST USSR 30
4.6 Goal 6: Address decision-maker needs for current and future carbon-cycle information and
provide data and projections that are relevant, credible, and legitimate for their decisions. .................. 31
00 YT 11U o SRS 31
4.6.2 Progress oVer the 1ast deCade .........cocvi it 31
4.6.3 MaJOr UNCEITAINTIES ...cueiieiiiitiitiiteit ettt r e 31
4.6.4 SCIENTITIC AIFECLIONS. .. c.eitiiiiitiiteste ettt b ettt eneens 32
Characterize the fundamental dynamics of decision making as they affect large-scale trends and
patterns in carbon StOCKS and FIOWS .........ccuviiiiic e 32
Systematically address decision-maker needs for carbon-cycle-science information as they begin to
incorporate carbon-related factors into their decision Making...........cccooeivviiiinineneneceee e 32
4.6.5 REIALEA ISSUBS......eeiuieieeitieiie ettt ettt ettt ettt ettt e e sbe et e b e sbees e e besreeneenbeseeeneeneas 32
CHAPTER 5: SCIience Plan EIEMENTS.........cccviiiiiiie ettt 33
5.1 SUSTAINEA ODSEIVALIONS ... ..oiiiiieiieiteee ettt ettt sttt s e sbeese e e et et e nbesbeeneesbeeneeneeas 33
5.1.1 In situ atmOSPNEriC ODSEIVALIONS.......cc.eiviieiiiicieieste e 33
5.1.2 Ocean and terrestrial 0bSErving NEWOIKS .........c.cccviiieiicie e 34
5.1.3 SAtellite ODSEIVALIONS ......iivieiiiteiie ettt et e st e steereesbe e e neeaesteeeenes 35
5.1.4 Monitoring and assessment of human systems, including mitigation and adaptation strategies
E a0 IR o T =L (=To ] o (o £SO P SR 36
5.1.5 Mapping sustained observations into the goals............cccoiiiiiiiiee e 36
5.2 Process studies of system dynamics and function across SCales .........ccccevvveveevieviesiescne e e 37

5.2.1 Intensive process studies and field campaigns to observe and understand natural and human
systems and the processes controlling carbon emissions, uptake, and StOrage ..........cccovevvevvereerinnns 37

5.2.2 Manipulative laboratory and field studies to elucidate the response of land and marine
ecosystems to climate, biogeochemical, and socioeconomic change and to deliberate carbon

A To T T 1= =] o SRR 38
5.2.3 Integrative field campaigns to provide intensive data or test different approaches for examining
carbon cycling at a range of NESTEA SCAIES ..........c.coviiiiiiii s 39
5.2.4 Mapping studies of system dynamics and functions into the goalS ..........cccccocevvviveviiviienee, 39
5.3 Modeling, prediction, and SYNTNESIS .........cceiiieiiiiiirie e 40
5.3.1 Improve exXiSting MOUEIS........ccuiiiiii e e be et e e e e s re e sneeanee e s 40
5.3.2 Add human dimensions to Earth System MOGEIS ..........cccoriiiiiiiiiiiee e 41
5.3.3 AUGMENL SYNINESIS ACTIVITIES. ... .eiviiieeiee e e ettt e ee e sre e e e sne e e nee s 41
5.3.4 Mapping of modeling, prediction, and synthesis into the goals............cccocvoveieiiiieviie e, 42

Page |iii



5.4 Communication and diSSEMINATION ...........eiueieieiiiiere e 42
5.4.1 Establish dialogue among decision-making community, general public, and scientific

(o0 4] 1110 11§72 SO PSS 43
5.4.2 Develop appropriate tools for communicating scientific knowledge to decision makers.......... 43
5.4.3 Evaluate impact of scientific uncertainty on decision Makers ..........ccccovvvvvieviesineneeseeseesenenns 44
5.4.4 Mapping communication and dissemination into the goals..............ccoovriiiiiiiicininen 44
5.5 RESOUICE FEQUITEMENTS ....eeieeeeeeetie st eteeie sttt e bt st e testeeseesteete e testeeseesbeeseesaeeteeneeseeeneenaesseeneetesseenennes 45
CHAPTER 6: Interdisciplinary and International Collaboration and Cooperation ..............ccccceevvvvevenene. 46
6.1 Interdisciplinary collaboration and COOPErAtION...........cceivirieieieiii e 46
6.2 International collaboration and COOPEIAtION...........cccveviiiiiieie et 47
6.3 Supporting and stimulating collaboration and COOPEration .............ccccuvvrvrerineneieieee e 47
CHAPTER 7: Implementation and FUNAING ...........ccooviiiiieiiiecc et 49
7.1 Integration OF Program PriOTTHIES . ......cciiiiii e 49
7.2 Implementation opportunities and DArriers 10 SUCCESS ......vviviieriiieiie e 52
7.3 PrOQIaM SUPPOIT. .. ettt ettt ettt e sb bbbttt b e s bt et e bt sb e e bt s bt et e b e ar e e b e e nn e b e enrenre s 53
7.3.1 Scenario I: Full investment in carbon cycle research and observations (~$500M/yr).............. 54
7.3.2 Scenario I1: Partial investment in expanded priorities (~$300M/YT) .......cccoovvriiirniiiniinens 54
7.3.3 Scenario Il1: No increased funding to support expanded priorities (~$200M/yr).........cccovenneee. 55
REFERENGES ... .ottt ettt s e e st e e et e et e e sabe e e aat e e s aae e s teeeanbeeesteesnbeeessbeeanteeennes 57
APPENDIX A: Charge to the Co-Leads of the Carbon Cycle Science Working Group, and Overview of
the Carbon Cycle Interagency WOrKing GrOUP ......cccveveiiiiiieiiiiiiie et esieste et e e sie et sre e esresneeaesne s 64
A.1 Charge to the co-leads of the Carbon Cycle Science Working Group ...........ccccvvevereieninenenennenns 64
A.2 Carbon Cycle Interagency WOrking GFOUP ......cueciueeieeieerieeiiesieseesteesteesteesreesneeneeeseeesreesseesneesnns 65
APPENDIX B: Carbon Cycle Science Working Group Membership ...........ccocovreniieiiininencneeee 67
APPENDIX C: OULIEACH ACHIVITIES ... .ocueieieieiii ettt ettt nee e 70
APPENDIX D: LISt OF ACTONYMS......eiuiiiieiiitiitisiestest ettt sttt ss bbb bt 72
APPENDIX E: ACKNOWIEUGIMENTS ....c.vviieieiiecie ettt et e e e s e ne e nteenreennnenneas 75

Page |iv



Executive Summary

Page |v



CHAPTER 1: Introduction

Carbon is an integral part of the Earth system and the building block of life. Its presence in the
atmosphere as carbon dioxide (CO,) and methane (CH,) is critical to maintaining a habitable climate. It
plays a major role in the chemistry, physics, and biology of the oceans. Carbon is currently also the
dominant element in human energy use, forming the basis of coal, oil, and natural gas — hydrocarbon
compounds derived from plants that removed CO, from the atmosphere hundreds of millions of years
ago. The continual transport and transformation of carbon in the Earth’s atmosphere, rivers and oceans,
soils, rocks, living organisms, and human systems is what we call the global carbon cycle.

Human activities have substantially altered the Earth’s natural carbon cycle. Human use of energy has
grown exponentially in the last century, and the extraction and combustion of fossil fuels have replaced
society’s early reliance on renewable energy sources such as biomass, wind and running water. Fossil
carbon, carbon that was removed from the “active pools” of the earth system (plants, fresh water systems,
oceans, soils, and the atmosphere) and buried in the Earth’s interior, is being returned to the active carbon
cycle. As a result, carbon dioxide is building up in the atmosphere and in the oceans. In addition, human
use of land for activities such as farming, forestry, and urbanization has resulted in a gradual release of
soil and plant carbon, further increasing the amount of carbon in the atmosphere and oceans.

Overall, the mixing ratio (concentration) of CO in the atmosphere has increased to approximately 390
parts per million (ppm) compared to about 280 ppm for approximately 11,000 years prior to the industrial
revolution, and the concentration is now increasing by an average of almost 2 ppm per year (IPCC 2007).
Methane concentrations have increased even more dramatically - to 1.8 ppm now from 0.8 ppm prior to
the industrial revolution.

These changes in atmospheric greenhouse gas concentrations are affecting the Earth in at least two
important ways. First, our climate is changing. The Earth is 0.8°C warmer than it was a hundred years
ago, and the most recent decade was the warmest in at least a century (e.g., Arndt et al. 2010). Other
aspects of the climate system, such as the amounts and timing of rainfall, are also changing in amplitude
and distribution. The impacts of this anthropogenic climate change are widespread and increasingly
significant (e.g., Jones et al. 2009). Second, increased atmospheric CO; has direct effects on both
terrestrial and aquatic ecosystems. On land, increasing CO, can alter plant productivity and biodiversity
as well as the competitive success of weeds and other species. In the oceans, the pH of ocean surface
waters has already decreased by about 0.1 since the beginning of the industrial revolution, with a decrease
of approximately 0.0018 yr™* observed over the last quarter century (e.g. Caldeira and Wickett, 2005;
Bates, 2007). The current and future decline in carbonate ion concentrations as a consequence of ocean
acidification imperils many calcifying marine organisms (including corals, shellfish and marine plankton)
that form their skeletons or other hard parts out of calcium carbonate (e.g., Fabry et al, 2008).

Understanding the Earth’s carbon cycle is both a challenging intellectual problem and an urgent societal
need. The impacts of human-caused changes in the global carbon cycle will be felt on the Earth for
hundreds to thousands of years. Direct observations and process-based understanding of the global carbon
cycle are needed to determine how the cycle is being modified, what the responses are to those
modifications, and how best to develop sound climate change mitigation and adaptation strategies.

The most widely-known evidence for the changing global carbon cycle is the record of the atmospheric
CO; concentration from Mauna Loa in Hawaii; measurements started in the 1950s by the late C. D.
Keeling and continue to the present day. Today, scientists are documenting the increase in atmospheric
greenhouse gases at over a hundred sites around the world. These data, combined with economic data for
fossil fuel use, show that roughly half of the CO, that has been emitted into the atmosphere through fossil
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fuel burning and land-use change has accumulated in the atmosphere. The remaining half has been
removed by the Earth’s oceans and biosphere. The institutions and processes governing CO, emissions
and uptake are not fully understood, and they do not allow us to anticipate perfectly how CO, emissions
will change in the future. The trajectory of the future carbon cycle is poorly constrained, and our
understanding of sources and sinks of CH, lags behind our understanding for CO,.

Recognition of the need for better understanding and coordinated research on the global carbon cycle led
to the development of the first U.S. Carbon Cycle Science Plan about a decade ago (Sarmiento and
Wofsy, 1999). This document set forth a plan for terrestrial, atmospheric and oceanic measurements,
manipulative experiments, and earth-system modeling to improve our understanding of the current carbon
cycle and our ability to predict its future behavior. The 1999 Science Plan was primarily focused on
guantifying the atmospheric, oceanic, and terrestrial carbon sinks, in an effort to balance the global carbon
budget. One particular focus was quantifying the magnitude of the North American carbon sink.

Based in part on the goals of the 1999 Science Plan, the carbon cycle science community has, over the
last decade, developed much better global- and regional-scale carbon budgets. One important set of
science guestions today focuses on understanding the processes controlling the exchange between the
active and fossil carbon pools. To predict how the carbon cycle might change in the future, and,
ultimately, what the consequences of those changes will be, we need to develop a better understanding of
the causes and drivers of change. This mechanistic focus is somewhat different from that of the 1999
Science Plan, but is essential for meeting the needs of policy makers and society at large.

Several issues drive the need for a new U.S. Carbon Cycle Science Plan (hereafter the “Plan”) and
highlight some new research priorities. With greenhouse-gas concentrations rising rapidly, active
management of the global carbon cycle is increasingly urgent, but management without understanding
can be ineffective or even counter-productive. Carbon-cycle research should thus be pursued with
attention to the efficacy and environmental consequences of carbon management policies, strategies, and
technologies. Humans are an integral part of the carbon cycle, both through influences on “natural”
systems, managed ecosystems, and direct emissions of greenhouse gases. Study of the human elements
of the carbon cycle should therefore be more thoroughly integrated into the research agenda. A third need
for new research recognizes that ecosystems, species, and natural resources are increasingly affected by
rising greenhouse gas concentrations, climate change, and carbon-management decisions. Research
focused on important thresholds or tipping points in the carbon cycle is sorely needed. Finally, decisions
about the carbon cycle will inevitably be made with imperfect knowledge. We need a better
understanding of uncertainly in all aspects of the global carbon cycle, and improved ways of reducing
uncertainties and conveying those uncertainties to policy and decision makers, as well as society at large.

Our reassessment of the U.S. carbon cycle science priorities described here was initiated by the U.S.
Carbon Cycle Interagency Working Group (CCIWG) and Carbon Cycle Science Steering Group
(CCSSG) in 2008 (see Appendix A for the charge to the committee). The new Plan is intended to provide
guidance for U.S. research efforts on the global carbon cycle for the next decade. A committee of 25
scientists was assembled to achieve this goal (see Appendix B). The committee included members from
the diverse research communities that have traditionally comprised the U.S. carbon cycle science
program, along with members from research areas needed to expand the research effort. Once formed, the
committee extended wide outreach in an effort to garner input from a broad research community. These
outreach activities are detailed in Appendix C.

In outlining a research agenda for the next decade, we have chosen to preserve the hierarchal structure
adopted in the 1999 Carbon Cycle Science Plan. Chapter 2 provides a brief history of the 1999 Science
Plan, progress made since that plan was prepared, and the context in which the new Plan has now been
developed. We next articulate overriding questions that guide the new research agenda in Chapter 3.
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Within this agenda, we identify specific goals that define achievable objectives for the next decade and
beyond (Chapter 4), and outline the primary research elements that we believe must be pursued to achieve
the stated goals (Chapter 5). The elements are the basic research components needed for developing the
science.

In Chapters 6 and 7, we turn to some barriers and opportunities for the success of the Plan. In Chapter 6
we characterize the complex interdisciplinary realm in which carbon-cycle science needs to be pursued,
and the collaborations and cooperation necessary for success. We also recognize in Chapter 6 that U.S.-
based research needs to be pursued in an environment that is cooperative, supportive, and interactive with
research being pursued throughout an increasingly interdependent world. Finally, in Chapter 7, we
summarize our vision of the priorities for ongoing research and offer our recommendations for the scope
and scale of needed research.

Our new research plan emphasizes the long-lived, carbon-based greenhouse gases carbon dioxide and
methane and the other major pools and fluxes of the global carbon cycle. Certain non-greenhouse-gases,
including carbon monoxide (CO) and ratios of oxygen to nitrogen (O2:N2), provide important constraints
on the global carbon cycle and are part of the plan in that context only. Throughout this document, we
emphasize the importance of an integrated system to collect and maintain the essential data that drive
scientific understanding.
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CHAPTER 2: History and Context

2.1 The 1999 U.S. Carbon Cycle Science Plan

In 1998-1999, a working group of 16 carbon-cycle researchers prepared a science plan to focus and
coordinate carbon-cycle research in the United States. The intent was “to develop a strategic and optimal
mix of essential components, which include sustained observations, modeling, and innovative process
studies, coordinated to make the whole greater than the sum of its parts” (Sarmiento and Wofsy, 1999).
In the decade since the 1999 science plan was published, carbon-cycle researchers have worked to
improve carbon-observing networks and to coordinate research projects addressing the goals of the 1999
plan. Considerable progress has been made over the past decade, but constraints on funding and time have
prevented some parts of the plan from being fully realized. Furthermore, carbon-cycle research over the
last decade has targeted new issues that were not highlighted or foreseen in the original 1999 plan. For
instance, concerns about how the human perturbation of the carbon cycle might affect the overall
distribution of carbon in the active carbon pools have intensified, and there is increasing public policy
interest in possibilities for mitigating human impacts.

Given these many changes in the last decade, there is a clear need to update the carbon cycle research
plan for the coming decade. The research community needs to re-examine research and policy needs,
prioritize current and future research directions, and outline the funding necessary to meet these needs.
Without a thoughtful Plan, it is not possible to clearly articulate priorities, to coordinate activities among
researchers and research sponsors, and to provide appropriate resources for research.

Under the auspices of the U.S. research agencies’ Carbon Cycle Interagency Working Group and the U.S.
Carbon Cycle Science Program’s Science Steering Group, a working group of 25 scientists within the
carbon cycle science community was formed in late 2008. Their charge (see Appendix A) was to review
the 1999 Science Plan and to develop a new strategy for carbon-cycle research conducted by U.S.
researchers in the coming decade. The Plan needed to be global in scope and collaborative in scale,
building partnerships with many groups around the world, but the focus is on the U.S. research
community and the work sponsored by U.S. funding agencies. From the beginning, the vision clearly
needed to be established in such a way as to be inclusive of, and collaborative with, a greater spectrum of
the social sciences and with public policy needs.

The 1999 Science Plan posed two fundamental science questions to frame compelling priorities at the
time: 1) What has happened to the carbon dioxide that has already been emitted by human activities (past
anthropogenic CO,)? and 2) What will be the future atmospheric CO, concentration trajectory resulting
from both past and future emissions? These two questions focused on the past, present, and future CO,
concentrations. To address these questions, the 1999 Plan articulated five program goals:

Goal 1: Quantify and understand the Northern Hemisphere terrestrial carbon sink

Goal 2: Quantify and understand the uptake of anthropogenic CO, in the ocean

Goal 3: Determine the impacts of past and current land use on the carbon budget

Goal 4: Provide greatly improved projections of future atmospheric concentrations of CO,

Goal 5: Develop the scientific basis for societal decisions about management of CO, and the carbon
cycle.

These questions and goals guided the U.S. carbon cycle research program into the 2000s.
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2.2 Implementation of the 1999 Science Plan

After the 1999 U.S. Carbon Cycle Science Plan was completed, two major national programs were
created to address the goals of the plan. These programs were specifically designed to promote and
facilitate large interdisciplinary research projects required to meet the goals. The North American Carbon
Program (NACP) is aimed primarily at addressing Goal 1, and the Ocean Carbon and Climate Change
(OCCC) program was developed to address Goal 2. Agencies also made significant investments in other
projects aimed at the other Carbon Cycle Science Plan goals. The 1999 plan formed the basis for the
Carbon Cycle chapter of the broader 2003 Strategic Plan for the Climate Change Science Program
(Climate Change Science Program, 2003), where the five goals of the 1999 U.S. Carbon Cycle Science
Plan (Sarmiento and Wofsy 1999) were refined into 6 specific questions. In addition, the two overriding
questions of the 1999 plan were updated to:

e How large and variable are the dynamic reservoirs and fluxes of carbon within the Earth system,
and how might carbon cycling change be managed in future years, decades, and centuries?

o What are our options for managing carbon sources and sinks to achieve an appropriate balance of
risk, cost, and benefit to society?

The North American Carbon Program Science Plan was published in 2002 (Wofsy and Harriss, 2002).
The plan was prepared by the NACP Committee of the U.S. Carbon Cycle Science Steering Group, at the
request of the Agencies of the U.S. Global Change Research Program, to plan for “carbon cycle research
focused on measuring and understanding sources and sinks of CO,, CH,4, and CO in North America and
adjacent oceans.” This was followed by The Science Implementation Strategy for the North American
Carbon Program (Denning et al. 2005), written after a broad community of scientists involved in carbon
cycle studies conducted a multiyear process of scoping, prioritizing, and planning for a comprehensive
program of interdisciplinary research. The NACP is organized around four questions:

1. What is the carbon balance of North America and adjacent oceans? What are the geographic
patterns of fluxes of CO,, CH,4, and CO? How is the balance changing over time?
(“Diagnosis™)

2. What processes control the sources and sinks of CO,, CH,4, and CO, and how do the controls
change with time? (“Attribution/Process”)

3. Are there potential surprises (could sources increase or sinks disappear)? (“Prediction”)

4. How can we enhance and manage long-lived carbon sinks (*sequestration™), and provide
resources to support decision makers? (“Decision support™)

Research activities were recommended and prioritized within each major area to contribute to an
integrated and well-tested system for understanding, observing, and predicting carbon fluxes over North
America and adjacent ocean regions, and for providing timely and useful information to policymakers
based on the results.

An integrated, multi-agency implementation strategy for oceanic observations and research was
developed in parallel with the NACP to determine how much carbon dioxide is being taken up by the
ocean at the present time and how climate change will affect the future behavior of the carbon sink.
Within the broader goals outlined by the 1999 Science Plan, the Ocean, Carbon and Climate Change: An
Implementation Strategy for U.S. Ocean Carbon Research (Doney et al., 2004) document highlighted
four fundamental science questions to address:
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1. What are the global inventory, geographic distribution, and temporal evolution of
anthropogenic CO; in the oceans?
2. What are the magnitude, spatial pattern, and variability of air-sea CO, flux?

3. What are the major physical, chemical, and biological feedback mechanisms and climate
sensitivities for ocean organic and inorganic carbon storage?

4. What is the scientific basis for ocean carbon mitigation strategies?

In 2005, the U.S. Carbon Cycle Science Program established the Ocean Carbon and Climate Change
(OCCC) program and the OCCC Scientific Steering Group (OCCC-SSG), with a specific charge to
address multi-agency ocean carbon coordination. In February of 2006 the NSF, NASA and NOAA
decided to combine several related ocean programs including OCCC, the Surface Ocean Lower
Atmosphere Study (SOLAS) and the Integrated Marine Biogeochemistry and Ecosystem Research
(IMBER) under one umbrella organization called the Ocean Carbon and Biogeochemistry (OCB)
program to more broadly address issues of marine biogeochemistry (including carbon) and associated
ecology. The OCCC-SSG members are a sub-group of the OCB-SSC and do not meet separately.

