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ABSTRACT

Lead Authors: Scientific Coordination Team

Scientific Coordination Team Members: Anthony W. King® (Lead), Lisa Dilling® (Co-Lead),
Gregory P. Zimmerman® (Project Coordinator), David M. Fairman?®, Richard A. Houghton®*,
Gregg H. Marland®, Adam Z. Rose®, and Thomas J. Wilbanks®

'0ak Ridge National Laboratory, University of Colorado, *Consensus Building Institute, Inc.,

*Woods Hole Research Center, *The Pennsylvania State University and University of Southern California

North America is currently a net source of carbon dioxide to the atmosphere, contributing to the
global buildup of greenhouse gases in the atmosphere and associated changes in the earth’s climate. In
2003, North America emitted nearly two billion metric tons of carbon to the atmosphere as carbon
dioxide. North America’s fossil fuel emissions in 2003 (1856 million metric tons of carbon +10% with
95% certainty) were 27% of global emissions. Approximately 85% of those emissions were from the
United States, 9% from Canada and 6% from Mexico. The conversion of fossil fuels to energy (primarily
electricity) is the single largest contributor, accounting for approximately 42% of North American fossil
emissions in 2003. Transportation is the second largest, accounting for 31% of total emissions.

There are also globally important carbon sinks in North America. In 2003, growing vegetation in
North America removed approximately 530 million tons of carbon per year (+ 50%) from the atmosphere
and stored it as plant material and soil organic matter. This land sink is equivalent to approximately 30%
of the fossil fuel emissions from North America. The imbalance between the fossil fuel source and the
sink on land is a net release to the atmosphere of 1335 million metric tons of carbon per year (+ 25%).

Approximately 50% of North America’s terrestrial sink is due to the regrowth of forests in the United
States on former agricultural land that was last cultivated decades ago, and on timber land recovering
from harvest. Other sinks are relatively small and not well quantified with uncertainties of 100% or more.
The future of the North American terrestrial sink is also highly uncertain. The contribution of forest
regrowth is expected to decline as the maturing forests grow more slowly and take up less carbon dioxide
from the atmosphere. But, this expectation is surrounded by uncertainty because how regrowing forests
and other sinks will respond to changes in climate and carbon dioxide concentration in the atmosphere is
highly uncertain.

The large difference between current sources and sinks and the expectation that the difference could

become larger if the growth of fossil fuel emissions continues and land sinks decline suggest that
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addressing imbalances in the North American carbon budget will likely require actions focused on
reducing fossil fuel emissions. Options to enhance sinks (growing forests or sequestering carbon in
agricultural soils) can contribute, but enhancing sinks alone is likely insufficient to deal with either the
current or future imbalance. Options to reduce emissions include efficiency improvement, fuel switching,
and technologies such as carbon capture and geological storage. Implementing these options will likely
require both voluntary and policy-driven mechanisms at local, regional, national, and international levels.
Meeting the demand for information by decision makers will likely require new modes of research

characterized by close collaboration between scientists and carbon management stakeholders.
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PREFACE

Lead Authors: Scientific Coordination Team

Scientific Coordination Team Members: Anthony W. King® (Lead), Lisa Dilling® (Co-Lead),
Gregory P. Zimmerman® (Project Coordinator), David M. Fairman?®, Richard A. Houghton®*,
Gregg H. Marland®, Adam Z. Rose®, and Thomas J. Wilbanks®

'0ak Ridge National Laboratory, University of Colorado, *Consensus Building Institute, Inc.,

*Woods Hole Research Center, *The Pennsylvania State University and University of Southern California

A primary objective of the U.S. Climate Change Science Program (CCSP) is to provide the best
possible scientific information to support public discussion, as well as government and private sector
decision-making, on key climate-related issues. To help meet this objective, the CCSP has identified an
initial set of 21 Synthesis and Assessment Products that address its highest priority research, observation,
and decision-support needs.

This Report—CCSP Synthesis and Assessment Product (SAP) 2.2—addresses Goal 2 of the CCSP
Strategic Plan: Improve quantification of the forces bringing about changes in the Earth’s climate and
related systems. The report provides a synthesis and integration of the current knowledge of the North
American carbon budget and its context within the global carbon cycle. In a format useful to decision
makers, it (1) summarizes our knowledge of carbon cycle properties and changes relevant to the
contributions of and impactsl upon North America and the rest of the world, and (2) provides scientific
information for decision support focused on key issues for carbon management and policy. Consequently,
this Report is aimed at both the decision-maker audience and to the expert scientific and stakeholder

communities.