Through the coordinated efforts of U.S. funding agencies, the NACP and OCB programs have made great
progress in addressing the first two goals of the 1999 Science Plan. Despite additional investments made
by agencies, the lack of coordinated interdisciplinary national programs resulted in less progress on the
latter goals, particularly Goal 5 (developing the scientific basis for societal decisions about management
of CO, and the carbon cycle), but also to some extent Goal 3 (determining the impacts of past and current
land use on the carbon budget) and Goal 4 (providing greatly improved projections of future atmospheric
concentrations of CO;)

.The committee on the Human Dimensions of Global Change of the National Research Council (Stern
2002) hosted a workshop in 2001 that highlighted the need for greater research on the human dimensions
of the carbon cycle. The group concluded that although the 1999 Science Plan “notes the critical role of
human activities in perturbing the carbon cycle, it does not include any research on these activities. The
U.S. government’s carbon cycle research activity has not yet integrated the relevant fields of the social
and behavioral sciences.” The committee wrote of building bridges between the natural and social
sciences to produce the understanding necessary to “inform public decisions.” They distinguished
“human activities that affect the carbon cycle” and “human activities that respond to the carbon cycle.”

2.3 Other relevant developments since the 1999 Science Plan

Since publication of the 1999 carbon cycle plan, several documents have revised components of the U.S.
Climate Change Research Program and highlighted the need for a new U.S. Carbon Cycle Science Plan.
Collectively these documents provide insight into the research needs and the effectiveness of the program
as described in this Plan.

The Strategic Plan for the Climate Change Science Program (Climate Change Science Program, 2003)
was the first comprehensive update of a strategic plan for the U.S. Global Change Research Program
(1989). Five research goals were identified to focus research and to synthesize knowledge around broad
strategic questions. The six research questions for Global Carbon Cycle (see Chapter 7 of the Strategic
Plan) were derived from the five goals recommended by the research community in A U.S. Carbon Cycle
Science Plan (Sarmiento and Wofsy 1999).

In 2007, the National Research Council presented its first review of the progress since the U.S. Climate
Change Science Program/U.S. Global Change Research Program was established in 2002 (NRC, 2007).

Page |6



238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255

256
257
258
259
260

261
262
263
264
265
266

267
268
269
270
271
272
273
274
275
276

277
278
279
280

281
282
283

The NRC evaluated and assessed the strengths and weaknesses of the entire program, identifying areas
where progress had not met expectations. In regard to the Global Carbon Cycle questions (7.1-7.6) from
the 2003 Strategic Plan for the Climate Change Science Program, the report declared that good progress
had been made in documenting and understanding the current carbon sources and sinks. The North
American carbon budget had been recently assessed (SOCCR, 2007), but improvements in the
observation and modeling approaches were needed to reduce uncertainties (Q 7.1). Focused research
efforts and the synthesis of decades of observations reduced the uncertainties associated with the size of
the ocean carbon sink, but significant uncertainties in ocean carbon processes remained (Q 7.2). On the
subject of land-use change and the carbon cycle, the report concluded that good progress had been made
in understanding the historical relationships between land use and the carbon balance, but great
uncertainties in future land management scenarios limited predictive capability (Q 7.3). Although fair
progress had been made in linking changes in regional and global rates of carbon dioxide accumulation to
climatic anomalies, understanding of the processes underlying some of these relationships was poor and
limited our ability to predict factors that will dominate in the future (Q 7.4). Prediction of future fossil
fuel emissions as well as carbon sources and sinks associated with future changes in land management
were limited by the lack of involvement of stakeholder communities (Q 7.5). Informing carbon
management was a new area of emphasis for the carbon cycle research element and had not yet made
adequate progress (Q 7.6).

Also in 2007, the Climate Change Science Program and Subcommittee on Global Change Research
published The First State of the Carbon Cycle Report (SOCCR): The North American Carbon Budget and
Implications for the Global Carbon Cycle (SOCCR, 2007). The report provided a synthesis and
integration of the current knowledge of the North American carbon budget and its context within the
global carbon cycle.

In 2008, a Revised Research Plan for the U.S. Climate Change Science Program provided an update to
the 2003 Strategic Plan for the Climate Change Science Program to take into account the advances in the
science and changes in societal needs, draw on the program’s long range planning process, and comply
with the terms of the 1990 Global Change Research Act (Climate Change Science Program, 2008). That
document highlighted the progress and accomplishments of the carbon cycle research elements over the
previous four years and encouraged the continued development of future plans.

In 2009, the National Research Council published the report Restructuring Federal Climate Research to
Meet the Challenges of Climate Change (NRC, 2009). This report describes a new framework for
generating the scientific-socioeconomic knowledge needed to understand and respond to climate change.
It identified six priorities for a restructured U.S. Global Change Research Program (USGCRP) that would
help develop a more robust knowledge-base and support informed decisions. The document
recommended reorganizing the USGCRP around integrated scientific-societal issues; establishing a U.S.
climate observing system; supporting a new generation of coupled Earth System Models; strengthening
research on adaptation, mitigation, and vulnerability; initiating a national assessment of the risks and costs
of climate change impacts and options to respond; and coordinating federal efforts to provide climate
information, tools, and forecasts routinely to decision makers.

In 2009, the NRC also published the report Informing Decisions in a Changing Climate (NRC 2009).
This report examines the growing need for climate-related decision support, that is, organized efforts to
produce, disseminate, and facilitate the use of data and information in order to improve the quality and
efficacy of climate-related decisions.

In August of 2009, a group of prominent U.S. scientists concerned about climate change and the global
carbon cycle wrote an article in the American Geophysical Union newsletter EQS, entitled Carbon cycle
observations: Gaps threaten climate mitigation strategies (Birdsey et al., 2009). The article appealed for
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robust and sustained carbon cycle observations. They noted that “key elements of a national
observational network are lacking or at risk” and strongly urged a coordinated system of observations that
includes satellites, such as Landsat, MODIS, and SeaWiFS (as examples of key carbon-cycle tools
vulnerable to loss), in situ observations, and direct atmospheric measurements to meet the needs of
scientific understanding and mitigation policies.

Another U.S. Global Change Research Program report published in 2009, Global Climate Change
Impacts in the United States (U.S.G.C.R.P. 2009), summarized the science and the impacts of climate
change on the United States from 2009 and into the future. It was written to inform public and private
decision making at all levels. It focuses on climate change impacts in different regions of the U.S. and on
various aspects of society and the economy, such as energy, water, agriculture, and health. The report also
highlights the choices we face in response to human-induced climate change.

In 2010, a suite of studies under an umbrella entitled America’s Climate Choices was requested by
Congress to examine the status of the nation’s climate change research efforts and recommend steps to
improve and expand current understanding (NRC, 2010a,b, c). The first report, Advancing the Science of
Climate Change (NRC, 2010a), provides a compelling case that climate change is occurring and is caused
largely by human activities, and that these conclusions are based on a strong, credible body of evidence.
The second report, Limiting the Magnitude of Future Climate Change (NRC, 2010b), states that
substantially reducing greenhouse gas emissions will require prompt and sustained efforts to promote
major technological and behavioral changes. The third report, Adapting to the Impacts of Climate Change
(NRC, 2010c), calls for a national adaptation strategy to support and coordinate decentralized efforts.
Reducing vulnerabilities to impacts of climate change that the nation cannot, or does not, avoid is a highly
desirable strategy to manage and minimize the risks.

Finally, in 2010, the NRC also published a report entitled Ocean Acidification: A National Strategy to
Meet the Challenges of a Changing Ocean (NRC 2010d). This document reviews the recent legislation
regarding ocean acidification, examines the current state of knowledge and identifies key gaps in
information needed to help federal agencies develop a program to improve understanding and address the
consequences of ocean acidification.

All of these many documents, as well as numerous meetings with the carbon cycle community, provided
important guidance in developing this new Plan. The input highlighted the need for sustaining the
activities outlined in the 1999 carbon cycle plan but also provided motivation for the new components of
our plan we describe below.

2.4 Successes and remaining challenges

Research pursued under the guidance of the 1999 Science Plan has: 1) established a consensus that there
is a large Northern Hemisphere terrestrial sink, but that we do not entirely understand where it is or the
mechanisms controlling its variability, 2) recognized that the oceans are a major carbon sink, but the
annual growth in the ocean sink is not able to keep up with the growth in annual CO, emissions, 3)
acknowledged that we need to understand land use history in order to determine the present and future
carbon budget, and 4) affirmed that we need to improve projections of the future behavior of the global
carbon cycle.

Many of the research goals in the 1999 Science Plan remain important for the coming decade. New
research thrusts are also needed, however, that we describe in more detail below. These thrusts include a
need to evaluate uncertainties in the mechanisms controlling the carbon cycle, to understand the role of
humans as agents and potential managers of change, to understand direct impacts of CO, on ecosystems,
to better assess the uncertainties associated with elements of the carbon cycle, and to coordinate
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328  researchers from different scientific disciplines to address societal concerns. By sustaining research
329  efforts from the last decade with new priorities for the next, we will make progress in the basic sciences
330  and provide stronger scientific input to decision makers for carbon-cycle management decisions.
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CHAPTER 3: Fundamental Science Questions

Research on the global carbon cycle needs to improve basic understanding of the human environment and
to address the fundamental questions that confront public and private decision makers. Any new research
agenda should be guided by the need to provide the science for making important decisions now, to
anticipate the science needs for future decisions, and to address shortcomings in human understanding of
our physical environment. As changes to the global carbon cycle continue to alter the atmospheric,
terrestrial, and oceanic processes, carbon-cycle research needs to address the impact that humans are
having on the environment and the effects that efforts to mitigate this impact will have now and in the
future.

Given the background and history provided in Chapters 1 and 2, we define three overarching questions
that guide the new U.S. Carbon Cycle Science Plan:

Question 1. How do natural processes and human actions affect the carbon cycle on land, in the
atmosphere, and in the oceans?

Question 2. How do policy and management decisions affect the levels of the primary carbon-
containing gases, carbon dioxide and methane, in the atmosphere?

Question 3. How are ecosystems, species, and natural resources impacted by increasing greenhouse
gas concentrations, the associated changes in climate, and by carbon management decisions?

3.1 Q1: How do natural processes and human actions affect the carbon cycle on
land, in the atmosphere, and in the oceans?

This question supports an expansion of the process-oriented and diagnostic studies of air, land, and water
that have been part of U.S. carbon cycle science for more than a decade. It also focuses increased
attention on the effect of human actions on the carbon cycle, including new studies to address the
socioeconomic processes controlling anthropogenic carbon emissions.

A process-level understanding of the carbon cycle is needed to understand and anticipate variability in
CO; fluxes and atmospheric CO, concentration measurements and to develop credible projections of the
future carbon cycle. Addressing these needs is critical for predicting future changes in climate as
atmospheric concentrations of greenhouse gases are the primary driver of climate change. Significant
progress has been made on developing global and regional carbon budgets over the last decade but many
fundamental science questions remain. Furthermore, our understanding is insufficient for making
accurate projections of the future carbon balance of the Earth. Particularly important for the coming
decade are an improved understanding of thresholds and tipping points in the Earth’s carbon cycle;
increased studies of dynamic regions such as the tropics and boreal zones on land and the high latitudes
and coastal regions in the oceans; and an improved understanding of the processes governing human
impacts, such as disturbance of terrestrial ecosystems, on the Earth’s carbon cycle.

The research needed to answer this question explicitly includes the role of humans in the Earth’s carbon
cycle. Direct emissions of carbon to the atmosphere from the burning of fossil fuels, land-use change,
and disturbance are the dominant perturbations to the carbon cycle today and will continue to be so in the
coming decades. The economic, political, cultural, ethical, and behavioral processes governing
anthropogenic carbon emissions are an essential element of this U.S. Carbon Cycle Science Plan. This
challenging research area is rich in fundamental science questions and critical to the management and
policy decisions of the coming decades.
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Along with its increased focus on the effects of human actions on the global carbon cycle, the first
question highlights some additional research priorities. Our plan reinforces the need for enhanced
natural-science research of the carbon cycle, but it also calls for a broadening of carbon-cycle research to
include social scientists and other researchers who can address the human dimensions of the carbon cycle.
Finally, it also proposes the development of integrated research programs where natural and social
scientists collaborate on carbon-cycle research.

3.2 Q2: How do policy and management decisions affect the levels of the primary
carbon-containing gases, carbon dioxide and methane, in the atmosphere?

This second overriding question seeks to understand how policy decisions and management choices -
intentional or otherwise - alter atmospheric CO, and CH,4 concentrations, and, consequently, the Earth’s
climate and ecosystems. Examples of such decisions include the balance of renewable and fossil fuels for
energy production, the use of land and ocean systems for carbon sequestration, and the production of
biofuels. The rate and magnitude of changes in the carbon cycle today reflect dramatic, if sometimes
unintentional, management choices made over the last two centuries. The impacts of increasing CO, and
CH, emissions on Earth are substantial and, to reduce them, will require policy and management choices
that are both scientifically, economically, and ethically sound, and politically and technically feasible.

Policy choices and carbon-management incentives should ideally reduce atmospheric concentrations of
CO, and CH,4 while minimizing the risks of undesired side effects on the Earth’s ecosystems, resources,
and people. Effective decisions, however, are hampered by limited understanding of the impact of these
decisions on people and the environment, the effectiveness at reducing greenhouse-gas concentrations,
and the likelihood of side effects. Scientists need to provide a quantitative and credible understanding of
the impact of different policy decisions and management choices.

3.3 Q3: How are ecosystems, species, and natural resources impacted by
increasing greenhouse gas concentrations, the associated changes in climate,
and by carbon management decisions?

Increasing atmospheric concentrations of CO, and CH, are fundamentally altering marine and terrestrial
systems and could compromise the rich diversity and diverse services these ecosystems provide. The
impacts of increased greenhouse-gas concentrations on ecosystems go well beyond changes in carbon
storage, which is the focus of Question 1. For instance, increasing negative impacts on ocean biota and
marine resources are anticipated in the coming decades as a result of rising CO, and ocean acidification
(Doney, 2009). This concern about ocean acidification has emerged from fundamental research, and is
now recognized as an important global carbon-cycle management issue. Increased atmospheric CO,
concentrations in terrestrial ecosystems can alter the competitive balance among plant species through
their stimulation of photosynthesis (Gill et al. 2002, Kérner 2009). They can also contribute to large-
scale changes in terrestrial ecosystem structure. On land and in the oceans, the direct impact of increasing
atmospheric concentrations of CO, and CH, on species and ecosystems is a critical area for increased
research.

It is difficult and probably ill-advised to decouple research on the direct effects of atmospheric CO, and
CH, on ecosystems from the impacts of climate change caused by greenhouse gases on the same systems.
Although research on the impacts of climate on ecosystems goes beyond the bounds of this Plan, we
explicitly call for research that considers the combination of the factors in Question 3, given that
ecosystems respond to the combined stresses of changes in climate and changes in atmospheric
composition and also alter atmospheric composition and climate. Furthermore, many approaches for
managing the carbon cycle, such as biological carbon sequestration, will have direct impacts on
ecosystems.
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Changes in the carbon cycle affect many ecosystem and natural-resource parameters. To fully address
these questions, the carbon cycle science research community must be linked actively with the climate
and ecosystems research communities. These connections will lead to a more holistic research program
that considers a suite of environmental parameters, including: biodiversity and ecosystem health, water
resources, disturbance, non-carbon greenhouse gases, resource economics, human health, and physical
climate issues. Basic research on such environmental parameters is beyond the scope of a carbon-cycle
plan. Nevertheless, new carbon-cycle research is vital to understand how ecosystems, species, and natural
resources will be impacted by increasing greenhouse gas concentrations, climate change, and carbon
management, and will in turn impact those factors reciprocally.

3.4 The critical role of observations

The field of carbon cycle science depends on well-designed, well-executed, and carefully maintained
observations. Carbon cycle science cannot exist in the absence of these critical data. In support of all the
research goals articulated in this plan, we need an optimally designed and integrated, long-term data
collection and sustained observing system. A well-designed and maintained carbon cycle observing
system will capture the atmospheric, oceanic, biologic, demographic, and socioeconomic data needed to
establish baselines, evaluate change, understand processes, and evaluate mitigation activity (e.g.,
Houghton 2007). Data needs range from those of short-term experimental programs to commitments for
long-term observations. These data are critical for tracking the global carbon system and providing a
record of the variability in the major pools of carbon and their controlling processes. In addition,
however, it is only through the availability of such sustained observations that we can evaluate models
that attempt to diagnose carbon fluxes, attribute their variability to underlying processes, and predict their
behavior as the climate system changes. Therefore, observations are central not only to providing a
record of the past and current behavior of the carbon system, but also to predicting its future.

The 1999 U.S. Carbon Cycle Science Plan emphasized the establishment of atmospheric, terrestrial, and
marine observational networks and experimental manipulations. These objectives of the 1999 Plan have
been only partially achieved. Observational systems have been established and some networks have
emerged, but the networks have not always been developed and maintained in a thoughtful, coordinated
fashion; their long-term continuity has not always been ensured; the density of observations is highly
irregular globally; and the types of observations collected are incomplete. The community has not
focused, for example, on the continuity of observing systems or the observational needs outside of the
physical sciences. Many manipulative experiments have been conducted but great uncertainty remains
for the adequate number, type, location, and longevity of experiments that are needed to satisfy the
science questions articulated in the 1999 Science Plan. In general, the U.S. research community has
excelled at developing and testing innovative observational and experimental methods but has had more
limited success transforming those observations and experiments that prove successful into sustained,
long-term networks and facilities. The focus on innovation must be maintained and our ability to expand
long-term observations and to maintain proven, essential data sources must be strengthened.

How to design effective experiments (where “experiment” here is meant in the broad sense of carbon
cycle studies and observations, not strictly manipulative experiments) is a critical issue that must be
addressed in the coming decade. The U.S. research community should focus more research on network
and experimental design, with the design criteria emerging from a proper balance of basic science as well
as carbon and climate management decision support needs (see Question 2 above). Further, the research
community needs new financial models to support critical long-term observational and experimental
elements. Although there has been some attempt to coordinate projects by agencies and through the
national programs, a coherent, global-scale carbon cycle plan for sustained observations of critical
variables cannot be accomplished effectively in 3-to-5 year funding increments. The model of short-
term, single-investigator research projects is an excellent means of encouraging innovation but is not an
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effective way to maintain climate-scale observations that are essential for understanding the carbon cycle
and for creating a global-scale carbon-cycle observing system. International collaborations in the design,
coordination, funding, and maintenance of observational systems are another critical opportunity for
enhancing carbon cycle science. Long-term networks and facilities, in addition, must not be static;
network and experimental design research must be ongoing and our long-term observing and
experimental systems must be periodically revised and updated to reflect new knowledge and needs.

A detailed listing of observational and experimental needs is beyond the scope of this chapter. However,
Birdsey et al. (2009) have discussed many pressing observational issues facing the carbon-cycle science
community today. For example, satellite observations of the land and oceans are a fundamental tool for
carbon cycle research but the continuity and quality of these observations is threatened. Multiple means
of observations and experiments from multiple U.S. agencies are essential, and both cross-agency and
international cooperation and coordination will be critical to the success of carbon cycle science in the
coming decade.

Data management and open data access must also be high priorities of a successful observing network in
the coming decade. Unlike weather data, which tend to become less valuable with time, carbon and
climate data tend to become more valuable. The archiving, management, documentation, and access to
data in consistent, compatible, and easily accessible formats need to be carefully planned and thoughtfully
implemented. Advances in data management and data analysis technology must be integrated into carbon
cycle science. Data that are not available to the broad research community, or that do not include
documentation sufficient to make these data interpretable, do not fully serve the global community. The
U.S. research community must put the highest priority on open access to its data and must expect the
same of international partners in this endeavor.

3.5 Dealing with uncertainty

In trying to balance the global carbon cycle and gain a process-level understanding of its components, it is
important to evaluate, understand, and deal with the uncertainty that arises through measurements,
models, analyses, and projections. As carbon cycle science moves into the public consciousness and
stimulates political and economic decisions, knowledge of uncertainty is increasingly important to convey
and address. Public opinion polls reveal confusion about the existence of anthropogenic climate change
and a lack of common understanding. The complexity of the global carbon cycle dictates that few
scientists will be expert in the full range of enquiries (e.g., Donner et al. 2009). This emphasizes the
importance of clearly conveying what is known and the certainty attached to that information.

Dealing with uncertainty requires the tools to quantify the full uncertainty associated with observations
and model estimates. Currently, uncertainties are sometimes reported in studies but these “uncertainties”
really represent the sensitivity of the results to a small number of factors. In the coming decade, an
emphasis needs to be placed on full uncertainty accounting so that the scientific community can express
confidence that the correct value (whether it be an estimate of a carbon flux for a given region, the
relationship between a climatic factor and ecosystem behavior, or any other aspect of the work outlined in
the Plan) lies within the reported uncertainty bounds with an identifiable level of confidence. In many
cases there is still a need to reduce uncertainty through targeted research, but in other cases it may be
sufficient to simply be clear about the uncertainty of the information that we do have. We need to ask
about the social utility of reducing uncertainty and the cost of doing so. Decision analysis requires good
estimates of uncertainty and this is different than the desire to reduce uncertainty (e.g. Enting, 2008). Risk
analysis involves both the likelihood and possible consequences of events. We need to improve
predictive skill.
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Characterization of uncertainty can be improved through additional observations or through modeling. In
models there is both parameter uncertainty and uncertainty in model structure (i.e., the conceptual model),
and inter-model comparisons can be useful in helping to understand uncertainty. As approached in recent
IPCC publications, uncertainty can be conveyed as quantified measures expressed in probabilistic terms
or as qualitative statements of the level of confidence based on the type, amount, quality and consistency
of evidence.

It is beyond the scope of this document to define exactly how uncertainty should be quantified and
clarified with the implementation of the Plan. There have been many documents published on the subject
(e.g. Enting, 2008: Donner et al., 2009; Morgan et al., 2009). However, the U.S. community must work
toward a more standardized approach for assessing uncertainty and improve its ability to clearly
communicate these assessments to a broad audience as carbon cycle research becomes more accessible to
policy makers and the general public.
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CHAPTER 4: Science Plan Goals

The 1999 U.S. Carbon Cycle Science Plan (Sarmiento and Wofsy, 1999) provided a strong baseline from
which the new Plan was developed. Many of the components of that initial plan remain important and
need to continue. Given progress since the 1999 Science Plan and newer research challenges that have
arisen, however, we propose several new directions for the coming decade. One area of emphasis is to
devote more attention to human aspects of the carbon cycle, including the influences of social, political,
and economic processes. Although human dimensions were mentioned in the 1999 Science Plan, the
social and natural science components of carbon cycle research have not been well integrated. Another
new component is to study the direct effects of increased CO, on ecosystems. The 1999 Science Plan
focused primarily on carbon accounting. It did not adequately address issues, such as ocean acidification
and restructuring of terrestrial ecosystems, which can have a dramatic impact on biodiversity and human
food supply, independent of climate change. A third new direction is to expand the carbon science
program to include research that is more responsive to decision support. In particular, scientists need to
understand the effectiveness of potential carbon-management strategies (and inadvertent management
strategies) to inform decision makers of the full consequences of such management. Recognizing that
public policy and human actions are being motivated by concerns about global climate change, we also
need to make a greater effort to understand and convey the uncertainty associated with our knowledge of
the carbon cycle.

These new directions are reflected in the fundamental science questions described in the previous chapter.
The science questions provide basic principles for guiding carbon cycle research but are unlikely to be
answered completely in the next decade. To make progress in answering the questions and to provide
guidance for human actions, we have outlined six science goals that should be addressed over the next
decade, with proper funding and collaboration. These goals are listed here, together with references to the
overriding questions they are primarily designed to address in parentheses:

Goal 1. Provide clear and timely explanation of past and current variations observed in atmospheric
CO; and CH, - and the uncertainties surrounding them. (Q1, Q2)

Goal 2. Understand and quantify the socio-economic drivers of carbon emissions, and develop
transparent methods to monitor and verify those emissions. (Q1, Q2)

Goal 3. Determine and evaluate the vulnerability of carbon stocks and flows to future climate change
and human activities, emphasizing potential positive feedbacks to sources or sinks that make climate
stabilization more critical or more difficult. (Q1, Q2, Q3)

Goal 4. Predict how ecosystems, biodiversity, and natural resources will change under different CO,
and climate change scenarios. (Q3)

Goal 5. Determine the likelihood of success and the potential for unintended consequences of
carbon-management pathways that might be undertaken to achieve a low carbon future. (Q1, Q2, Q3)

Goal 6. Address decision-maker needs for current and future carbon-cycle information and provide
data and projections that are relevant, credible, and legitimate for their decisions. (Q1, Q2, Q3)

One concern when dealing with a broad and multidisciplinary problem such as the global carbon cycle is
the need to draw boundaries for the plan, especially because no research plan can address all facets of the
problem. While the boundaries that we describe are not perfectly sharp, the motivation and scientific
directions envisioned for each goal are further developed in the following sections.
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4.1 Goal 1: Provide clear and timely explanation of past and current variations
observed in atmospheric CO, and CH, - and the uncertainties surrounding them

Do we understand the processes behind observed changes in the atmospheric concentrations of CO, and
CH,4? Are these concentrations changing in predictable ways in response to our mitigation initiatives?
The scientific community needs to be able to provide to the broader public a clear and timely explanation
of past and current variations observed in atmospheric CO, and CHy, as well as the uncertainties
surrounding these explanations. We note that “timely” is an important part of this goal; to serve public
policy needs, atmospheric observations are needed in close to real time. To address this goal, we need to
develop the capability to estimate variability in carbon sources and sinks as well as the processes
controlling that variability.

4.1.1 Motivation

Understanding historical and contemporary variations in the carbon cycle is vital for science and society.
Modern variability of trace gas distributions from the global observational network provides a direct
record of anthropogenic influence on the chemical composition of the atmosphere, ocean, and biosphere,
while also demonstrating the potential of natural phenomena such as El Nifio and droughts to impact the
current and future climate. Contemporary observational efforts, process studies (including experimental
manipulations) and modeling are required for verifying surface flux estimates, including those of fossil
fuel emissions, terrestrial biosphere uptake, biomass burning and land-use change and management, and
the global ocean sink. Process-based understanding also makes it possible to predict future variations in
the efficacy of natural terrestrial and oceanic carbon sinks. Where atmospheric increases are tied to
human activities, it is important to understand the link between human activities and atmospheric
concentrations and that purposeful management is having the expected outcome. Finally, sustained
observations and modeling efforts provide an early warning capability for detecting possible changes,
such as methane release from Arctic tundra or other unanticipated effects.

4.1.2 Progress over the last decade

Contemporary records of atmospheric and marine chemical composition have proven vital for verifying
human impact on the Earth system. Of these, the steadily increasing concentration of CO; in the
atmosphere revealed by the Mauna Loa Keeling curve is perhaps the most well-known and clearest
evidence of anthropogenic change. Records such as these have been used to infer the importance of the
land biosphere and the ocean in modulating atmospheric CO,, including showing that the atmosphere has
historically retained only about half of anthropogenic CO; inputs, that the ocean has switched from a net
source of CO; in preindustrial times to a net sink absorbing 25-30% of the annual anthropogenic CO,
emissions, and that the terrestrial biosphere of the northern extra-tropics currently represents a significant
carbon sink. They have revealed the importance of the terrestrial biosphere in influencing atmospheric
composition, and they have also similarly shown that large-scale climate modes (e.g. El Nifio),
volcanically-injected aerosols, and regional-scale precipitation and temperature anomalies can all leave
detectable fingerprints on terrestrial carbon cycling. In the ocean, large-scale carbon surveys, time-series
stations, and observations from instruments placed on commercial ships have shown that CO,
concentrations in the surface ocean are increasing at about the same rate as in the atmosphere, but large
scale circulation patterns are limiting the rate at which that CO, is moved into the ocean interior.
Observed heterogeneity in the regional spatial pattern of rising ocean pCO,, however, indicates changing
physical and biogeochemical processes, suggesting that these changes may cause future ocean uptake of
CO, to depart from its historical trend. Understanding the nature of these changes is critical for future
development of ocean carbon-cycle models and thus for making accurate predictions of feedbacks that
may alter the ocean’s uptake of CO,. Ocean observations have also demonstrated that ocean carbon
uptake is strongly influenced by climate variability over a range of time scales as well as long-term trends
in changing ocean chemistry.
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4.1.3 Major uncertainties

Significant uncertainties remain about what processes cause the observed changes in the atmospheric and
oceanic composition of CO, and CH,. For instance, we cannot reliably quantify the relative importance
of CO, fertilization and land-use changes for the terrestrial carbon sink in the northern hemisphere.
Observations from repeat hydrographic surveys and process studies have revealed variability in the ocean
interior that challenges our understanding of ocean circulation and biology. The connections between the
land, ocean, and atmosphere in coastal zones are still poorly understood. Providing timely explanations
of observed variations, with robust attribution to natural and anthropogenic causes, as well as
communicating that understanding to decision makers and the general public, are thus important goals of
the current plan.

4.1.4 Scientific directions
Establish a continuity plan and continue expansion of carbon observing networks

The ability to explain variations in atmospheric greenhouse gas concentrations is predicated on the ability
to resolve the spatial and temporal gradients of the gases. Three- to five-year funding cycles typical of
scientific investments are inadequate for capturing the long time scales and large spatial scales needed for
observing trends in greenhouse gas dynamics. In order to achieve Goal 1 outlined above, the research
community must establish an alternate model for supporting long-term observations.

In addition, current carbon observation networks have been unable to resolve competing processes and
their net impact on atmospheric CO, and CH, concentrations. Filling this gap will require a systematic
and coordinated expansion of global carbon observations. This expansion will inevitably involve in situ
atmospheric concentration measurements, as well as an expanded array of greenhouse-gas observing
capabilities from space. It should also involve additional in situ observations on land and in the ocean to
better characterize the processes controlling carbon exchanges with the atmosphere and to help reconcile
the differences between bottom-up and top-down flux estimates. Several of these efforts are already
under way, including the continuing expansion of the NOAA ESRL Cooperative Air Sampling Network,
the ongoing development of space-based missions such as OCO-2 and ASCENDS, the growth of the
AmeriFlux network and NOAA'’s ocean carbon observing network. To ensure that this expansion is both
sustainable and optimal, however, the carbon cycle science community must establish unprecedented
coordination, both internationally and domestically, among U.S.-based federal agencies in identifying the
best set of activities aimed at ensuring sustained observations to answer key questions of carbon cycle
science.

Conduct manipulative experiments to provide mechanistic understanding of responses and
feedbacks to changing greenhouse gas concentrations and climate

Biologic systems are subjected to a variety of interacting stresses, and controlled experiments often
provide the best way to identify how these stresses operate alone and together. For instance, experiments
on the role of changes in atmospheric chemistry, temperature, precipitation, and pathogens on ecosystems
provide the basis for modeling anticipated environmental changes.

Ongoing changes in the physical and chemical environment of the ocean are altering both the biological
pump and the solubility pump in ways that can be described qualitatively but which cannot be coded in
models because of insufficient understanding of the sensitivity of key processes to ongoing changes.
These sensitivity factors must be constrained quantitatively before models can be used to make
meaningful predictions of future ocean uptake of CO..

Ongoing changes in ocean stratification, winds, sources of micronutrients, acidification, supply of mineral
ballast, land-ocean exchange, carbon and nutrient ratios of sinking organic matter etc., are all affecting
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ocean biogeochemical cycles and marine ecosystems. Perturbation of ecosystems, in turn, impacts the
efficiency of the ocean’s biological pump, both through altered nutrient utilization efficiency and in
changes in the transmission of sinking organic material through the mesopelagic zone. These are critical
uncertainties that must be examined through a combination of sustained observations and process studies.

Develop models capable of constraining process-based understanding of carbon flux variability

Whereas much effort over the past decade has focused on quantifying sources and sinks of CO, and CH,
at increasingly fine spatial and temporal scales (i.e. diagnosing the variability in the carbon cycle), efforts
at attributing this variability to underlying biogeochemical and socio-economic processes is still in its
early stages. Therefore, an achievable result for the upcoming decade is to develop models capable of
constraining the process-based understanding of observed variability.

Such improved models must not come at the expense of continuing efforts at quantifying the fluxes.
Whereas the net global carbon flux can be quantified very precisely using even the current observational
network, and while fluxes at sub-kilometer scales can be measured more directly, the discrepancy in
reported fluxes at regional and smaller intermediate scales is still very large. These discrepancies include
high uncertainty for issues as simple as separating the net oceanic and terrestrial fluxes, as well as
disentangling biospheric from anthropogenic terrestrial fluxes.

4.1.5 Related Issues

This goal requires involvement of research on the human dimensions of the carbon cycle, because
understanding the economic and policy effects on anthropogenic emissions and sequestration efforts is
essential for understanding variations in atmospheric CO, and CH,. In efforts to mitigate increases in
atmospheric greenhouse gases, a process-based understanding is essential for how human activities
impact greenhouse gas emissions and for verifying that atmospheric concentrations are in fact exhibiting
the expected outcomes. Motivating human mitigation activities could be very difficult without a
compelling attribution of consequences. In addition, achieving this goal will require close collaboration
with many global observational efforts related to the carbon cycle. Measurements of trace-gas
concentrations will remain crucial to verifying bottom-up estimates of fossil fuel emissions and land-use
change, and may also be called upon to evaluate the efficiency of sequestration and other carbon
management strategies.

To make the research developed in Question 1 accessible to public and private decision makers, carbon
cycle scientists will need to develop more meaningful carbon system metrics that can be explained to the
broader public and tracked through time. New advances in understanding will need to be captured from
the scientific literature and made accessible to the broader climate change community. In this vein, we
recommend and anticipate an increasing emphasis on integrating scientific understanding of the carbon
cycle, as well as observations and model predictions, into integrated assessment models and other
research tools used to evaluate and guide policy choices.

4.2 Goal 2: Understand and quantify the socio-economic drivers of carbon
emissions, and develop transparent methods to monitor and verify those
emissions. (Q1, Q2)

This goal seeks to derive process-level understanding of the human factors that determine carbon
emissions from energy use, industrial activity, and land use. In particular, there is a strong need to
characterize and understand the relative importance of key drivers of emissions regionally and over
different temporal and spatial scales. It is equally important to improve our understanding of how policies
may affect drivers. This improved understanding will enable better projections of future emissions from
specific sources, including the implications of alternative policy scenarios. This research is timely not
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only as an essential component of understanding the evolution of the carbon cycle, but also as an input to
current policy debates regarding the role of reducing emissions from deforestation and degradation
(REDD), the implications of expanded use of agricultural lands for biofuels, and tradeoffs between carbon
and other societal goals such as sustainable livelihoods.

As international and intra-national agreements to limit greenhouse gas emissions emerge, it is equally
important to be able to independently measure, monitor and verify reported emissions. Inventories of
greenhouse gas emissions have traditionally been self-reported by countries, communities, or companies
based on survey data on the activities that generate emissions and coefficients that convert these to
emissions estimates. With international commitments or economic drivers involved, methods and
systems are needed for scientists from all countries to supply independent means for evaluating emissions
and the impact of carbon management strategies. Atmosphere-based measurements, remotely-sensed
observations, evaluation of socio-economic parameters, and other tools need to be developed to provide
confirmation and confidence in mitigation commitments. This effort cannot be seen as the US checking
up on the rest of the world so supporting international workshops and hosting visiting scientists
from developing nations will be important ways to increase understanding and mutual respect in
this area. The institutions and infrastructure for monitoring and verification must come from the
international political process, but the tools and methods need to be developed by science.

4.2.1 Motivation

Human activity is now the dominant factor driving changes in the carbon cycle, and its impact is expected
to grow throughout the 21 century. Understanding future changes in the carbon cycle must therefore
include the study of the key drivers of emissions from human activity, whether from energy use, industry,
or land use. Providing relevant information to policy makers on the carbon cycle must also include
information on key human processes and drivers, as the effectiveness of many policies will depend on
how human activities interact with these drivers. The effectiveness of policies will also depend on
confidence that others are doing their agreed share. Although much can be done with self-reported
emissions inventories and easily implemented improvements in those inventories, independent methods
are sorely needed to improve and support self-reported estimates of emissions. One important role of the
carbon-cycle science community is to develop tools, observations, and models that can be used to
evaluate emissions, but, importantly, not necessarily to monitor and verify emissions directly in support
of every carbon management policy.

4.2.2 Progress over the last decade

Research over the past decade have led to significant advances in understanding factors affecting
anthropogenic carbon emissions, including the role of land use-change, changes in consumption patterns,
and urban development. A growing number of economic and technological analyses of carbon
management and conservation strategies have also been aimed at limiting anthropogenic emissions. These
efforts have been conducted by various research communities, including those who study land use and
cover change (i.e., LUCC and Global Land Projects), urban form and metabolism (i.e., Urban and Global
Environmental Change (UGEC)), technological development, energy resources, and integrated
assessment modeling. There has also been an emerging body of work on cities, behavior change, and
willingness to pay for carbon offsets or to change various types of behavior in response to climate change.
While much of this work has taken place outside the carbon-cycle science community as traditionally
defined, tremendous opportunity exists to link to, and enlarge, the scope of research on drivers affecting
emissions and carbon uptake.

Through efforts of the Intergovernmental Panel on Climate Change and other groups, marked
improvement have been seen over the last 15 years in standardized methods and implementation for
greenhouse gas emissions inventories. Current best practice in developed countries is able to produce
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reasonably accurate estimates of emissions (NRC, 2010a) of CO,, and yet there is little data that is
internationally independent and transparent for extending the inventories to all countries and supporting
confidence in mitigation agreements. Land and space based approaches to support inventories or to
falsify some inventory components need to be explored, and evaluation and modeling of related
demographic and economic data are needed.

4.2.3 Major uncertainties

Though we have greatly improved our basic understanding of socio-economic drivers of anthropogenic
emissions and carbon use, many uncertainties remain. For example, there is still significant uncertainty in
current emissions, particularly from land use and for anthropogenic emissions regionally. Likewise,
uncertainty in how emissions may evolve over the next few decades has received little attention, despite
the fact that, given the long lifetime of carbon in the atmosphere, short- to medium-term emissions trends
have significant consequences for atmospheric concentrations later in the century. In terms of a process-
level understanding of drivers, advances have been made in particular sectors, such as energy analysis,
land use change studies, urban footprint analysis, and international trade. A high priority now is to
understand interactions among those drivers. An integrated systems understanding of the interactions
among socio-economic, policy, and cultural factors at different spatial and temporal scales will allow
development of more effective mitigation and adaptation strategies. In addition, how socio-economic
drivers of emissions and uptake interact with biophysical components of the carbon cycle is only
beginning to be explored. As a prominent example, a substantial amount of research effort in the carbon-
cycle and climate communities will be based on Representative Concentration Pathways (RCPS)
developed for use in the IPCC assessment process. Development of socio-economic scenarios, including
emissions drivers and their interactions, is at an early stage and will require substantial new research.

Explorations with inverse modeling and preliminary studies of airborne and satellite measurements are
beginning to establish relationships between CO, fluxes and observations of atmospheric concentration.
We do not know with certainty what kind of surface-measurement system and modeling will be required
for useful estimates on the emissions of cities, countries, or regions.

4.2.4 Scientific directions

In defining key scientific directions in the study of the drivers of anthropogenic carbon emissions and
influences on sinks, we draw on a typology that distinguishes direct from indirect drivers (Millennium
Ecosystem Assessment 2003). A driver is any natural or human-induced factor that directly or indirectly
causes a change in anthropogenic emissions or alters carbon sinks. Direct drivers unequivocally influence
emissions or sinks and therefore can usually be unambiguously identified and measured; indirect drivers
operate more diffusely and typically affect emissions or sinks through their effects on direct drivers.

For example, direct drivers of emissions and influences on sinks include:

e The combustion of fossil fuels

e Industrial processes, such as the production of cement that generates greenhouse gases and some
waste management processes

e Land use change that modifies terrestrial carbon sinks

o The purposeful sequestration of CO, in plants, soils, the ocean, or geologic reservoirs

e Processes leading to the emission of nitrogen gases and ozone precursors (which can affect the
size and sign of terrestrial sinks)

Indirect drivers include a wide range of human activities that influence direct drivers and therefore lead to
changes in emissions or the operation of sinks, including the following key categories:
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o Demography (population growth/decline, urbanization, aging, living arrangements)
Economics (economic growth, wealth distribution across countries/sectors/individuals, trade, and
incentives)

e Science and technology (research and development, technology diffusion, and their implications
for energy supply, end use efficiency, agricultural productivity, sequestration methods)

o Legacy effects of land use, such as the time since deforestation or agricultural abandonment,
which influence carbon uptake today
Behavior (lifestyles, culture)

e Institutions (changes in markets, regulatory regimes, property rights)

Furthermore, changes in policy, conditioned by indirect drivers, will have a critical influence on direct
drivers and therefore on emissions and sinks. For example, policies that place a value on carbon, promote
technology development, or use incentives to change behavior, can have a strong influence on fossil fuel
combustions, land use change, and other direct drivers influencing the carbon cycle.

Scientific progress on understanding how human activities influence the carbon cycle, and how these
effects might evolve in the future, requires achieving the following objectives.

Quantify the relative importance of different socio-economic processes and their interactions in
different parts of the world and at different spatial and temporal scales.

Anticipating future carbon emissions and uptake requires understanding which processes are the key
drivers in different places and over diverse timescales. Socio-economic conditions and trends vary
widely in different parts of the world. For example, demographic trends vary within and across nations,
with some populations growing while others decline, and some areas urbanizing more rapidly (Cohen,
2003). Economic growth is proceeding at different rates and levels of energy- and carbon-intensity. Land
use patterns also vary widely with different factors such as agriculture, forestry, international trade, and
demographics playing various roles in different places (Lambin et al., 2001).

Influences on the carbon cycle are driven not by single socio-economic factors but by combinations of
factors acting together. Understanding interactions among drivers is therefore crucial for anticipating
future emissions. For example, we need research to understand relationships between economic
development and demographics; linkages among economic growth, technological change, globalization,
and energy systems; and how different types of policies will influence land-use emissions. Finally, the
relative importance of drivers will differ across spatial and temporal scales. The drivers of emissions at
the level of an individual city, for example, can differ substantially from those driving emissions
nationally, regionally, or globally. In addition, some processes, such as fluctuations in economic growth
rates, may be important over a few years, other processes such as urbanization can be important over
several decades, and still others, such as changes in energy supply technologies, are important over many
decades to a century.

Better quantify the potential range of future emissions from energy and land use

Improving our ability to anticipate the possible future evolution of the carbon cycle will require improved
projections of emissions and of human influences on carbon uptake. However the ultimate goal of such
projections is typically not to predict future conditions precisely, since many uncertainties in complex
socio-economic systems are irreducible, particularly over long time horizons (Taleb, 2007). Rather, the
key goal is to better quantify the uncertainty in projections. In particular, an improved understanding of
the plausible range of future emissions, land use, and disturbance, and influence on sinks, will be
critically important for informing policy and research related to the carbon cycle. Whether short-term
fluctuations in emissions portend longer-term trends in emissions growth remains an open question
(Raupach et al., 2007), and even estimates of current emissions from land use are highly uncertain. How
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rapidly the effect of human activity on the carbon cycle will grow, and how rapidly it may be curtailed,
are critical questions that also require concerted interdisciplinary research. The necessary work will
include drawing on new studies of emissions drivers, improved data on current and past socio-economic
conditions and trends, and improved models of the interactions of socio-economic processes driving
emissions and land use.

Determine how carbon prices and other policies affect socio-economic drivers and emissions

With increasing attention to developing and implementing policies that mitigate human influence on the
carbon cycle, the importance of understanding how policies, particularly those that place an economic
value on carbon, will affect the processes driving emissions is increasingly important. How will different
policies influence the pace and direction of technological change, patterns of land use, and the
consumption choices of individuals? How are changes in indirect drivers likely to influence policy
decisions? How might alternative potential policy goals, including concentration or temperature
stabilization goals, influence the types and timing of policies to be implemented? Progress on this goal
will require concerted efforts to study the economics of carbon, and interdisciplinary research linking
economics, energy systems analysis, land use science, and models of the natural carbon cycle.

Develop the tools, observations, and models needed to quantify and evaluate emissions

Efforts to limit emissions will depend on being able to motivate and measure the success of those efforts
and to instill confidence that objectives and commitments are being met. Gas concentrations, isotope
signatures, trace species, land surface properties, and measures of socioeconomic drivers all provide data
potentially useful for monitoring and verification. Many of these observations are best obtained through a
combination of in situ and remote-sensing observations of atmospheric constituents and Earth surface
properties necessary for assessing carbon stocks and flows. Models need to be developed to accurately
constrain emissions based on the information provided by these various types of measurements.

Systems that are appropriate for cooperative parties or countries and those that might be used for
uncooperative parties need to be considered. International partnerships and collaborations will play a
central role in establishing measurement systems and analyses that provide reliable and transparent
results. The carbon cycle science community is in a unique position to develop the tools, observations,
and models needed to quantify and evaluate emissions. These tools can then be used in support of carbon
management policies. It is important to distinguish, however, the role of the carbon cycle science
community in the scientific development of these tools, and the role of decision and policy makers in
monitoring and verifying emissions and compliance with carbon management strategies.

4.2.5 Related Issues

A large body of research is underway on several aspects of the drivers of emissions and influences on
uptake, including work by research communities in integrated assessment modeling (e.g. US DOE, 2007),
urbanization (e.g. UGEC, 2010), energy systems (e.g. The Global Energy Assessment (I1ASA, 2010)), the
Global Land Project (GLP, 2010)), and the Global Carbon Project (GCP, 2010). However, this work is
not currently being carried out in a coordinated fashion that recognizes and treats socio-economic
processes as an integral component of the broader carbon cycle. Future research would greatly increase
its chances for significant progress in understanding by better coordination across these communities.
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4.3 Goal 3: Determine and evaluate the vulnerability of carbon stocks and flows
to future climate change and human activity, emphasizing potential positive
feedbacks to sources or sinks that make climate stabilization more critical or
more difficult.

All carbon reservoirs and carbon processes are not equally vulnerable to change, resilient to stress,
responsive to management, or susceptible to unintended consequences of management decisions. We
need to be able to identify which carbon pools and flows are most vulnerable and to understand the
physical, chemical and biological processes important in determining the degree of vulnerability of these
pools and flows. We also need to predict the consequences of carbon management and sequestration
schemes on vulnerable pools and to support carbon management goals by prioritizing the most vulnerable
stocks and flows and the resources that are needed to assure the stability of these.

Vulnerability also needs to be understood in terms of direct feedbacks to the climate system because, for
example, changes in the physical and chemical characteristics of the oceans can impact the distribution of
heat and moisture in the Earth system and changes in terrestrial carbon stocks can affect the land surface
energy balance through changes in albedo and latent heat transfer.

4.3.1 Motivation

The carbon cycle will respond to climate change in major ways, but not all carbon reservoirs and carbon
processes are equally vulnerable or resilient to stress. Vulnerable carbon pools may release a large amount
of carbon, providing a positive feedback to climate change. Some changes may also be abrupt or not
easily reversible. Identifying vulnerable carbon stocks and flows, understanding the processes controlling
their behavior, and evaluating the risk and magnitude of significant changes to their net impact on the
carbon cycle is critically important in anticipating the degree of future climate change. We need to
improve our skill and confidence in anticipating hot spots and tipping points of the most vulnerable future
changes. Predicting the likelihood of substantial changes in vulnerable carbon stocks and flow is
necessary for devising strategies for climate mitigation, adaptation and carbon stock management. By far
the largest “active” pools of carbon on Earth are in the ocean and soils. Even if these pools are not
currently considered the most vulnerable, it is important to continue to assess the processes controlling
exchanges with these pools as even a small change in the net balance of exchanges could have a
significant impact over time.

4.3.2 Progress over the last decade

Important progress has been made in identifying some vulnerable carbon pools in recent years, including
carbon sequestered in high-latitude permafrost, carbon sequestered in peatlands in tropical and other
regions, carbon stocks in forests vulnerable to insect pests or wild fires, carbon stored in soils vulnerable
to plowing and decomposition, carbon stored as methane clathrates on land and in the ocean, and carbon
stored in ocean basins that are vulnerable to changes in biology or ocean circulation. Recent estimates
have suggested that very large stores of carbon exist in some of these vulnerable pools, such as permafrost
(Schuur et al. 2008). In the case of permafrost, large quantities of methane could be released if
substantial amounts of permafrost melt as bacteria feed on the ancient carbon and nutrient stores at high
latitudes (Walter et al., 2006). These stores are not well represented in existing models, and theoretical
and modeling studies have suggested a range of possible ecosystem shifts in response to global warming
(Schneider et al., 2007). For instance, vulnerable carbon reservoirs exist in areas such as tropical
rainforests, due to the potential of future drought in the subtropics (Cox et al., 2000), or tropical peatlands,
through draining for land-use change and subsequent carbon loss from fires after drought (Page et al.
2002). Coupled carbon-climate models suggest potentially large climate feedbacks due to changes in
these vulnerable carbon reservoirs, leading directly to accelerated warming.
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The ocean contains more 50 times more carbon than the atmosphere does and will ultimately, over
millennia, absorb most of the fossil carbon released to the atmosphere. Estimates of the current uptake
have greatly improved over the last decade. Although the oceans are not currently considered the most
vulnerable carbon pool over decadal time scales, additional understanding of how future ocean uptake
may change is still needed. However, rapid changes are occurring in some marine systems, such as
carbon storage and fluxes in coastal wetlands and waters (e.g. Cai 2011), coastal hypoxic zones, and the
high latitude ocean margins and basins (e.g. Bates et al., 2009).

4.3.3 Major uncertainties

Uncertainties associated with changes to vulnerable carbon stocks and flows are still large (Schimel et al.
2001, Friedlingstein et al., 2006). Given that approximately half of the carbon released through fossil fuel
burning is currently taken up by sinks on land and in the ocean, predicting the future carbon balance of
these major reservoirs is critically important. There are major gaps in our understanding of how the
carbon cycle responds to climate change. Important processes are affected differently by changes
occurring over diverse time scales, such as short-term climate disturbance versus long-term climate
change. Additionally, human activities and land management can change rapidly through economic
incentives or global trade. Biofuels are an example of how quickly grasslands, croplands, and other
ecosystems can be converted based on policy or economic incentives.

An additional uncertainty is that all vulnerable carbon reservoirs and flows have not been identified or
thoroughly assessed. The processes that control the ways in which these carbon reservoirs on land
respond to changes in temperature, soil moisture and other factors or in the oceans to changes in
carbonate chemistry or the health of marine phytoplankton and surface mixing are generally not well
known. Even for vulnerable stocks that are well known, significant uncertainties remain. For example,
permafrost carbon pools under tundra and on the continental shelves are ancient, and gaps in our
understanding remain for how they were formed and evolved under past changing climate and possibly
human influence. One major challenge is the balance of competing effects and feedbacks that cannot be
assessed without a holistic view. For instance, the potential loss of soil carbon at high latitudes may be
countered by increased vegetation growth, and the net carbon loss or gain may be sensitive to the degree
of warming (Qian et al., 2010).

4.3.4 Scientific directions

Several key research directions have been identified for improving our understanding and for predicting
changes in vulnerable carbon stocks and flows. These key directions include identifying the vulnerable
pools and flows as well as studying and modeling the processes that make them vulnerable and the
potential consequences of this vulnerability.

Identify vulnerable pools and flows and monitor their changes, especially those that may change
more rapidly in the near future.

Some carbon reservoirs and carbon processes are more vulnerable to changes in climate or carbon cycling
than others. Moreover, carbon reservoirs and processes differ in their resilience to stress, responsiveness
to management, and susceptibility to unintended consequences of management decisions. Research needs
to focus on quantifying the known vulnerable pools and flows, tracking changes in their size and rates of
change, and identifying and evaluating any other vulnerable pools or flows. Long-term, sustained
observational networks must include in situ and remote-sensing observations as well as examinations of
historical records.
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Understand the physical, chemical, and biological processes important in determining the
degree of vulnerability of carbon pools and flows, and build such understanding into diagnostic
and mechanistic models.

To anticipate future changes, and to plan for management actions, we need a thorough understanding of
the processes underlying potential changes in vulnerable carbon pools and flows. Controlled experiments
can play an important role in this effort because parameters can be manipulated to represent possible
future carbon and climate scenarios, so that vulnerability under extreme conditions and novel
combinations of environmental factors can be tested. Diagnostic and mechanistic models then become
critical in delineating and quantifying the relative roles of the processes controlling carbon balance in
vulnerable reservoirs. The many processes involved in the carbon cycle demand collaboration and
knowledge from an unprecedented number of traditional fields, and pose a major challenge in the
management of scientific research. We must develop effective new ways to facilitate interdisciplinary
and innovative research to address this need. The links to physical oceanography and surface land energy
balances need particular attention.

Predict the likelihood, timing and extent of potential changes in vulnerable carbon stocks and
flows with numerical models and empirical methods.

Empirical methods are valuable for extending our knowledge of past changes into the future. Numerical
models represent the biological, physical, and chemical processes controlling carbon balance and can be
informed by available observations; they provide a key tool for predicting future changes in a mechanistic
way. Therefore, we need to develop models to represent accurately the past, present, and future behavior
of vulnerable carbon stocks and flows. Model inter-comparisons offer a useful opportunity to integrate
knowledge across modeling platforms. This approach is especially important as vulnerability is often
non-linear, and abrupt changes may not be easily constrained by past short-term observations.

Predict the consequences of carbon management and sequestration schemes on vulnerable
pools; support carbon management goals by helping to prioritize the most vulnerable stocks and
flows that require management and the resources that are needed.

Comprehensive models will also be an essential tool in evaluating carbon management schemes, in order
to avoid unintended consequences of proposed management strategies. Such consequences may be
difficult to anticipate due to the complexity of the carbon cycle, and carbon cycle models offer a tool for
balanced evaluation. An exciting opportunity in using carbon cycle models is to identify the most
vulnerable carbon stocks and flows. Once those vulnerabilities are clearer, we can test management
possibilities and evaluate effectiveness in reducing vulnerability and altering the global carbon budget,
including the resources needed for achieving these management goals.

4.3.5 Related Issues

Vulnerability in terrestrial carbon pools and fluxes is directly related to physical changes in ecosystems
and climate, including changes in water resources, energy, food supply, resource extraction, and
livelihoods. Because abrupt changes in vulnerable carbon pools may be eye-catching, links to the public,
media, and decision makers may be direct and prompt. On the other hand, vulnerability in marine systems
may be more related to water, carbon, and energy flows and will be manifest in quite different ways.
Public perceptions and management decisions need to be informed by process-based understanding and
clear understanding and presentation of uncertainty.
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4.4 Goal 4. Predict how ecosystems, biodiversity, and natural resources will
change under different CO; and climate change scenarios.

Increasing concentrations of atmospheric carbon dioxide and other greenhouse gases have been and will
continue to be a reality for the foreseeable future. The direct effects of elevated greenhouse gas levels,
along with the accompanying changes in climate, are likely to alter ecosystems profoundly on land and in
marine and freshwater environments. The interaction of climate change and the carbon cycle is of primary
importance, and this interaction is discussed in goals 1, 2 and 3, recognizing that the ecosystem effects of
climate change go far beyond the scope of the Carbon Cycle Science Plan. The specific focus of the goal
presented here, therefore, is to focus on the direct impact of increasing atmospheric greenhouse gas
concentrations on ecosystems, beyond their potential role as carbon reservoirs or sinks. Three examples
of such impacts are altered marine ecosystem structure due to ocean acidification, biodiversity impacts on
land, and the potential stimulation of additional CO, on net primary productivity.

4.4.1 Motivation

Atmospheric levels of carbon dioxide and other greenhouse gases are strongly mediated by terrestrial and
aquatic ecosystem processes. Correspondingly, ecosystems are highly sensitive to changes in greenhouse
gas levels, even in the absence of climate change. For instance, rising levels of atmospheric CO, and
other greenhouse gases alter many ecological factors, such as the chemistry of surface waters and the
biodiversity of terrestrial and marine ecosystems. These and other effects have critical implications for
society, including impacts on fisheries and agricultural production. Moreover, understanding these effects
is critical to identifying potential feedbacks and thresholds in the interactions among ecosystems, climate,
and atmospheric chemistry.

4.4.2 Progress over the last decade

Over the past decade, we have come to a better understanding of the profound ecosystem changes that
have occurred with changing greenhouse gas concentrations and other climate-related forcings. Shifts in
ecosystems due to changes in temperature, water availability, increased carbon dioxide levels, and other
factors have altered biodiverwity, ecosystem structure, and associated partitioning of carbon between land
or ocean and the atmosphere (Denman et al., 2007, Field et al. 2007). In terrestrial systems, the range and
phenology of many species are already changing in response to climate change (Root et al., 2004;
Rosenzweig et al., 2008). In many parts of the world, future species composition is expected to differ
substantially from today (Williams et al., 2007).

In coastal and marine ecosystems, rising sea level and intense coastal development have led to widespread
loss of vegetated coastal habitats including mangroves, salt marshes, and seagrasses, negatively impacting
carbon burial capacity and biodiversity (Duarte et al., 2005; Waycott et al., 2009). Alteration of seawater
chemistry from excess CO, has been well documented, and the resultant ocean acidification threatens
coral reef ecosystems and other benthic and pelagic marine food webs, and could diminish both
biodiversity and the effectiveness of ocean carbon sinks (e.g., Riebesell, 2008). Some satellite
observations suggest long term declines in global ocean productivity related to climate (Behrenfeld et al.,
2006) and an expansion of oligotrophic ocean waters presumably related to increasing ocean thermal
stratification (Pdrtner, 2008). A further consequence of the combined effects of rising CO, and ocean
warming is an expansion of ocean dead zones (Brewer and Peltzer, 2009).

4.4.3 Major uncertainties

Major uncertainties remain in our understanding of how marine and terrestrial ecosystems respond to
increasing greenhouse-gas concentrations. Recent findings that ecosystem structure can substantially alter
vertical export of carbon in ocean ecosystems (Buesseler et al., 2007) are not accounted for in current
global models. Furthermore, changing ocean stratification and thermohaline circulation, reduced extent of

Page |26



1043
1044
1045
1046

1047
1048
1049
1050
1051
1052
1053
1054
1055

1056
1057
1058
1059
1060

1061

1062
1063
1064
1065

1066
1067

1068
1069
1070
1071
1072
1073
1074
1075

1076
1077

1078
1079
1080
1081
1082
1083
1084
1085
1086
1087

sea ice, and altered cloud-forming sulfate aerosols can profoundly influence ecosystem structure and
function. Ocean acidification represents an emerging threat to the health of ocean ecosystems and its
effects have only begun to be examined. Non-linear feedbacks and thresholds are critical to understanding
the complex responses of ecosystems and their future role in the carbon cycle.

Considerable uncertainties remain for terrestrial ecosystems. One example is how extensive future plant
growth, through enhancement of photosynthesis, will be with additional CO,. If plants and the soil fail to
take up as much carbon as is currently represented in global models, then hundreds of gigatons of
additional CO, will remain in the Earth’s atmosphere, making the job of atmospheric stabilization even
more difficult than currently assumed. A second uncertainty is how the frequency and extent of regional
disturbances will change in the future. A southwestern United States that is warmer and drier is almost
certain to experience increased fire frequency and severity. A third uncertainty is the extent to which
greater atmospheric CO, concentrations may change the competitive advantage of different species and
change overall diversity.

More extensive study and enhanced measurements of marine and terrestrial ecosystem changes should be
a key element of a comprehensive carbon cycle science strategy. Moreover, because sustaining healthy
and diverse ecosystems is an important means of reducing greenhouse emissions in the face of changing
climatic conditions (Turner et al., 2009), carbon cycle science must address strategies for preserving
critical ecosystems and associated biodiversity.

4.4.4 Scientific directions

A scientific approach to address ecosystem impacts must involve a two-tiered effort that would 1) reduce
uncertainties in understanding of, and ability to predict, ecosystem responses to changes in greenhouse
gas levels and, 2) sustain and enhance capabilities to observe changes in ecosystems as they occur. These
general goals are addressed in more detail below.

Improve understanding of, and ability to predict, responses of ecosystem productivity,
biodiversity, and sustainability to changing levels of carbon dioxide and other greenhouse gases.

Efforts to reduce uncertainties in our understanding of ecosystem impacts will require improved models
supported by in situ and remote-sensing observations, as well as experimental manipulations and process
studies that address changes in ecosystem productivity, biodiversity, and susceptibility to changing levels
of carbon dioxide and other greenhouse gases. Studies should examine the effects of rising CO, as well as
other greenhouse gases on terrestrial ecosystems and possible responses in productivity and community
composition. Additional work should examine ocean ecosystem responses to rising CO, and other gases,
and their associated consequences. These efforts should also include work to examine ecosystem
consequences of carbon sequestration strategies.

Determine the synergistic effects of rising CO, on ecosystems in the presence of altered patterns
of climate and associated changes in weather, hydrology, sea level, and ocean circulation.

Additional efforts will be needed to determine effects of altered patterns of climate on ecosystem
structure and function in terrestrial and marine habitats. Although this broad topic extends well beyond
the scope of this Plan, aspects of this question fit well within the Plan’s purview. Linkages between land
and ocean ecosystems represent an issue that is particularly sensitive to change and has important
significance both for species and for society. These linkages are also only beginning to be examined in
the context of carbon export to the coastal oceans, and the impact of this export on coastal ocean
acidification. Disproportionately large changes are also anticipated for arctic ecosystems; consequently, a
comprehensive science plan should include efforts to characterize ecosystem impacts in these regions, and
the ways in which they feed back to the carbon cycle. Interactions between human society and
ecosystems must also be addressed, as human activities have the potential to profoundly alter ecosystems
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on land and in the water. Of particular importance are ecological and climatic changes in the tropics
where food production and vulnerability to climate change are key concerns.

Enhance capabilities for sustained and integrated observations of ecosystems in support of
scientific research as well as management and decision-making.

Although targeted science goals to reduce uncertainties is important, immediate action is needed to
develop our capabilities to observe ecosystems and provide critical information for scientific research as
well as for environmental managers and decision makers. A comprehensive and integrated system of
observations is essential for providing a baseline of existing conditions and the critical information
needed to track and manage future change. Monitoring terrestrial and marine ecosystems is also a key
component necessary for validating and refining models and identifying non-linear responses and
feedbacks.

Observational infrastructure should include terrestrial and ocean observation platforms, as well as remote-
sensing observations, to provide time-series of environmental conditions and ecosystem properties.
Remote-sensing capabilities must be maintained and enhanced to enable larger scale tracking of changes
in critical ecosystems. Additional technologies, including airborne sensors, unmanned aeronautical
vehicles, long-term field stations, moorings, floats and underwater vehicles, can be used to further expand
observational capabilities. These efforts should be integrated where possible with process studies to
examine in situ responses to changing greenhouse gas concentrations and climatic forcing.

4.45 Related Issues

Because ecosystems play a fundamental role in mediating atmospheric levels of greenhouse gases, this
goal is related to numerous other aspects of this Plan and to many aspects of ecology generally.
Furthermore, an understanding of ecosystem dynamics is needed to develop accurate predictions of future
changes and potential feedbacks and non-linear responses. Finally, the impacts of increasing greenhouse
gases on ecosystem structure and function are inextricably linked both to the capacity of these systems to
sequester carbon, and to impacts with other elements of climate change, including links to hydrology,
land use change, and sea level rise. Whereas impact on carbon fluxes and storage are covered in other
goals of this Plan, the broader set of feedbacks with climate change extend well beyond the scope of this
Plan. Clear collaborations with, and linkages to, other scientific areas within the purview of the U.S.
Global Change Research Program must be reinforced to coordinate research in this critical area.

4.5 Goal 5: Determine the likelihood of success and the potential for unintended
consequences of carbon-management pathways that might be undertaken to
achieve a low carbon future.

As concerns increase over anthropogenic impacts on atmospheric concentrations of greenhouse gases
their impacts on the global carbon cycle, it is critically important to determine the likelihood of success
and the potential for unintended consequences of possible carbon-management pathways to achieve a low
carbon future. This goal aims to understand interlinked natural and managed systems sufficiently for
individuals, corporations, and governments to make rational and well-informed decisions on how best to
manage the global carbon cycle, and especially the anthropogenic impacts on this cycle.

45.1 Motivation

The global carbon cycle is complex and closely linked to the energy, water, and nutrient cycles on Earth
and to demographic and economic systems globally. Efforts to manage the carbon cycle will have broad
environmental and economic impacts. Ethical and equity issues are central to what actions might be

taken, who takes them, and what consequences result. The myriad of interconnected factors affected by
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carbon management strategies must be understood and taken into account to determine the likelihood of
success of alternative carbon management schemes.

In addition, low carbon strategies have the potential to harm local and distant ecosystems and
communities. Issues characterized as “food vs. fuel” or “indirect land-use change” represent the emerging
edge of concern about the impacts of carbon mitigation strategies. Those systems that utilize large land
areas will potentially displace small landholders and sharecroppers through land consolidation to produce
biomass or to harvest solar or wind energy; they will similarly impact the Earth surface energy balance,
biodiversity, and water balance. Proposals to inject carbon dioxide into the deep ocean have been
diverted by concerns about effects on marine ecosystems, and carbon sequestration in the biosphere has
raised questions about changes in albedo. All of these interconnections among environmental and
economic concerns require that we have a clear understanding of the impacts of alternatives, both the
aggregate impacts on the global system and the distribution of these impacts regionally and locally.

4.5.2 Progress over the last decade

Considerable progress has been made over the last decade in determining the net greenhouse gas balance
of some carbon-mitigation activities. For instance, corn-ethanol production has been shown to have a less
positive carbon balance than originally expected by some scientists and policy makers (e.g., Fargione et
al. 2008, Searchinger et al. 2008, Pifieiro et al. 2009). As such, the climate benefits of the 2007 Energy
Independence and Security Act mandating the use of 36 billion gallons of biofuel by year 2022 have been
guestioned. Clear estimates of carbon savings along with the potential consequences of carbon-
sequestration strategies for other greenhouse gases, such as methane and nitrous oxide, water and other
ecosystem services are urgently needed (e.g., Jackson et al. 2005). Many potential decisions have both
positive and negative consequences, and scientists need to provide a comprehensive, quantitative analysis
of the trade-offs of greenhouse gas emissions, other environmental impacts, economic and social impacts,
and the distribution of costs and benefits.

4.5.3 Major uncertainties

Low carbon futures will impact both environmental and economic systems, and we are just beginning to
understand the range and magnitude of the issues. Questions as apparently simple as the trade-offs
between the capital investment in a new car and the savings that will be achieved during operation are
important to confront, in both environmental and economic terms. As low carbon strategies are
implemented, both the environmental and social impacts will be felt in different places and sectors of the
communities undertaking the effort - changes in energy availability and cost; access to various resources
such as land, water, and food production; and livelihoods will be apparent. Not all segments of society
will equally share in the profits and the burden in the shift of employment, economic gains, and
environmental improvements, and these differential costs and benefits are poorly understood. In many
cases we cannot accurately characterize the aggregate costs and benefits, let alone the distribution of those
costs and benefits. For low-carbon strategies that achieve aggregate climate and other environmental
benefits, institutional structures will be needed to motivate adoption and to provide oversight in the
sharing of gains and losses as deployment of the low carbon strategies are carried out. Additional
research is needed into what institutional structures will be most effective in providing motivation,
oversight and verification of carbon management goals.

4.5.4 Scientific directions

As society moves into a phase of active carbon management, several research issues need to be addressed
to determine the efficacy of proposed strategies.
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Develop mechanisms for evaluating, integrating and balancing interconnected and potentially
competing management goals within the context of carbon cycle science

Continuing the biofuels example from above, in the development of a low carbon strategy, there are many
considerations associated with societal goals. These considerations include climate protection, food
security, human-well being, conservation of biodiversity, and maintenance of ecosystem services of land
and ocean domains. Recent concerns have been raised for the potential impacts of bioenergy on socio-
environmental dimensions that would compromise these goals, including enhanced greenhouse gas
emissions and increased nitrogen pollution that could undermine some of the benefits associated with
bioenergy. A critical initial step is to ensure that strategies to reduce greenhouse gas emissions do indeed
reduce greenhouse gas emissions. Whether these are technical strategies like development of cellulosic
ethanol or social strategies like promotion of mass transit, detailed systems analyses are needed to ensure
that the greenhouse gas benefits are real. The challenge in devising any low carbon development strategy
is to collectively achieve multiple goals while recognizing the trade-offs across the suite of benefits and
liabilities that comprise the decision process. Research is needed to identify mechanisms that minimize
the net negative effects across a spectrum of goals. A more integrated approach to evaluating the impact
of these low energy strategies is also needed to better understand the impact these strategies have on the
environment and on socio-economic factors.

Determine the impacts of carbon management and sequestration strategies on sustainability of
ecosystems and ecosystem services, including water resources and biodiversity.

Sustaining healthy and diverse ecosystems is an important means of reducing greenhouse emissions and
maintaining ecosystem resiliency in the face of the changing carbon cycle and climate (Turner et al.,
2009). Carbon-cycle science must address current uncertainties about land and marine management
opportunities to sequester carbon while preserving biodiversity, water resources, and other critical
ecosystem functions. Research is also needed to address the societal benefits of healthy ecosystems as
well as approaches to adjusting societal behavior to promote ecosystem sustainability.

Quantify the net climate effects of carbon-management pathways, including albedo and other
energy-balance components that influence temperature.

Policies are being proposed and implemented to influence carbon-management practices for mitigating
climate change. Such policies rarely acknowledge biophysical factors, such as reflectivity, evaporation,
and surface roughness, even though these factors can alter temperatures as much or more than carbon
sequestration does - reducing or even canceling the benefits of carbon sequestration in some cases
(Jackson et al. 2008). Biophysical interactions should be factored into climate mitigation strategy in at
least two ways—in designing carbon sequestration projects to achieve the greatest climate benefit and in
comparing the costs and benefits of carbon sequestration with those of other mitigation activities (DeFries
et al. 2002, Chapin et al. 2008). Adding biophysical effects into frameworks for evaluating carbon
sequestration programs is a decadal-scale challenge, but formal rules are needed to account for biophysics
in climate policy.

455 Related Issues

Understanding the impacts and benefits of carbon management policies will require linkages far beyond
the traditional boundaries of the carbon-cycle science research community. Research communities
investigating the human dimensions of climate change and carbon policies have been working in parallel
with carbon cycle scientists. This goal, as well as our new Plan, calls for an unprecedented integration of
the work conducted by these two communities.
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4.6 Goal 6: Address decision-maker needs for current and future carbon-cycle
information and provide data and projections that are relevant, credible, and
legitimate for their decisions.

One of the goals of this Program is to support decision-making at many different scales as society
responds to the challenge of climate change. This sixth goal seeks to provide carbon-cycle information
needed by decision makers, understand how decision-making affects the evolution of the carbon cycle,
and determine how information about the carbon cycle can be relevant to policy decisions. As used here,
the term “decision makers” is meant in its broadest sense to include the general public, stakeholders,
policy makers, and many other groups. This goal recognizes the need to be anticipatory. The needs of
decision makers a decade from now will not necessarily be the same as the needs they confront now and a
goal of research needs to be to anticipate and probe so that we are prepared to confront tomorrow’s
guestions.

4.6.1 Motivation

Critical policy and business strategies to address climate change are currently being made, and sound and
understandable carbon science information is needed for these deliberations. In addition, carbon-cycle
science needs to be accessible and understandable to a broad audience, including the general public, to
enable them to participate in decisions that affect carbon management. As carbon policies are advancing
rapidly, in both the private and public sectors, carbon science stands at the threshold of informing
decision-making at many scales. We propose an invigorated, interdisciplinary effort both to understand
these decision-making contexts and to provide the science to aid decision-makers.

4.6.2 Progress over the last decade

Society is moving rapidly in ways that affect the Earth’s carbon balance, including pursuit of renewable
energy, emissions trading policies, means for preserving stocks of carbon in soils and forests, such as the
REDD program, and other policies that may change the composition of energy supply. The last decade
has seen a greater integration of studies linking Earth-system components to assess carbon-cycle
dynamics. For instance, carbon science has been critical for informing international policy positions on
carbon source and sink accounting as well as questions of additionality, permanence, and stabilization
through the IPCC process (e.g. IPCC 2006; Dilling 2007). In the United States, carbon-cycle science has
also supported decision-making on national, state and local levels through individual projects as well as
agency-wide efforts (e.g., the U.S. Forest Service). Although the importance of decision-support in
carbon-cycle science has recognized before (e.g., Sarmiento and Wofsy, 1999; SOCCR 2007), current
circumstances provide a unique opportunity for fulfilling this goal. Both carbon cycle scientists and
decision makers are coming to recognize that decision support is an on-going dialogue and not an
intermitted push or pull of information and research results.

4.6.3 Major uncertainties

Given the societal importance of decarbonizing the economy and preserving terrestrial carbon stores,
there are many decision-making contexts that should be informed by carbon science at appropriate scales.
One example is the set of uncertainties that surround geoengineering, including the net benefits for
climate and the carbon cycle (Shepherd et al. 2009, Jackson and Salzman 2010). Another is the way in
which economic development pathways and mitigation strategies interact with the carbon cycle, including
the consequences of continued ocean acidification on economic productivity, the ways in which the
development of carbon pricing affects energy and sequestration technologies, and issues related to the
ownership and governance of sequestered carbon. The above-cited examples of developing biomass fuels
and REDD are current areas where decision making is stymied by lack of clear analysis and guidance.
Opportunities exist to build ongoing relationships with particular sectors and stakeholders in order to
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understand what carbon science is relevant and useful. Currently, major uncertainties remain for what
types of science are needed to support decision making in a world where carbon emissions will be limited
and this emphasizes the need for an on-going dialogue. It is in this realm too that there is an important
need to be able to understand and convey the source and magnitude of uncertainty in our understanding of
the carbon cycle.

4.6.4 Scientific directions

Characterize the fundamental dynamics of decision making as they affect large-scale trends and
patterns in carbon stocks and flows

Identifying key processes and drivers that control carbon fluxes is central to studying carbon decision-
making dynamics. In land-use decisions, for instance, drivers such as values, climate, global markets,
economic pressures, and opportunities and policies at various scales are all important to decision makers
(Richards et al. 2006). Decisions at various scales can and do intersect, and collectively they often result
in emergent patterns of carbon storage or fluxes, depending on the interactions. In addition, a given
policy direction can have unexpected results depending on the situation and receptivity of individual
decision-makers to the policy, as well as interactions with global markets. In all likelihood, carbon
management as a goal for decision makers will continue to be embedded within the context of multiple,
sometimes competing goals, (Tschakert et al, 2008. Failey and Dilling, 2010).

Systematically address decision-maker needs for carbon-cycle-science information as they begin
to incorporate carbon-related factors into their decision making

Several models exist of communities that have successfully devised approaches for making science
“usable” for decision making. One example in a closely related field is the seasonal to interannual
weather forecasting community. Overall, usable science is “science that is relevant to the decision
context, that is available at the time and geographical scale of interest, and that can make a difference to
the outcome of a decision” (Lemos and Morehouse 2005, Tschakert et al 2008, Dilling and Lemaos, in
revision). The four main requirements in making science useful for decision making are: a) to understand
the context in which information is to be provided; b) to ensure the information produced is relevant to
the decision and that realistic choices are available; c) to confirm that a receptive institutional, cultural,
and organizational setting exists into which information can enter; and d) to establish that adequate
information and delivery mechanisms are present. To create these conditions, an ongoing, two-way
dialogue between researchers and decision-makers must be established early and maintained over time, in
order to build trust and knowledge of what is possible scientifically, and of what is useful from a
decision-making perspective (Morss et al. 2005, Lowery et al. 2009). There are many examples of carbon
policy and decision making underway at present, and the challenge will be to identify those potential
users who will benefit from direct linkages with the carbon cycle science community and who represent
the best fit with the existing mandate of the carbon community for providing decision support. A series
of pilot projects at various scales will be necessary to develop skills in this area so that a broader effort at
improving decision-making can occur over time.

4.6.5 Related Issues

Research related to decision-making for carbon has been carried out beyond the carbon-cycle science
community, in arenas such as economics, integrated assessment modeling, land-use and land-cover
change, and even energy technology. However, these communities to date have not experienced much
overlap with the carbon-cycle science community in research agendas, joint projects or shared questions.
Integrating the knowledge and background of people from these other communities will be important for
the success of Goal 6, including developing new areas of interdisciplinary research on decision making
and the carbon cycle.
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CHAPTER 5: Science Plan Elements

A number of key research components comprise the central core for advancing carbon-cycle science over
the next decade. We group these cross-cutting components into four high priority elements: (1) sustained
observations, (2) studies of system dynamics and function across scales, (3) modeling, prediction, and
synthesis, and (4) communication and dissemination. These are the “action items” of the research agenda.
Each of these elements contributes to all six of the goals described in the previous chapter and all four are
critical to achieving each of the goals. In the text that follows, these elements are further subdivided to
provide finer focus on the research needs. The descriptions of the elements given below provide details
and examples of the types of research that are needed and how current research activities need to be
enhanced to fully realize the goals stated above. The most critical priorities for each of these elements are
highlighted in italics.

5.1 Sustained observations

The observational network for measuring and tracking carbon/climate is the backbone of the global
carbon program. The measurement programs document the evolution of the carbon cycle in the
atmosphere, terrestrial biosphere, and ocean, as well as the human systems that affect these carbon
reservoirs. The key to an effective carbon/climate observational network is continuity of measurements,
adequate spatial and temporal coverage, and the development of long-term records. Unlike weather data
that are most valuable at the time of collection and become less useful over time, long-term records of
climate- and carbon-relevant measurements become more valuable with time (e.g. the Mauna Loa
atmospheric CO; record; see Tans, 2010).

Key components of such an integrated, sustained observation system are: Earth observing satellite
observations of Earth-surface properties and atmospheric constituents, atmospheric observation networks
(including flux, flask, tower, and airborne observations), open-ocean and coastal-ocean surface and
subsurface sampling, field biomass monitoring data, and monitoring and assessment of human systems -
including mitigation and adaptation strategies and associated impacts. All of these observations have an
inherent time scale that has the greatest relevance for carbon cycle studies. For example, while some
observations require near continuous measurements to fully document the variability others may require
only thorough surveys every few years or even once per decade. We do not prescribe here what those
time scales are or attempt to detail exhaustively the full breadth of the components described below.

One issue that is common to all of these networks is that data are often gathered through research projects
with grant-driven funding cycles and spread across multiple agencies. While the research focus helps to
ensure that the measurements are state-of-the-art and relevant to key research questions, it also means that
these networks generally have uncertain long-term funding and limited coordination. More stable funding
options must be identified for the subset of these observations that form the backbone of our
understanding and study of long-term carbon cycling dynamics.

5.1.1 In situ atmospheric observations

Networks of observations that provide data on atmospheric CO, concentrations and related species, as
well as plot-scale observations of carbon fluxes, are providing key long term data for carbon cycle
science. These networks, however, will benefit from a more coordinated and integrated design, together
with longer-term sustained funding for the key elements. Global carbon flux networks such as
FLUXNET, and its American subset, AmeriFlux (ORNL, 2010), provide information on carbon sources
and sinks in different terrestrial ecosystems. However, the individual sites in these networks are typically
funded on a regular grant cycle and many sites are therefore being discontinued due to a lack of funding
availability. The atmospheric CO, flask and tower network, coordinated by NOAA ESRL, is a
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cooperative network documenting atmospheric CO; trends but it too has issues of site continuity. NOAA
ESRL also maintains regular aircraft-based atmospheric sampling at some sites, supplemented by
additional data provided through investigator-led research projects.

A high-priority need in this area is to select and standardize a subset of flux, flask, tower, and aircraft
sites coordinated as a permanent network with steady funding to ensure data continuity. The NSF funded
NEON project (NEON, 2010) will fill a part of this need from the standpoint of flux observations over the
next 5 years as it constructs 19 bio-climatologically defined domains that will each have 1-3 flux towers.
This coordinated network should not only encompass existing observation sites, but must also expand key
components. Additional tall towers that provide continuous CO; observations are needed to constrain the
North American carbon cycle. Aircraft profiles and large-scale transects of atmospheric sampling also
provide valuable regional scaling, and regular routing and time schedules would enhance the information
that they provide.

In addition, although much of the emphasis has been on expanding and maintaining CO, observing
capabilities, measurements of several other atmospheric species (including, but not limited to CH,4, CO,
and carbon isotopes) also form a critical component of a stable observing network.

5.1.2 Ocean and terrestrial observing networks

Surface ocean carbon observations are currently made on research ships, volunteer observing ships
(VOS), moorings, surface drifters and from satellites. The current in situ network is relatively strong in
the North Atlantic and North Pacific but less so for other ocean basins. Interior ocean carbon
observations have made good progress in documenting changes in ocean physics, carbon, and other
tracers since the WOCE/JGOFS cruises of the 1990s (see NOAA, 2010), but needs to be maintained to
understand ongoing changes. These observational networks are reasonably well coordinated but require a
more stable long-term funding structure and ship time to help ensure their continuity and to build out the
networks in under-sampled regions. Remote-sensing using a wide variety of instruments is critical for
understanding global patterns of ocean physics (e.g. temperature, dynamic height), biology (e.g. ocean
color), chemistry (e.g. salinity) and air-sea forcing properties (e.g. surface winds, wave height).
Continuity and enhancement of these observations is imperative.

Although there are a number of measurement programs in coastal waters, very few have a carbon focus
and there is almost no large-scale coordination. A coordinated biogeochemical observing network for US
coastal waters would provide consistency in what is measured, the frequency of observations, and the
reporting of data to national data centers. A US coastal observing program could build on existing
infrastructure to coordinate observations that would not only continue to serve the local needs but also
contribute to a large scale coastal carbon observational effort. Overall, there is a high priority need to
expand and enhance the open-ocean and coastal carbon observational networks.

Furthermore, there is a high priority need to establish a measurement and observational effort aimed at
understanding ocean acidification. The existing ocean interior observations do provide data relevant to
large scale ocean acidification but the current surface observing network is geared primarily toward
quantifying air-sea gas exchange so it focuses on CO, partial pressure measurements. To constrain the
observations of changes associated with ocean acidification the network needs to be enhanced to add a
second carbon parameter and supporting biological observations in the surface ocean. The coastal
network described above should also provide the information needed on ocean acidification in the coastal
regions. Special attention should be focused on observing and tracking the process and impacts of ocean
acidification in particularly vulnerable environments such as coral reefs.

The best current terrestrial inventory system in the United States is the USDA Forest Service Forest
Inventory and Analysis (FIA) program, which evolved from the permanent forest growth plot data of the
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US Forest Service (USDA Forest Service, 2010). An equivalent regular inventory of agricultural and
rangeland soil and ecosystem carbon needs to be developed to provide a more comprehensive view of
land-based carbon stocks. Together with the flux tower observations described in the sub-element on
satellite and atmospheric observations, such measurements would provide critical understanding of the
biospheric component of the carbon cycle in North America and globally. Such observations should be
closely coordinated with related observations being made internationally to maximize the impact of the
overall observational effort.

Overall, there is a need to establish and standardize regular cross-agency observations of terrestrial
carbon variables for forests, agricultural lands, and rangelands, and to establish a more comprehensive
land- and satellite-based network to assess land-use effects on the carbon cycle.

5.1.3 Satellite observations

Earth observing satellites provide global data at high spatial and temporal frequencies. These data allow
scientists to evaluate the spatial and temporal patterns in the carbon system in a manner that would not be
feasible using only in situ observations and/or airborne remote-sensing. Just like for in situ observations,
the usefulness of satellite observations is only fully realized by ensuring continuity in the data records of
critical atmospheric and Earth surface observations. Given the relatively long development cycles and
high cost of satellite missions, long term commitment and advanced planning is necessary for ensuring
data continuity.

A comprehensive list and description of current and upcoming Earth observing satellites that will
contribute to carbon cycle science is beyond the scope of this Plan. One recent review of mission needs
and capabilities is available as part of the GEO Carbon Strategy report (Ciais et al., 2010). A brief set of
examples is presented below.

Many critical Earth observing satellites from the NASA Earth Observing System (EOS) platforms are
nearing the end of their operational lifetimes. Many of these satellites provide observations of greenhouse
gases (Aqua, Aura) including mid-tropospheric CO, observations by the Atmospheric Infrared Sounder
(AIRS) instrument on Aqua, as well as observations of Earth surface properties necessary for assessing
carbon stocks (Landsat-7, Terra, Agua, Sea-viewing Wide Field-of-view Sensor (SeaWiFS)).
Observations from instruments aboard these platforms have played a central role in informing carbon
cycle science research over the last decade, and will continue to do so for the lifetime of these missions.
Given the need for data continuity outlined above, transition to the Joint Polar Satellite System (JPSS)
operational platform will be a critical activity in the coming decade. Missions such as the Visible Infrared
Imager Radiometer Suite (VIIRS) satellite will be important elements of this new suite of satellites that
will inform carbon cycle science. Algorithms and data products from current instruments will need to be
replicated using the new generation of instruments. In addition, data processing systems will need to be
developed for JPSS that are compatible with existing datasets. Taken together these steps will provide
continuity for detecting changes in the carbon cycle.

Several other missions currently in the planning and development phases will provide critical additional
data for carbon cycle science in the coming decade. Missions currently in formulation and
implementation that will make it possible to assess carbon stocks through Earth surface observations
include the Landsat Data Continuity Mission (LDCM), the National Polar-orbiting Operational
Environmental Satellite System (NPOESS) Preparatory Project (NPP) satellite, and the Ice, Cloud,and
land Elevation Satellite-2 (ICESAT-2). The Soil Moisture Active and Passive (SMAP) satellite will also
provide key ancillary information. In addition, missions capable of providing space-based observations
of atmospheric CO, will provide a key complement to the existing in situ network of flask, tower, and
airborne atmospheric observations. The Orbiting Carbon Observatory (OCO), the first NASA mission
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designed specifically for making CO, observations from space, was lost at launch in February 2009. The
instrument is currently being rebuilt as OCO-2.

Furthermore, the NRC Decadal Survey (National Research Council, 2007) recommended the
development of several satellites that will begin to provide high-value observations for carbon cycle
science in the next decade or, in some cases, shortly thereafter. The ICESAT-2 and SMAP satellites
mentioned above are part of this decadal plan. Additional missions that will provide information on Earth
surface properties that will be used to assess carbon stocks and flows include the Deformation, Ecosystem
Structure and Dynamics of Ice (DESDynl), the Hyperspectral Infrared Imager (HyspIRI) satellite, the
Aerosol — Cloud - Ecosystems (ACE) satellite, the Geostationary Coastal and Air Pollution Events (GEO-
CAPE) satellite, and the Lidar Surface Topography (LIST) satellite. Supporting observations will also be
provided by the Snow and Cold Land Processes (SCLP) satellite. In addition, the Active Sensing of CO,
Emissions over Nights, Days, and Seasons (ASCENDS) satellite will provide the next generation of
satellite-based CO, observations. The DESDynl and ASCENDS missions were recently recommended
for accelerated development.

Finally, international missions offer an opportunity for further expanding our understanding of key
processes governing the global carbon cycle. Two examples of such missions include the Japanese
Greenhouse gas Observing SATellite (GOSAT; NIES, 2010) and the Advanced Land Observing Satellite
(ALOS) and its Phased Array type L-band Synthetic Aperture Radar (PALSAR) instrument.

A high-priority activity is to establish long-term continuity of critical satellite-based datasets, including
observations of both Earth-surface properties and atmospheric constituents critical to improving our
understanding of the carbon cycle.

5.1.4 Monitoring and assessment of human systems, including mitigation and adaptation
strategies and associated impacts

Sustained data collection and monitoring of human activities resulting in CO, and CH, emissions are
critical for understanding the patterns of CO, uptake and release. A broad range of demographic,
economic, and technologic data are critical for understanding, projecting, and potentially managing the
human role in the global carbon cycle. Synthesis and attribution projects that rely on a steady stream of
local and regional information on human activities to attribute emissions to various sectors are an
important element in this monitoring effort. Separation of the human and “natural” components of the
carbon cycle depends on understanding both at the same temporal and spatial scales.

In addition, many local, state, and regional mitigation and adaptation strategies are being developed to
reduce carbon footprints and respond to climate change. As these strategies are implemented, they need
to be monitored to determine their effectiveness and to identify any potential side effects. A large scale
data collection effort can be used to inform small scale mitigation and adaptation projects of what
strategies are most effective and cost efficient.

Of all the sub-elements listed above, this priority on human systems is the least developed in the scientific
community and requires substantial new resources to develop and coordinate. Funds should prioritize
integrated social and natural science projects where appropriate.

5.1.5 Mapping sustained observations into the goals

The observations that comprise this element contribute to all of the stated goals, but are most central to
Goal 1. One cannot have a clear and timely explanation of past and current variations observed in
atmospheric CO, and CH, without knowing what those variations are or how the other reservoirs and
drivers have changed over time. Observations are needed over a range of temporal and space scales to
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more effectively attribute observed changes to particular processes. Sustained observations are also
needed for Goal 2. The human-system observations are critical for understanding the socio-economic
drivers of emissions, and all components of this element are needed for monitoring and verifying
emissions. Fossil fuel and land use observations coupled with natural science observations are needed to
estimate emissions and to provide independent assessments of those emissions. Knowing the history and
records of change of the pools will help provide understanding of potential vulnerabilities as a component
of Goal 3 and how ecosystems are changing for Goal 4. Observations of human activity will also provide
information on how human systems are changing as a result of increasing awareness of vulnerabilities.
Quantifying the amount of carbon in plants and other organisms globally will also help to determine
which components of ecosystems are most vulnerable to rising CO,. Goal 5 requires sustained
observations to document the results of what has happened under different management strategies,
including how effective the strategy was and how humans have responded to the strategies. Finally,
through Goal 6, decision makers will rely on observations to confirm that their decisions are having the
desired effect.

5.2 Process studies of system dynamics and function across scales

Quantitative understanding of processes that affect carbon-cycle dynamics across a spectrum of spatial
and temporal scales is important for diagnosing and predicting how the carbon cycle responds to changes
in fossil fuel use, carbon management policies, atmospheric composition, climate, nutrient availability,
disturbance, land management, and other drivers. Our understanding of how the carbon dynamics of
human, terrestrial and ocean systems respond to, and interact with, changes in these drivers is incomplete.
This is evidenced by the wide range of predictions of the future carbon balance of the terrestrial and ocean
systems, as well as that of the future anthropogenic carbon emissions.

Process studies are critical for achieving each of the six goals outlined in this Plan. These studies include
efforts to provide the mechanistic understanding for improving diagnostic and prognostic models of the
carbon cycle. Manipulative experiments are an important complement to observational process studies of
the current state of the carbon cycle for two reasons. First, experimental studies extend process studies
into environmental and socioeconomic conditions that may occur in the future, challenging our
mechanistic understanding of how the carbon cycle will function in altered environments. Second,
manipulative experiments and process studies provide complementary understanding for informing and
parameterizing the response of predictive carbon cycle models to evolving environmental drivers. Process
studies will alert us when changes in the carbon cycle, the climate, or their consequences imply either
positive or negative consequences for natural or economic systems.

5.2.1 Intensive process studies and field campaigns to observe and understand natural and
human systems and the processes controlling carbon emissions, uptake, and storage

A major challenge is to conduct intensive process studies across traditional disciplinary boundaries to
observe and understand the controls over carbon emissions, uptake, and storage. Process studies need to
be designed to fill basic research gaps on land and in the ocean ( including of systems with potential for
large loss of stored carbon), and to integrate how socioeconomic issues influence human impacts on
carbon uptake and storage. Integrating human impacts on the carbon cycle with traditional physical and
biological observational studies is vital as human activities are now major global controls of CO,, CHy,
and CO emissions to the atmosphere.

In terrestrial systems the development of improved understanding of the carbon cycle requires sustained
observations in ecosystems vulnerable to carbon loss, including permafrost, forests, and locations with
methane hydrates, as well as for understanding the processes responsible for human fossil fuel use, waste
streams, land use, and land management. The impacts of human activities are linked to storage of carbon
in the ocean and terrestrial ecosystems, which are influenced by changes in atmospheric composition,
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nitrogen cycling, climate, disturbance regimes, land management, and factors affecting methane
emissions.

Similarly, many basic aspects of the ocean carbon cycle are inadequately understood, which reduces our
ability to project the net oceanic carbon balance in the future and to assess the effectiveness of potential
carbon management scenarios. Important processes that need to be better defined include gas exchange
and the rate of anthropogenic carbon transport from the mixed layer into the thermocline and deep ocean.
Also important is the role of biological processes in determining the spatial and temporal variability of
air-sea fluxes and anthropogenic carbon uptake and storage. A deeper understanding of what controls the
biological pump in the ocean is required, including the role of micronutrients and CO, in controlling
productivity, controls on export of organic material from the surface, and transformations of organic
material below the sunlit surface layer of the ocean.

Linking terrestrial and ocean systems is another important challenge for better understanding of how
carbon, nutrients, and sediments are moved from terrestrial ecosystems through estuaries to the ocean,
where the fate of carbon can be long-term storage in the marine environment or release to the atmosphere
as CO,. Itis also important to monitor and understand the transport of carbon into and through rivers and
other freshwater networks, the transformations of these constituents in these networks, and the delivery
and fate of this carbon in deltas and coastal ecosystems; including the processes that control the
conversion and loss of carbon in coastal oceans and along continental margins.

5.2.2 Manipulative laboratory and field studies to elucidate the response of land and marine
ecosystems to climate, biogeochemical, and socioeconomic change and to deliberate carbon
management

Much progress has been made in the last two decades in studying responses of terrestrial and ocean
ecosystems to manipulations of individual climatic factors. For example, studies examining the effect of
elevated CO, on marine organisms have been critical for assessing the potential impacts of ocean
acidification. Likewise, the Free Air CO, Enrichment (FACE) studies have helped us to better understand
CO, fertilization in the terrestrial environment.

Despite such progress, different responses observed across studies can be hard to attribute to changes in
CO, as opposed to interactions with other environmental variables or to differences in experimental
protocols. A reconciliation of the observed responses to manipulative experiments is particularly
important for distinguishing natural variability from human-induced changes to the terrestrial and aquatic
carbon cycles.

In addition to manipulations of the physical and biological environment, manipulative experiments are
needed to test human decision-making associated with the carbon cycle and carbon incentives. Such
manipulative studies should include research on human behavior, natural resource economics, and other
areas of socioeconomic systems related to the carbon cycle.

Thus, manipulation experiments with common protocols that span broad environmental and
socioeconomic gradients and that simultaneously manipulate multiple factors are needed. The focus of
these studies should be to understand the responses of the net carbon balance to changing environmental
conditions and socioeconomic drivers for carbon sequestration and other direct manipulations of the
carbon cycle.

Some cross-disciplinary process studies and multi-factor manipulative experiments should be located in
regions where the responses to manipulation are likely to reveal vulnerabilities in carbon storage (e.g.
permafrost ecosystems). In order to identify system vulnerabilities, these studies must not only focus on
systems that have already been identified as having potential tipping points in their ability to store carbon,
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but should also include systems that have yet to be examined. Given finite resources, it will be important
for the scientific community to prioritize the focus of a new generation of process studies and
manipulative experiments.

5.2.3 Integrative field campaigns to provide intensive data or test different approaches for
examining carbon cycling at a range of nested scales

The Interim synthesis activities currently being conducted through the North American Carbon Program
are providing a first, key opportunity to coordinate field campaigns and modeling efforts to reconcile
understanding of carbon cycling for particular systems across a range of nested scales. The most mature
of these is currently the Mid-Continent Intensive (NACP, 2010a), which represents a coordinated effort of
field and airborne observations, atmospheric observations, inventory development, biospheric modeling,
and atmospheric inverse modeling to improve understanding of carbon cycling in the agricultural
Midwest region.

Related efforts focusing on coastal and other systems are currently beginning. These types of efforts will
provide a key opportunity to synthesize understanding gleaned through carbon cycle studies over the past
several decades by providing a platform for integrating different types of data across different spatial and
temporal scales, and obtained through a variety of mechanisms. Such efforts need to be supported
independently of more focused observational studies and modeling approaches, to provide a clear
opportunity for synthesis across the carbon cycle science community.

Another area of opportunity is to have integrated field campaigns include tests of human decision-making
and other socio-economic factors of how people affect the carbon cycle. For instance, the Large-scale
Biosphere-Atmosphere Experiment in Amazonia examined how Amazonia functions as a regional entity
within the larger Earth system as well as how changes in land use and climate affect the biological,
physical, and chemical functioning of the region’s ecosystem. Socioeconomic factors have not
traditionally been part of similar research campaigns. In the future campaigns should combine critical
data needs in the physical and biological sciences with relevant socioeconomic data in the same locations.
For instance, campaigns could quantify the human factors that drive changes in land use, fish catches, or
other factors relevant to productivity and the carbon cycle. More integrative field campaigns are needed to
test different approaches for examining carbon cycling at a range of nested scales.

5.2.4 Mapping studies of system dynamics and functions into the goals

The studies in this element contribute significantly to all of the stated goals. Understanding processes is a
key part of providing a clear and timely explanation of the mechanisms behind past and current variations
in atmospheric CO, and CHy, as stated in Goal 1. These studies will also help determine realistic
uncertainty estimates by placing bounds on mechanisms and responses. An understanding of system
dynamics is central to understanding the socioeconomic drivers of carbon emissions in Goal 2. New
socioeconomic components of Element 5.2 include manipulative experiments to test human decision-
making for carbon incentives and extending traditional gradient studies from biophysical variables to
socioeconomic ones. Goal 3 calls for an understanding of vulnerabilities and prediction of future carbon
cycle changes that can only be achieved with a process level understanding of biological, physical, and
socioeconomic systems. Process studies are also central to interactions of the changing carbon cycle and
climate with ecosystems, biodiversity, and natural resources, the core of Goal 4. The carbon cycle is
intimately linked to ecosystem services that people value, including water resources and biodiversity. The
theme of ecosystem services extends to Goal 5, which examines the side effects of carbon-management
pathways, another area for which process-level observations and manipulations are central. Process
measurements associated with carbon-management experiments will provide mechanisms and likely
outcomes for different carbon-management alternatives. Finally, Goals 5 and 6 together, including the
needs of decision makers for carbon-cycle information, require an improved understanding of human
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choices and the responses of the natural environment to those choices. These can only be achieved with
an understanding of integrated system dynamics.

5.3 Modeling, prediction, and synthesis

Numerical and statistical modeling has been an important component of carbon cycle research over the
past decade and will continue to play a central role over the next decade. Modeling studies provide
unique opportunities for data analysis, mechanistic exploration, and prediction of human and natural
interactions across scales of space and time. Models can also form the backbone for synthesis. Inter-
comparison activities that merge inventory and site-level data with the mechanistic relationships
embodied in the models themselves provide opportunity to understand core processes and to evaluate the
uncertainty in our understanding. These syntheses push forward our process-level understanding of the
carbon cycle and are critical for identifying knowledge gaps.

In each of the elements described in this section, particular emphasis needs to be placed on quantifying
and/or reducing uncertainty. In the current context, quantifying uncertainty goes beyond assigning
traditional error bars that represent the sensitivity of model results to specific parameters or model-
generated uncertainties based on statistical assumptions built into the modeling framework. Instead,
significant effort needs to be invested in developing methods for uncertainty quantification that reflect all
sources of uncertainty affecting a particular model estimate. Such objective levels of scientific
understanding can be used to communicate scientific results quantitatively, or even qualitatively, both
within and beyond the carbon cycle science community. Once appropriate tools are available for
uncertainty quantification, the process of uncertainty reduction through model development, improved
observations, and model evaluation becomes a meaningful way of tracking the evolution of the state of
the science. Characterization of uncertainty can be useful in guiding decision making.

In the realm of global change there is great interest in predicting and anticipating the future. Modeling
and synthesis activities are critical to our skill in predicting the future but there is always inherent
uncertainty in any predictions. There is a need to develop and present realistic and useful ways to convey
the uncertainty of projections, the range and distribution of potential outcomes, and the consequences of
uncertainty.

5.3.1 Improve existing models

Numerical models of the Earth System, such as those used for the IPCC assessment process, are computer
codes that attempt to fully represent the evolving climate system and to predict its future state. These
models can be used in hind-cast mode, looking backward, to represent the past climate, and then their
predictive success can be tested through comparisons to historic data. Such efforts have identified a host
of outstanding issues with Earth System models, most of which derive from the lack of fundamental
understanding about physical or biogeochemical processes.

In the next decade, model skill needs to be improved through enhanced collaboration of field, laboratory,
and modeling scientists. Many ongoing model development efforts should continue in the upcoming
decade. Additional effort will need to be invested in developing models that bridge and synthesize
information across traditional disciplines and data types. For example, improved models that link coupled
land-(coastal) ocean models at regional scales are needed to better understand this important area where
land, ocean, atmosphere, and humans interact on very small scales. Smaller projects focused on particular
processes are needed. In addition, targeted programs promoting model-model and model-data comparison
can be particularly useful to identifying fundamental knowledge gaps. Process studies (element 5.2) will
provide critical mechanistic information that can be used to improve model parameterizations.
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The complexity of Earth System Models makes them enormously computationally intensive. There are
some model processes that can best be improved by increasing model resolution and there are additional,
highly complex modules that need to be included. Thus, we should expect Earth System Models to
continue to stress computational resources in the next decade. Innovative computing strategies that will
make this software run faster or make the hardware more powerful should be pursued.

In order to explain observed variability and trends in the atmospheric CO, concentration (Goal 1) and
track carbon emissions and sequestration activities in land and in aquatic systems (Goal 2) we must have
optimal diagnoses of the current state of the carbon cycle and the mechanisms driving variability and
change. Models that allow for the integration of multiple sources of data and information offer the
opportunity to provide these accurate assessments. The continued evolution of parameterization
approaches for process-based models, the ongoing improvements to the statistical framework of inverse
models, and the ability of all models to ingest a wider variety of data types (as well as the recent early
steps in integrating computational approaches based on numerical data assimilation) are all providing
opportunities for such explicit integration of data across types and scales. Much work will be needed over
the next decade to develop the necessary conceptual, numerical, and statistical tools to fully benefit our
community and to make optimal use of the expanding set of observations available for informing our
understanding of the carbon cycle.

5.3.2 Add human dimensions to Earth System Models

Integrated Earth System models are extremely complex because they ideally strive to include the entire
range of processes and feedbacks across the spectrum of human and natural processes. Development of
these models in the last decade has focused on physical parameterizations and great strides in
representation of biogeochemistry have also been made. These models must continue to be developed, as
outlined above. In addition, however, more complete and complex representations of human activity are
needed in Earth System Models. Trends and distribution patterns in demographics, migration,
international trade, economic development, human settlements, world view, transportation technology,
agricultural practice, and materials substitution only begin to enumerate (much less quantify) the
multitude of factors that will impact and/or be impacted by the global carbon cycle and efforts to manage
the human perturbation of the carbon cycle. The available alternatives, advertent and inadvertent
incentives, and choices faced by people and the feedbacks from the climate system will have huge
impacts on the path of change in the global carbon cycle. It is increasingly important to know what we
can know and to deal with what we do not or cannot know. Modeling and analytical systems can begin to
represent the interactions and side effects of the multitude of interacting factors and to identify the critical
parameters and inter-linkages.

Finally, the needs of decision makers need to be considered as models are developed and simulations are
planned. Interactions with decision makers are needed both to frame the questions for research and to
pursue the answers from research. These efforts will require new frameworks and centers for trans-
disciplinary collaboration as well as a renewed commitment to data management and computational
resources.

5.3.3 Augment synthesis activities

Synthesis brings together data products and models that attempt to capture similar or related processes
and evaluates the degree of agreement between the different data and modeling approaches. Synthesis
efforts are critically important to identifying gaps in knowledge and for leading to new studies to fill those
gaps. However, synthesis activities are often difficult to fund from science budgets, largely because they
are generally not “new” science. Funding strategies to support critical synthesis activities are needed.
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The 1999 U.S. Carbon Cycle Science Plan led to the North American Carbon Program. The NACP’s
current Interim Synthesis is a dramatic example of the power of the synthesis and inter-comparison
process. Currently, as part of the NACP’s interim site synthesis activities (NACP, 2010b), tens of models
are being compared to data at tens of locations. In addition to enhancing knowledge of terrestrial carbon
cycle processes, this activity is making it possible to identify critical differences among models. This
process could not occur without facilitation by the MAST-DC (NACP, 2010b), a dedicated carbon cycle
modeling and data synthesis center that is standardizing formats and providing repositories for
community data sets and model results. Similar to NACP’s current Interim Synthesis effort, coordinated
synthesis efforts are needed for the open ocean, the coastal zone, the entire land to deep ocean system,
and integrated human-natural assessments.

5.3.4 Mapping of modeling, prediction, and synthesis into the goals

Modeling and synthesis are essential for the successful achievement of all six goals of the Plan. Many
kinds of models will contribute to the goals, including process-based models, atmospheric and oceanic
inverse models, flux inventories, and tools for numerical data assimilation that are increasingly being used
to parameterize models,. Models and simulations already help to explain variability and trends in past and
current atmospheric CO, and CH, concentrations (Goal 1) and project greenhouse gas concentrations into
the future. Models are also needed to track the socioeconomic drivers behind carbon emissions and
sequestration (Goal 2). Vulnerabilities in carbon stocks, such as permafrost loss and critical feedbacks
with biodiversity and other ecosystem services, all need to be characterized through experiments and
model simulations (Goals 3 and 4). In addition, interactions across the scientific and decision-making
communities will be critical for analyzing the efficacy of carbon-management strategies and for the
effective use of analyses and predictions (Goals 5 and 6). Although modeling of the physical
environment, in particular, has made tremendous strides over the last decade, models that more accurately
represent biologically driven processes and human interactions are needed to address complex carbon
cycle interactions and to quantify accurately the current uncertainties associated with our understanding
of components of the global carbon system.

5.4 Communication and dissemination

Effective communication and dissemination of the results of carbon cycle science research are essential if
the investments made in science are to become useful in other studies and in informing decision making
and conservation efforts. Communication is, of course, a two-way street and in this time of increasing
concern about climate change it is important that scientists not only communicate their results but that
they are receptive and attentive to the output of other disciplines and the needs of decision makers and the
general public. There are significant benefits to be gained by working with established efforts to take
advantage of knowledge across disciplines but it is also important to recognize that publication in the peer
reviewed literature is a necessary but not sufficient vehicle for communicating the needs and results of
research. Communication and dissemination of science is a confusing issue at times because it is not
necessary or appropriate that every scientist reach out and communicate with the public, but it is
necessary that some scientists bridge the gap between the laboratory and peer reviewed technical
literature and the decision makers and public who use the results and support the conduct of science.
Science is the pursuit of knowledge but it has an obligation to meet the goal of serving individuals outside
the immediate natural science research community and of helping society to make informed decisions.
This includes communication within the US as well as with the international community.

The sub-elements described in this section encompass key aspects that will enhance the impact and
responsiveness of the research conducted within the scope of the Plan. These aspects include an emphasis
on two-way communication with the broader community, the translation of scientific results into
guantitative information that is directly usable by related communities, and the promotion of better
understanding by the scientific community of the decision-making process. These aspects need to be
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considered within the broad context of quantifying and expressing uncertainty in a manner that is both
useful and relevant to communities that make use of carbon cycle science research outcomes, and helping
those communities assess the impacts of those uncertainties on their own work and planning.

5.4.1 Establish dialogue among decision-making community, general public, and scientific
community

For many, the term communication conjures up images of pamphlets, websites, or lectures designed to
bring the most important results of research to a wider audience. Communication research shows,
however, that this sort of passive, one-way communication is rarely successful at promoting the
integration of new knowledge into practice so that it can make a difference and change outcomes (e.g.,
Lemos and Morehouse, 2005; Moser and Dilling, 2007). Communication and dissemination strategies can
fail on many grounds -- because the information is not relevant to a decision, because the information
presented is confusing or not understandable to the audience, or simply because the channel used to
disseminate information is not well attended by the intended audience. When addressing an international
audience cultural perspective can also complicate effective communication of information. These findings
suggest that it is worth the time up front to think carefully about how to craft a communication strategy
and to invest in research to refine communication efforts such that they can be most effective.

Perhaps one of the most common truisms in communication is the exhortation “know thy audience.”
Only by knowing whom the intended audience will we know what matters to them. Carbon cycle science
is a relatively complex subject to discuss, and yet one that intersects every person’s life through the
decisions he or she makes. As part of an ongoing strategy to ensure that carbon cycle science is relevant
to decision making, decision makers and researchers need to create new mechanisms for co-producing
information on what decisions affect the carbon cycle and how decision contexts can incorporate the new
knowledge generated through carbon cycle science. As part of this process, researchers will learn what is
important to decision makers and decision makers will learn what science can and cannot provide at their
scale and context.

As part of this element the scientific community needs to work in tandem with communities outside the
carbon cycle science research community both in the US and abroad to establish whom the target
audience and potential users are for the results of carbon cycle research. There may be several audiences,
from sophisticated policy analysts to individuals trying to understand voluntary offset programs.

In addition, the implementation of this Plan needs to create a communication focus up front as an
ongoing part of the program, and to ensure that this focus is kept throughout the process of implementing
the Plan.

5.4.2 Develop appropriate tools for communicating scientific knowledge to decision makers

It is imperative that the research conducted as a result of this Plan yield tools that translate results from
scientific synthesis and prediction into quantitative, understandable products for policy and management
professionals. Knowing the ultimate audience for scientific results means knowing how they access and
understand new information. All too often scientific programs tend to have a “loading dock” mentality to
the production of information, which entails creating the information, putting it on the loading dock, and
assuming or hoping that someone will come and pick it up (Cash et al. 2006). The “loading dock” of
science is usually peer-reviewed journals, which are necessary for the process of science, but which are
also largely inaccessible to the majority of decision makers and even less so to the broader public or
international groups. Through the upcoming decade, other mechanisms of reaching decision makers with
information must be engaged, including different types of trade meetings, workshops, newsletters, and
outreach networks.
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In addition, the carbon cycle science community needs to study how management options are being
evaluated in the US and abroad, what questions are being asked, and how best to provide information that
is useful to policy makers at the time that they need it. This will allow the carbon cycle science
community to determine how management options are being evaluated and how the carbon science
community can help inform that process.

5.4.3 Evaluate impact of scientific uncertainty on decision makers

New approaches are needed for effectively communicating the level of certainty that scientists have in
various components of the carbon budget to managers, decision-makers, and the general public. The
graphics and flowcharts that are currently typical of carbon cycle science are not intuitively
understandable to the general public. The carbon cycle science community has an opportunity to more
effectively communicate scientific uncertainty to decision makers by engaging communications
researchers from other scientific communities. These communities include the seasonal to inter-annual
forecast community, the weather research community, and the climate forecasting community. For
example, researchers in the climate arena have studied for years how to present the notion of probabilities,
in such a way that forecasts can be properly understood in the context of the range of uncertainty, rather
than as a deterministic single prediction of the future. The graphics used in endeavors such as drought
monitoring, weather forecasting and seasonal to inter-annual climate forecasts are tested and refined
based on experience and feedback from users As carbon cycle science becomes increasingly relevant to
decision makers, this community will need to develop and test creative ways of reporting findings so that
the intended meaning is received.

As effective methods for communicating uncertainty are developed, the carbon cycle science community
must also work together with the broader public to evaluate the implications of uncertainty in present-day
knowledge and in future carbon cycle projections. In order to prioritize research needs from the
perspective of decision-maker and public needs, there is a need to develop tools for assessing the
implications of different levels of uncertainty on the ability of decision-makers, the general public, and
others, to make effective use of the information provided. This does not imply that all research could or
should be prioritized based on such a criterion, but such an approach is needed for research that is directly
intended to address the needs of a specific audience, whether it be decision-makers, the general public, or
others.

5.4.4 Mapping communication and dissemination into the goals

The communication and dissemination activities described in this element contribute to all of the stated
goals. The clear and timely explanation of past and current variations observed in atmospheric CO, and
CH, (Goal 1) includes effective communication with communities beyond carbon cycle science as well as
the development of appropriate tools for communicating scientific knowledge and its associated
uncertainties. Understanding and quantifying the socio-economic drivers of carbon emissions and
developing transparent methods to monitor and verify those emissions (Goal 2) also requires the
establishment of a two-way dialogue between the carbon cycle science community and decision makers,
as well as the development of tools for effectively communicating scientific understanding with this
community and learning the questions being confronted by this community. The ability to learn and
evaluate the impact of uncertainty on decision makers can inform research on determining and evaluating
the vulnerability of carbon stocks and flows to future climate change and human activity (Goal 3).
Similarly, the goal of predicting how ecosystems, biodiversity, and natural resources will change under
different CO, and climate change scenarios (Goal 4) will have a larger impact if appropriate tools for
communicating scientific knowledge are available. If we are to determine the likelihood of success and
the potential for side effects of carbon-management pathways (Goal 5), it is essential to understand and
evaluate the impact of scientific uncertainty on this decision-making process. Finally, the goal of
addressing decision-maker needs for current and future carbon-cycle information, and providing data and
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projections that are relevant, credible, and legitimate for their decisions (Goal 6), requires an appreciation
of their questions and concerns and is directly dependent both on the ability to effectively communicate
scientific knowledge to decision makers and to evaluate and communicate an objective sense of the
impact of scientific uncertainty on the decision-making process and its goals.

5.5 Resource requirements

The current state of carbon cycle science, together with the four research elements identified above,
begins to outline a coherent, integrated research program with priorities that include both existing and
new components. Significant new resources are needed to continue with high priority, existing initiatives,
to reach out in important new directions, and to accelerate progress toward confronting a problem the
relevance of which to human welfare is becoming increasingly apparent. Our ability to reach the stated
goals within the next decade will depend heavily on the ability of the U.S. funding agencies to provide
full financial support to the Plan. The 2009 edition of Our Changing Planet report to Congress estimated
that the total U.S. carbon cycle science budget is currently about $170 million per year (USGCRP, 2009).
While this budget had grown substantially over the last 5 years, many of the observing networks, process
studies and model development efforts are at less than half of the levels necessary to understand the
global carbon cycle at the required level of detail for effective management decisions. Integration of the
human dimensions components of the carbon cycle has not been possible with the current level of
funding, and very few resources have been devoted to communication and dissemination, making the path
and time required for new research findings to inform management decisions extremely inefficient.

Many of the planning documents listed in Chapter 2 include detailed budgets for the implementation of
their components of carbon cycle research. Using these detailed budgets, the budget compiled for the
1999 Science Plan and an assessment of what the carbon cycle community has accomplished with the
current levels of funding, we estimate that the total U.S. carbon cycle budget will need to be increased to
approximately $500 million per year to achieve the goals outlined in this Plan. The distribution of these
funds into the four elements described in the previous sections is recommended to be on the order of:

$175M for the sustained observations element
$125M for the process studies element
$150M for the modeling and synthesis element
$50M for the communications and dissemination element

The distribution of these funds to more specific research components is beyond the scope of this Plan and
should be outlined as implementation strategies are developed for the various components of the Plan.
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CHAPTER 6: Interdisciplinary and International Collaboration and
Cooperation

This Plan recognizes the critical role that carbon cycle science is currently playing as interest in, and
concern about, climate change become central issues in human considerations. Carbon cycle science plays
a central role in understanding the Earth’s climate system and in human considerations of how to manage
long-term global change. Carbon cycle science is not an arcane subject at the margin of human affairs,
but is rather a topic of general interest and of great need for environmental, economic, and human health.
The boundaries of carbon cycle science are no longer just biogeochemical, but include linkages to the
environmental, economic, and social sciences and to international affairs and public policy. The system
boundaries of what is considered to be “carbon cycle science” are blurring as we recognize these linkages
and the need for collaboration, cooperation, and the sharing of ideas and research results. Research in the
traditional atmospheric, marine, and terrestrial aspects of the carbon cycle remain vital, but we are
increasingly aware that there are human dimensions to the carbon cycle and that carbon cycle science
impinges directly on issues of economics, engineering, and public policy. As managing the carbon cycle
becomes increasingly common, institutional issues become important and the need for understanding and
dealing with uncertainty become central.

The geographic boundaries within carbon cycle science are similarly blurring. What happens in the
boreal tundra, the tropical forests, the coral reefs, and the global ocean affect us all — and these
ecosystems are affected by all of us. It is increasingly apparent, also, that issues of the global carbon
cycle are global in every sense of the word and that research supported by U.S. interests needs to be
cognizant of and collaborative with research efforts around the world. Examples of key international
carbon-cycle organizations include the Global Carbon Project and the Group on Earth Observations,
coordinating efforts to build a Global Earth Observation System of Systems.

The U.S. has been, and must continue to be, a leader of and major contributor to international research
efforts; but the US cannot bear the full burden. Measurement and monitoring of global change needs
broad global effort and the full range of carbon cycle studies finds able colleagues and collaborators in
many countries. The variety of social, cultural, and legal systems on Earth create a diversity of interests
for understanding the human impact on climate and the human capacity for mitigating or adapting to
changes in the carbon cycle. The U.S. educational system plays a major role in preparing the world’s
science community.

6.1 Interdisciplinary collaboration and cooperation

The challenge today is to broaden and redefine the boundaries of carbon cycle science; to build the
linkages with research areas with common, interdependent, or overlapping concerns; and to ensure that
critical topics or data needs do not drop into cracks between traditionally defined disciplines or sources of
research support. We need to ensure that there is support for interdisciplinary and cross-disciplinary
studies, and that human elements are incorporated into carbon-cycle studies whenever appropriate.
Interdisciplinary studies and improved linkages with the social and political sciences are essential, and
visions of the future need to be strengthened through interactions with integrated assessment studies and
studies of carbon management. Research related to the development of biomass fuels, Reducing
Emissions from Deforestation and forest Degradation (REDD), and the impacts of urbanization on coastal
processes and marine resources are obvious examples of areas in which the human dimensions need to be
a critical part of basic enquiries.

The future will require improved interaction and information exchange not only within and among
different scientific disciplines, but also with stakeholders and decision makers — people who require up-
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to-date assessments, improved approaches for understanding complex and interdependent issues, and
ways for quantifying and dealing with uncertainty. There is a need to bridge the differences between the
research results published by scientists and the information needed by stakeholders and decision makers —
to translate research findings into meaningful input for these groups. An ongoing dialogue among the
different groups is needed to raise awareness of both what science can provide and what science cannot
provide, and of the uncertainties associated with current assessments and projections of the future.

6.2 International collaboration and cooperation

The increasing importance of international collaboration is also apparent. This Plan is envisioned for the
U.S. based research community but the carbon cycle and its impacts are global and important studies are
needed, for examples, in tropical and boreal areas, in the global oceans, and in other cultures.
Observational networks, mitigation and adaptation strategies, predictions of the future, verification of
commitments, etc., will all depend on participation and contributions from scientists around the world.
The U.S. contributes importantly to international research efforts through its educational system and
through access to unique information such as that provided by remote-sensing satellites and research
vessels. U.S. scientists need to participate and take leadership roles in international assessments and
syntheses, field campaigns, model inter-comparisons, and observational networks. All of these
international participations offer opportunities to capitalize on other resources and to contribute the
knowledge and creativity of U.S. scientists to coordinated research. Because of the benefits of
international collaboration, this coordination should be realized for the full cycle from program planning
to project execution and data management. While many international programs will involve large
projects and efforts and multiple participants, opportunities for productive efforts also exist at the
scientist-to-scientist level where cooperation with a single institution or exchanges of staff or students can
facilitate or accelerate progress in critical geographic or disciplinary areas. U.S. scientists and students
need to study abroad and U.S. institutions need to provide opportunities for scientists and students here.

There are numerous projects, opportunities and initiatives wherein researchers from many countries share
data, insights, manpower, and platforms such as ships and satellites. We hesitate, for fear of important
omissions, to list the many successful international research efforts currently focused on cooperation and
collaboration among scientists from multiple countries, but we encourage thoughtful evaluation and U.S.
participation whenever useful and when the whole is greater than the sum of the parts. U.S. scientists
should be encouraged to take on leadership roles in these efforts. The Intergovernmental Panel on
Climate Change can be cited as a example of scientists from around the world coming together to share
information and views with the result of broad synthesis and important input to the decision-making
process. There are many additional, more-focused collaborations that provide essential resources,
synthesis, or intellectual support and where win-win situations result in the U.S. both giving and receiving
important understanding.

6.3 Supporting and stimulating collaboration and cooperation

Research that is sensitive to the role of humans in the global carbon cycle, and the needs of people for
carbon-cycle science can be facilitated by interagency working groups and advisory panels that include
strong participation by human-dimensions researchers and social scientists. Specific research calls or
pilot projects can be designed to encourage or require interdisciplinary collaboration beyond traditional
alliances and interactions. Growing research initiatives, such as that on ocean acidification, should make
pointed effort to ensure that human components and human needs are incorporated from the beginning.

In order to encourage or facilitate the kinds of interdisciplinary, international cooperative and
collaborative projects needed, it may be appropriate for U.S. funding agencies to try innovative support
structures, support targeted workshops, or issue specific calls for proposals that focus on areas in need of
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CHAPTER 7: Implementation and Funding

7.1 Integration of program priorities

Throughout this document, we have articulated long-term priorities for a new U.S. Carbon Cycle Science
Plan, including the overriding scientific questions that drive the new Plan (see Chapter 3). The research
goals in Chapter 4 represent specific research priorities that are derived from these long-term priorities
and should be achievable within a 10 to 20 year timeframe, assuming that sufficient funding is available
(see Section 7.3). The elements described in Chapter 5 cut across all of the goals and define priorities for
specific, actionable components of the research plan. Each of the four top-level elements contributes to
all six research goals, thus defining the cross-cutting building blocks needed to address the fundamental
science questions outlined in this Plan.

Building on Chapter 5, which addressed how the individual elements build towards the goals outlined in
Chapter 4, we present a complementary view in Table 7.1, examining how each goal draws on these
elements. As the table indicates, each of the six goals relies on at least some components of each of the
elements. While the text within the table in no way represents the full extent of the connection between
the goals and the elements, this text clearly illustrates the interconnectivity of all the components of the
Plan. Selectively funding specific components of the Plan while under-funding other components would
degrade progress on all of the goals.
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Table 7.1a: Mapping of the six science goals onto the first two of the four program elements.
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Table 7.1b: Mapping of the six science goals onto the second two of the four program elements.
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7.2 Implementation opportunities and barriers to success

This report describes new priorities for carbon-cycle science that complement sustained, ongoing
priorities and research. Throughout this Plan, we have also provided suggestions for how to implement
these new priorities and integrate them with current research and funding mechanisms. In addition,
however, the conduct of science depends on the institutions and institutional structures that support the
research, and this brief section provides additional recommendations for institutional structures to
improve coordination and to ensure the achievement of the Plan’s research recommendations.

Provide more opportunities for sustained, long-term funding. Many aspects of carbon-cycle
science cannot be adequately maintained on a three- to five-year funding cycle. As one example,
long-term observational efforts of the atmosphere, land, and oceans need funding continuity and
certainty. In addition, where new long-term measurement and observational efforts are planned or
underway, such as through the NSF National Ecological Observatory Network (NEON) or the
Ocean Observatories Initiative (OOI), carbon-cycle scientists should be central to such efforts and
able to participate in a sustained fashion.

Encourage directed calls for integrated topics in carbon-cycle research. In addition to regular,
disciplinary funding efforts, additional targeted calls to link research in the social, physical,
geochemical, and biological sciences could provide a framework for advancing integrative
carbon-cycle science. The integrated calls should cover all aspects of research described in this
plan that require substantial cross-disciplinary collaboration. As an example calls could be
included to explore specific carbon-cycle vulnerabilities in physical systems such as tundra
permafrost or in socioeconomic systems that drive carbon-cycle losses (including losses through
deforestation). Similarly, a funding call could extend traditional research along biogeochemical
environmental gradients to include gradients in socioeconomic factors.

Establish stronger links between the Carbon Cycle Interagency Working Group (CCIWG) of the
U.S. Global Change Research Program and other U.S. interagency working groups. Of the ten
IWGs, the CCIWG has been particularly active over the past decade. Most of the other nine,
including Atmospheric Composition, Ecosystems, Land Use and Land Cover Change, and
Observations and Monitoring, have elements with common or interacting components to carbon-
cycle research. As a result, increased cooperation among these groups could enhance the success
of the new carbon-cycle plan.

Develop a strong connection between carbon cycle research and the developing ocean
acidification program. Recent legislation has lead to substantial new investments in ocean
acidification (OA) research and the potential development of a national ocean acidification
research program. As the OA program develops, it will be important to link the OA efforts with
more generalized carbon cycle research to leverage these efforts, and take advantage of potential
synergies..

Expand the North American Carbon Program to a new Northern Hemisphere Carbon Program.
The North American Carbon Program was established a decade ago to measure and understand
the sources and sinks of carbon dioxide, methane, and carbon monoxide in North America and in
adjacent ocean regions. To resolve uncertainties in the global carbon sink this decade, a new
emphasis is needed on the northern hemisphere in total. The expanded emphasis would allow
scientists to reconcile observations with model estimates of carbon cycling in the Northern
hemisphere.

Improve international linkages. Carbon cycle research requires a global focus that in many cases
is best served through collaborative studies with international partners. Although scientists are
generally interested in working together with their international colleagues, funding and legal
restrictions often make these interactions difficult. The US agencies should explore ways of
promoting and facilitating international collaborations.
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e Use the North American Carbon Program and Ocean Carbon and Biogeochemistry program as
models to initiate similar, problem-oriented research communities. The reach of global carbon
cycle research is sufficiently interdependent and broad that it is important to achieve interaction,
and yet this is difficult to do within specific projects or disciplines. The NACP and OCB have
succeeded in establishing on-going dialogue and interaction that has benefited its many diverse
constituents. One group with strong roots in both the social and natural sciences is suggested.
With guidance from the carbon cycle science community and the research priorities articulated in
this Plan, funding agencies should seek to identify opportunities for other large-scale efforts,
using NACP and OCB as successful models.

o Implement a process for periodic measurement and evaluation of progress in pursuing the goals
of this Plan. This Plan should not be perceived as a one-time, static statement. There should be a
commitment to periodic (perhaps every 3 years) examination to evaluate the extent to which the
goals are being achieved and to ensure that the goals outlined here remain appropriate in a rapidly
evolving scientific, environmental, economic, and political environment.

o Continue to provide broad support for education and training. The U.S. research agencies have
long provided support for education and research involvement by students and early career
scientists at all levels and by under-represented groups. We endorse this as a wise investment in
the future of our science and strongly encourage continuation.

7.3 Program support

The principal priority detailed in this research Plan is to develop and maintain a broadly-focused,
balanced, integrated research agenda. It is clear, however, that the breadth and intensity of the agenda
will depend on the resources available. Nonetheless, the interdependence of the many components is
critical and the final approach needs to maintain balance within the available resources. Greater
commitment of resources will allow more complete understanding sooner. We believe that the
importance of carbon cycle research within the pressures of confronting global change call for an
accelerated commitment of resources and that the Plan outlined here can be implemented efficiently and
effectively.

The current state of carbon cycle science, together with the four research elements identified in Chapter 5,
suggests near-term priorities for activities and programs to reach the stated goals. Our ability to reach
these goals within the next decade, however, depends strongly on the ability of the US funding agencies
to provide full financial support to the research agenda. The 2009 Our Changing Planet, an annual report
to the U.S. Congress estimated that the total US carbon cycle science budget is currently about $170
million per year (CCSP, 2009). This amount is more than double the funding level at the time that the
1999 Science Plan was published, ignoring inflation, but most of these increases have just come in the
past couple of years; the numbers still fall short of the $200-$250M per year budget recommended in the
1999 Science Plan. A summary of the element budgets estimated in Chapter 5 suggests that the total level
of support for the new Plan needs to be approximately $500M per year to expand and broaden the scope
of carbon-cycle research and to meet all of the stated goals.

Although the importance of understanding the global carbon cycle has been repeated in numerous
planning documents and is receiving increased attention from the U.S. Congress, there are many factors
that ultimately determine the annual carbon cycle budgets. Evaluating and balancing priorities and
determining what is achievable with partial funding is difficult. Here we present three investment
scenarios to provide some concept of what might be possible within 10 years with different funding
levels. Each scenario is described in terms of its funding for program elements, and its expected outcomes
are characterized in terms of meeting the goals of this Plan. Lower levels of funding would limit the
range of research activities and/or delay the accomplishment of some of the stated goals.
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7.3.1 Scenario I: Full investment in carbon cycle research and observations (~$500M/yr)

Priorities for a full carbon research agenda are described throughout the Plan. Observational networks
will be constructed to levels adequate for detecting and attributing change. Data management, synthesis
and modeling tools will be developed to take advantage of these observations. A coordinated information
service will be developed to provide and disseminate carbon cycle information and products that are
easily digestible by the general public, that are delivered in real time in some cases, and that take into
account the needs of decision-makers from beginning to end.

Expected outcomes for each of the goals outlined in Chapter 4:

e Goal 1: Full carbon observing networks operating along with a continuity plan for ensuring data
quality; Advanced models that include the latest process-based understanding of carbon flux
variability; Mechanistic understanding of responses and feedbacks to changing greenhouse gas
concentrations and climate based on manipulative experiments.

e Goal 2: The relative importance of various socio-economic processes and their interactions in
different parts of the world and at a range of spatial and temporal scales are quantified; The potential
range of future emissions from energy and land use are quantified; Studies published showing how
carbon prices and other policies affect socio-economic drivers and emissions; Integrated suite of
tools, observations, and models available for quantifying and evaluating emissions.

e Goal 3: Vulnerable pools and flows identified and monitored, especially those that may change
rapidly in the near future; The physical, chemical, and biological processes important in determining
the degree of vulnerability of carbon pools and flows built into diagnostic and mechanistic models;
Predictions published on the likelihood, timing and extent of potential changes in vulnerable carbon
stocks and flows based on numerical models and empirical methods; Predictions published on the
consequences of carbon management and sequestration schemes on vulnerable pools; Carbon
management goals supported by scientists helping to prioritize the most vulnerable stocks and flows
that require management and the resources that are needed.

e Goal 4: Fully developed research program on the responses of ecosystem productivity, biodiversity,
and sustainability to changing levels of carbon dioxide and other greenhouse gases; Published studies
on the synergistic effects of rising CO, on ecosystems in the presence of altered patterns of climate
and associated changes in weather, hydrology, sea level, and ocean circulation; Fully developed,
sustained and integrated measurement network for ecosystems in support of scientific research as well
as management and decision-making.

e Goal 5: Mechanisms developed for evaluating, integrating and balancing interconnected and
potentially competing management goals within the context of carbon cycle science; Published
studies on the impacts of carbon management and sequestration strategies on sustainability of
ecosystems and ecosystem services, including water resources and biodiversity; The net climate
effects of carbon-management pathways, including albedo and other energy-balance components that
influence temperature are quantified.

e Goal 6: The fundamental dynamics of decision making as they affect large-scale trends and patterns
in carbon stocks and flows are quantified; Decision-maker needs for carbon-cycle-science
information are systematically addressed so they can begin to incorporate carbon-related factors into
their decision making.

7.3.2 Scenario Il: Partial investment in expanded priorities (~$300M/yr)

Priorities for a partial funding of the expanded set of research priorities outlined in this Plan include a
limited expansion of existing atmospheric, terrestrial, oceanic and space-based observations, and funding
towards integrating social sciences and natural sciences. However, investments in coordination of
programs would need to be limited, and fewer opportunities could be created to elucidate the connections
between the natural, physical, and social science feedbacks of the carbon cycle. Intensive process studies
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would be conducted to improve understanding of carbon drivers, but their scope would need to be limited.
Development of new tools to model and synthesize the observations and process information would
improve the utility of information, but again the scope of these efforts would be limited relative to the
recommended funding scenario (Section 7.3.1). Outreach would continue, but coordination between
outreach efforts would be limited.

Expected outcomes for each of the goals outlined in Chapter 4:

o Goal 1: A limited expansion of carbon observing networks implemented with a continuity plan for
maximizing data quality; Models capable of constraining process-based understanding of carbon flux
variability under development; Limited manipulative experiments conducted to provide mechanistic
understanding of responses and feedbacks to changing greenhouse gas concentrations and climate.

e Goal 2: Initial studies published on the relative importance of different socio-economic processes;
Initial studies published on how carbon prices and other policies affect socio-economic drivers and
emissions; The tools, observations, and models needed to quantify and evaluate emissions under
development.

e Goal 3: A preliminary listing of the potential magnitude and likelihood of the risk for vulnerable
pools and flows; Studies published on the physical, chemical, and biological processes important in
determining the degree of vulnerability of carbon pools and flows, but not fully incorporated into
models; Carbon management goals supported with publications helping to prioritize the most
vulnerable stocks and flows that require management and the resources that are needed.

e Goal 4: Ecosystems at risk from ocean acidification, land-use change, and other carbon-cycle drivers
and consequences identified; Extensive studies published on the responses of ecosystem productivity,
biodiversity, and sustainability to changing levels of carbon dioxide and other greenhouse gases;
Limited enhanced capabilities for sustained and integrated observations of ecosystems in support of
scientific research as well as management and decision-making.

o Goal 5: Peer reviewed papers on the likelihood of success and potential for feedback or trade-offs of
a few specific proposed carbon-management pathways.

o Goal 6: Decision-maker needs addressed in publications based on available carbon-cycle-science
information as decision-makers begin to incorporate carbon-related factors into their work.

Overall, partial funding of the expanded set of priorities outlined in this Plan would result in expanded
and improved understanding of the global carbon cycle, but with a coarser resolution, a longer processing
time to provide needed information to policy makers, and less integration across various aspects of the
carbon cycle.

7.3.3 Scenario I11: No increased funding to support expanded priorities (~$200M/yr)

Priorities for a very limited carbon research agenda include little more than maintaining the continuity of
existing atmospheric, terrestrial, and oceanic time-series measurements and ongoing model development.
Programs with a substantial amount of risk or high costs are unlikely to be funded. There will likely be
little improvement in the integrative aspects of carbon cycle research or in the spatial resolution of data
products that would provide decision makers with critical information on climate-change.

Expected outcomes for each of the goals outlined in Chapter 4:

e Goal 1: Continue ongoing observations; Maintain current models of process-based understanding of
carbon flux variability.

o Goal 2: Begin to develop the tools, observations, and models needed to quantify and evaluate
emissions; Physical and social sciences only weakly integrated.
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e Goal 3: Publications hypothesizing about vulnerable pools and flows; Studies initiated on the
physical, chemical, and biological processes important in determining the degree of vulnerability of
carbon pools and flows.

e Goal 4: Identification of primary ecosystems at risk from ocean acidification, land-use change, and
other carbon-cycle drivers and consequences; Initial studies published on the responses of ecosystem
productivity, biodiversity, and sustainability to changing levels of carbon dioxide and other
greenhouse gases.

e Goal 5: Studies published that extrapolate observations to comment on a few specific proposed
carbon-management pathways.

e Goal 6: Limited communication with decision-makers as they begin to incorporate carbon-related
factors into their decision making.

Under the limited investment scenario, the agencies and carbon cycle community will have to work

together to find cost saving opportunities and ways to maximize efficiency in order to address the new
components of the Plan.
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APPENDIX A: Charge to the Co-Leads of the Carbon Cycle Science
Working Group, and Overview of the Carbon Cycle Interagency
Working Group

A.1 Charge to the co-leads of the Carbon Cycle Science Working Group
A New U.S. Carbon Cycle Science Plan
(CCIWG Approved 18 May 2008)

Rationale: A U.S. Carbon Cycle Science Plan (Sarmiento and Wofsy, 1999) was developed in 1998,
published in 1999, and is now essentially 10 years old. Much has been learned and there is no doubt
much yet to be done, but it is time to take a fresh look at the scientific questions and priorities detailed in
that report. It is important to note that this plan, produced by the scientific community, was the single
most important and influential input into the Carbon Cycle chapter of the 2003 Strategic Plan for the U.S.
Climate Change Science Program.

The U.S. Climate Change Science Program (CCSP) is now working on a minor update of its 2003
Strategic Plan and intends to draft a major revision in 2009. CCSP leaders have asked the Carbon Cycle
Interagency Working Group (CCIWG) to identify by December 2008 the “building blocks” it will use to
develop its contribution to the revised strategic plan. The CCIWG would again like to have an up-to-date
report from the scientific community on the most important scientific challenges and priorities for U.S.
carbon cycle research as the major “building block” to draw upon in drafting its inputs for the new
strategic plan. If initiated immediately, there would be time to complete a community-based study similar
to the one produced by the Carbon and Climate Working Group led by Jorge Sarmiento and Steve Wofsy
in 1998-1999.

Immediate Actions to Initiate Planning: The CCIWG should consult with its Carbon Cycle Science
Steering Group (CCSSG) to request their assistance in defining and organizing the community-based
planning activity needed to develop the new report. It does not seem reasonable to charge the CCSSG
with developing the report itself (although individual members may wish to participate), but rather they
should help to define the process and identify the working group participants. It would be reasonable to
make the new working group a subcommittee of the CCSSG, if the CCSSG agrees. The working group
will need to develop a work plan and cost plan that can guide their activities and schedule and serve to
justify the resources to be provided through the CCIWG agencies. The working group will be responsible
for end-to-end implementation of the planning process, but it is anticipated that some of the authors for
the final report, perhaps even the lead authors or editors, may emerge through leadership roles assumed
by other community members as the planning proceeds. Working group members should represent the
composition of the community as well as possible and include active researchers likely to be engaged in
the next 10 years of carbon cycle research.

Charge to the New Working Group: The carbon cycle science working group will be responsible for
developing an updated, revised, or new science plan for U.S. carbon cycle science, identifying challenges
and priorities for the next decade (~2010-2020) and involving the broader community. The group will:

o Define a process that reaches out to and engages the U.S. carbon cycle science community at key
stages (for example, one or more community workshops and inviting many to participate in a peer
review of the report), but that is no more elaborate and lengthy than is needed to do the job.

o Consider how to engage other key stakeholders to ensure that their interests and priorities are
taken into account — especially key decision-support needs.
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o Develop a schedule that as much as possible matches CCSP planning needs (for example, to have
preliminary findings available as near to December 2008 as possible and final publication of the
report before content is fixed for the next strategic plan for the U.S. CCSP)

e Prepare a work plan and cost plan for the planning activities and report preparation and submit
this to the CCIWG agencies for internal review, approval and funding.

¢ Implement the planning process, holding whatever meetings and workshops are included in the
approved work plan, to identify the most important science issues for the U.S. to pursue and what
is needed to address them. The following should be taken into consideration (the order below is
not a prioritization):

(0]

(0]

(0]

(0]

(0]

The most important, exciting, challenging science questions that are ripe for new
investment.

The U.S. Government’s need for prioritized research to address critical uncertainties
regarding global climate change.

The most important observations and research infrastructure in need of continuing, stable
support.

The needs of policy makers and resources managers for decision support related to
carbon management, climate change mitigation (including emissions reduction and
carbon sequestration) and/or adaptation.

The previous (1999) report on U.S. carbon cycle science — what is no longer important,
what needs only updating, what requires major revision, what needs to be added? Use it
as a starting point, if possible, but if something wholly new would be best, that would be
acceptable.

Existing carbon cycle science budget levels and anticipated future funding levels;
recommended activities and priorities should either be more or less affordable within
existing budgets or tied to well-defined initiatives that could be proposed with high
priority for new funding (Note: both should be included!)

The missions/goals of the U.S. agencies that conduct carbon cycle science and the
relevant scientific and/or operational infrastructure that they are mandated to support.
International programs, plans, priorities for carbon cycle science

e Write and publish a report on the findings of the working group.

(0]

Select the editor(s) for the report (suggest co-editors to cover the span of “disciplinary
expertise needed — at least land-ocean, perhaps land-atmosphere-ocean?), subject to the
concurrence of the CCSSG Chair and the CCIWG.

Recruit additional authors outside of the working group, as needed.

Keep the CCIWG apprised of findings and status of the report and seek their
comments/inputs at an appropriate time(s)

Make a mature draft of the report available for community review and comment, and
revise the draft to appropriately respond to this review

Arrange for the final report to be made available (help with electronic posting and/or
printing could be arranged through the Carbon Cycle Science Program Office and
UCAR)

A.2 Carbon Cycle Interagency Working Group

The Carbon Cycle Interagency Working Group was established under the U.S. Climate Change Science
Program to promote interagency cooperation and coordination, help secure funding, prepare individual
and joint agency initiatives and solicitations, and involve the scientific community with the purpose of
providing the needed science to understand the carbon cycle. CCIWG members represent 12 federal

agencies.

e Department of Agriculture

Page |65



2524 0 Agricultural Research Service

2525 o Economic Research Service

2526 o Forest Service

2527 0 National Institute of Food and Agriculture
2528 o Natural Resource Conservation Service

2529 e Department of Energy

2530 e Environmental Protection Agency

2531 e National Aeronautics and Space Administration
2532 e National Institute of Standards and Technology
2533 e National Oceanic and Atmospheric Administration, Department of Commerce
2534 e National Science Foundation

2535 e US Geological Survey, Department of the Interior
2536
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2537 APPENDIX B: Carbon Cycle Science Working Group Membership

2538  Bob Anderson

2539  Lamont-Doherty Earth Observatory

2540  Earth and Environmental Sciences

2541  The Earth Institute

2542  Columbia University

2543

2544  Deborah Bronk

2545  Department of Physical Sciences

2546  Virginia Institute of Marine Sciences

2547  College of William & Mary

2548

2549  Ken Davis

2550  Department of Meteorology

2551  Pennsylvania State University

2552

2553  Ruth DeFries

2554  Department of Ecology, Evolution, and Environmental Biology
2555  Columbia University

2556

2557  Scott Denning

2558  Department of Atmospheric Science

2559  Colorado State University

2560

2561  Lisa Dilling

2562  Center for Science and Technology Policy Research

2563  Cooperative Institute for Research in Environmental Sciences
2564  University of Colorado, Boulder

2565

2566  Rob Jackson — Co-lead

2567  Department of Biology

2568  Nicholas School of the Environment

2569  Duke University

2570

2571  Andy Jacobson

2572  NOAA Earth System Research Laboratory, Global Monitoring Division
2573  University of Colorado, Cooperative Institute for Research in Environmental Sciences
2574

2575  Steve Lohrenz

2576  Department of Marine Science

2577  University of Southern Mississippi

2578

2579  Gregg Marland — Co-lead

2580  Ecosystem Simulation Science Group, Environmental Sciences Division
2581  Oak Ridge National Laboratory

2582
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2583  David McGuire

2584  Alaska Cooperative Fish and Wildlife Research Unit
2585  U.S. Geological Survey

2586 Institute of Arctic Biology

2587  Department of Biology and Wildlife

2588  University of Alaska

2589

2590  Galen McKinley

2591  Department of Atmospheric and Oceanic Sciences
2592  University of Wisconsin, Madison

2593

2594  Anna M. Michalak — Co-lead

2595  Department of Civil and Environmental Engineering
2596  Department of Atmospheric, Oceanic, and Space Sciences
2597  University of Michigan
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2599  Charles Miller

2600  Jet Propulsion Laboratory

2601  California Institute of Technology

2602

2603  Berrien Moore

2604  College of Atmospheric and Geographic Sciences
2605  University of Oklahoma

2606

2607  Dennis Ojima

2608  Natural Resource Ecology Laboratory

2609  Colorado State University

2610  Heinz Center

2611

2612  Brian O’Neill

2613  Integrated Assessment Modeling, Climate Change Research
2614  National Center for Atmospheric Research

2615

2616  Jim Randerson

2617  Department of Earth System Science

2618 University of California, Irvine

2619

2620  Steve Running

2621  Numerical Terradynamic Simulation Group

2622  College of Forestry and Conservation

2623  University of Montana

2624

2625  Christopher Sabine — Co-lead

2626  Ocean Climate Research Division

2627  NOAA Pacific Marine Environmental Laboratory
2628

2629  Brent Sohngen

2630  Department of Agricultural, Environmental, and Development Economics
2631  Ohio State University

2632
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2633  Pieter Tans

2634  Climate Monitoring and Diagnostics Laboratory
2635  NOAA Earth System Research Laboratory
2636

2637  Peter Thornton

2638  Environmental Simulation Science Group

2639  Oak Ridge National Laboratory

2640

2641  Steve Wofsy

2642  School of Engineering and Applied Sciences
2643  Harvard Forest

2644  Harvard University
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2646  Ning Zeng

2647  Department of Atmospheric and Oceanic Science
2648  University of Maryland
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2650 APPENDIX C: Outreach Activities

2651  The following is a list of meetings, workshops, conferences, and publications where information about the
2652  new U.S. Carbon Cycle Science Plan has been presented and discussed:

November 17-18, 2008 | Carbon Cycle Science Working Group (CCS WG) Meeting
Washington, DC
Scope: Dedicated workshop

December 9-10, 2008 Carbon Cycle Science Steering Group (CCSSG) Meeting
Washington, DC
Scope: Report on CCS WG meeting and presentation

February 17-20, 2009 North American Carbon Program (NACP) All Investigators’ Meeting
San Diego, CA

Scope: CCS WG side meeting, plenary presentation, dedicated breakout
session

March 24, 2009 “A U.S. carbon cycle science plan: First meeting of the Carbon Cycle Science
Working Group; Washington, D.C., 17-18 November 2008” by A.M Michalak,
R. Jackson, G. Marland, and C. Sabine, published in EOS, Transactions of the
American Geophysical Union, 90(12), p. 102-103.

March 27, 2009 CCS WG Scoping Paper published online at
http://www.carboncyclescience.gov/carbonplanning.php
May 24-27, 2009 2009 Joint Assembly, The Meeting of the Americas

Toronto, Ontario, Canada
Scope: Presentation

June 1-2, 2009 CCS WG Meeting
Washington, DC
Scope: Dedicated workshop

June 3-4, 2009 CCSSG Meeting
Washington, DC
Scope: Report on CCS WG meeting and presentation

June 23-25, 2009 Earth System Science Partnership (ESSP) Global Carbon Project (GCP)
Science Steering Committee (SSC)
Beijing ,China
Scope: Progress report and presentation

July 20-23, 2009 Ocean Carbon and Biogeochemistry (OCB) Summer Workshop

Woods Hole, MA
Scope: Presentations and panel discussion

August 2-7, 2009 94™ Ecological Society of America Meeting
Albuquerque, NM
Scope: Presentation

September 13-19, 2009 8" International Carbon Dioxide Conference
Jena, Germany
Scope: Abstract and poster presentation

September 21-25, 2009 | OceanObs’09
Venice-Lido, Italy
Scope: Presentation and poster

September 21-23, 2009 | AmeriFlux Meeting
Washington, DC
Scope: Presentation

Page |70



September 30, 2009

NACP Science Steering Group (NACP SSG)
Washington, DC
Scope: Presentation

November 6, 2009

CCSWG. Recommendations Summary White Paper published online at
http://www.carboncyclescience.gov/carbonplanning.php

November 19-20, 2009

39™ National Research Council (NRC) Committee on Human Dimensions of
Global Change Meeting

Washington, DC

Scope: Presentation

December 3-4, 2009

CCSSG Meeting
Washington, DC
Scope: Progress report and presentation

December 14-18, 2009

American Geophysical Union (AGU) Fall Meeting
San Francisco, CA
Scope: Town hall meeting

March 12-13, 2010

Human Dimensions Workshop
Washington, DC
Scope: Dedicated workshop

June 15-17, 2010

ESSP GCP SSC Meeting
Norwich, United Kingdom
Scope: Progress report and discussion

July 13-14, 2010

NASA Carbon Monitoring System Scoping Workshop
Boulder, CO
Scope: Presentation and discussion

July 19-22, 2010

OCB Summer Workshop
San Diego, CA
Scope: Presentation and discussion

August 23-24, 2010

CCS WG Workshop
Boulder, CO
Scope: Dedicated workshop
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APPENDIX D: List of Acronyms

ACE - Aerosol — Cloud - Ecosystems
AIRS — Atmospheric Infrared Sounder
ALOS - Advanced Land Observing Satellite

AmeriFlux — Tower network that provides continuous observations of ecosystem level exchanges of CO,,
water, energy and momentum, composed of sites from North, South, and Central America.

ASCENDS - Active Sensing of CO2 Emissions over Nights, Days, and Seasons
CCIWG - Carbon Cycle Interagency Working Group

CCSP - Climate Change Science Program

CH,4 — Methane

CO, — Carbon dioxide

DESDynl - Deformation, Ecosystem Structure and Dynamics of Ice (), the
DOE - Department of Energy

EQOS - Earth Observing System

ESRL - Earth System Research Laboratory

FACE - Free Air CO, Enrichment

FIA — Forest Inventory and Analysis

FLUXNET - Global network of micrometeorological tower sites that use eddy covariance methods to
measure the exchanges of CO,, water vapor, and energy between terrestrial ecosystems and the
atmosphere.

GCP — Global Carbon Project

GEO-CAPE - Geostationary Coastal and Air Pollution Events

GHG - Greenhouse Gas

GOSAT - Greenhouse Gas Observing Satellite

HyspIRI - Hyperspectral Infrared Imager

ICESat-2 - Ice, Cloud,and land Elevation Satellite-2

IMBER - Integrated Marine Biogeochemistry and Ecosystem Research

IPCC - Intergovernmental Panel on Climate Change
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2681  JPSS - Joint Polar Satellite System

2682  LDCM - Landsat Data Continuity Mission

2683  LIST - Lidar Surface Topography

2684  LUCC - Land Use and Cover Change

2685  MAST-DC - Modeling and Synthesis Thematic Data Center

2686  NACP - North American Carbon Program

2687  NASA - National Aeronautics and Space Administration

2688  NEON - National Ecological Observatory Network

2689  NIES — National Institute for Environmental Studies

2690  NOAA — National Oceanic and Atmospheric Administration

2691  NPOESS - National Polar-orbiting Operational Environmental Satellite System
2692  NPP - NPOESS Preparatory Project

2693  NRC - National Research Council

2694  NSF - National Science Foundation

2695  OA - Ocean Acidification

2696  OCB - Ocean Carbon and Biogeochemistry

2697  OCB-SSG - Ocean Carbon and Biogeochemistry Scientific Steering Group
2698  OCCC - Ocean Carbon and Climate Change

2699  OCCC-SSG - Ocean Carbon and Climate Change Scientific Steering Group
2700  OCO - Orbiting Carbon Observatory

2701  OCO-2 - Orbiting Carbon Observatory 2

2702 OOl — Ocean Observatories Initiative

2703  ORNL - Oak Ridge National Laboratory

2704  PALSAR - Phased Array type L-band Synthetic Aperture Radar

2705  RCP - Representative Concentration Pathway

2706  REDD - Reducing Emissions from Deforestation and Degradation

2707 SCLP - Snow and Cold Land Processes
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2708
2709
2710
2711
2712
2713
2714
2715
2716
2717
2718

2719

SeaWiFS - Sea-viewing Wide Field-of-view Sensor
SMAP - Soil Moisture Active and Passive

SOCCR - State of the Carbon Cycle Report
SOLAS - Surface Ocean Lower Atmosphere Study
TES - Tropospheric Emission Spectrometer

UGEC - Urban and Global Environmental Change
USDA - U.S. Department of Agriculture

USGCRP - U.S. Global Change Research Program
VIIRS - Visible Infrared Imager Radiometer Suite
VOS - Volunteer Observing Ships

WOCE/JGOFS — World Ocean Circulation Experiment/Joint Global Ocean Flux Study
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2720

2721
2722
2723
2724
2725
2726
2727
2728
2729
2730

2731
2732
2733

2734
2735
2736
2737
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APPENDIX E: Acknowledgments

This document represents the diverse contributions of a large number of people. This effort was led by a
working group made up of 25 members, of whom all have contributed ideas and many have contributed
text. Nonetheless, the 4 co-chairs have tried to organize, synthesize, summarize, and approach consensus
and they accept primary responsibility for the final tone and content of this document. The intent from
the beginning has been to produce a research agenda that truly represents a consensus view of the active
research community and we are grateful for the number of committee members from all disciplines who
have contributed generously of their time and ideas. Through many presentations and other exposures to
the scientific community at large we have received a great deal of additional input, including valuable
discussions that helped to shape the plan and determine the breadth and balance contained within. We are
grateful for the wisdom and concerns shared by so many of our friends and colleagues.

It is impossible to adequately acknowledge the magnitude of the contributions from committee members
(listed in Appendix B) or from those colleagues who are represented in this document only by their ideas,
but there are three additional groups/individuals with whom we owe a special debt.

In addition to their financial support, the members of the Carbon Cycle Interagency Working Group have
been remarkably generous with their ideas, insights, and patience and we are grateful; our commitments
of time and energy to this effort could not have gone forward without the support of our home
institutions; Roger Hanson (Director of the U.S. Carbon Cycle Science Program office) has been with us
every step of way with support and wisdom on everything from history, context, intellectual content, and
hotel and restaurant arrangements. Thanks to all!
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