Background
This Report addresses carbon emissions; natural reservoirs and sequestration; rates of transfer; the
consequences of changes in carbon cycling on land and the ocean; effects of purposeful carbon

management; effects of agriculture, forestry, and natural resource management on the carbon cycle; and

1The term “impacts” as used in this Report refers to specific effects of changes in the carbon cycle, such as acidification of
the ocean, the effect of increased carbon dioxide on plant growth and survival, and changes in concentrations of carbon in the
atmosphere. The term is not used as a shortened version of “climate impacts,” as was adopted for the Strategic Plan for the
U.S.Climate Change Science Program.
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the socio-economic drivers and consequences of changes in the carbon cycle. It covers North America’s
land, atmosphere, inland waters, and coastal oceans, where “North America” is defined as Canada, the
United States of America (excluding Hawaii), and Mexico. Coastal oceans are defined as coastal waters
less than 100 km from the North American coastline, where surface water concentrations of carbon
dioxide are influenced by coastal processes. The Report focuses on the current carbon budget for North
America defined by the availability of most recent published data circa 2003. Historical trends and
processes from 1750 (beginning of the Industrial Revolution) and 1850 (expanding use of fossil fuels in
the Industrial Revolution) to present are included where appropriate and needed to explain the current
carbon budget. Near term (to 2020), mid term (2020-2040) and long term (2040-2100) projections of
current trends are considered where available (published) and appropriate. The Report includes an
analysis of North America’s carbon budget that documents the state of knowledge and quantifies the best
estimates (i.e., consensus, accepted, official) and uncertainties. This analysis provides a baseline against
which future results from the North American Carbon Program (NACP) can be compared.

The focus of this Report follows the Prospectus developed by the Climate Change Science Program

and posted on its website at www.climatescience.gov. The audience for SAP 2.2 includes scientists,

decision makers in the public sector (e.g., national, provincial, state, and local governments), the private
sector (carbon-related industry, including energy, transportation, agriculture, and forestry sectors; and
climate policy and carbon management interest groups), the international community, and the general
public. This broad audience is indicative of the diversity of stakeholder groups interested in knowledge of
carbon cycling in North America and of how such knowledge might be used to influence or make
decisions. Not all the scientific information needs of this broad audience can be met in this first synthesis
and assessment product, but the scientific information provided herein is designed to be understandable
by all. The primary users of SAP 2.2 are likely to be officials involved in formulating climate policy,
individuals responsible for managing carbon in the environment, and scientists involved in assessing the
state of knowledge concerning carbon cycling and the carbon budget of North America.

It is envisioned that SAP 2.2 will be used (1) as a state-of-the-art assessment of our knowledge of
carbon cycle properties and changes relevant to the contributions of and carbon-specific impacts upon
North America in the context of the rest of the world; (2) as a contribution to relevant national and
international assessments; (3) to provide the scientific basis for decision support that will guide
management and policy decisions that affect carbon fluxes, emissions, and sequestration; (4) as a means
of informing policymakers and the public concerning the general state of our knowledge of the global
carbon cycle with respect to the contributions of and impacts on North America; and (5) to inform future
efforts for carbon science to support decision making. For example, well-quantified regional and

continental-scale carbon source and sink estimates, error terms, and associated uncertainties will be
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available for use in climate policy formulation and by resource managers interested in quantifying carbon

emissions reductions or carbon uptake and storage. This Report is also intended for senior managers and

members of the general public who desire to improve their overall understanding of North America’s role
in the global carbon budget and to gain perspective on what is and is not known.
The questions addressed by this Report include:

» What is the carbon cycle and why should we care?

» How do North American carbon sources and sinks relate to the global carbon cycle?

»  What are the primary carbon sources and sinks in North America, and how are they changing
and why?

»  What are the direct, non-climatic effects of increasing atmospheric carbon dioxide or other changes in
the carbon cycle on the land and oceans of North America?

* What options can be implemented in North America that could significantly affect the North
American and global carbon cycles (e.g., North American sinks and global atmospheric
concentrations of carbon dioxide)?

» How can we improve the usefulness of carbon science for decision-making?

* What additional knowledge is needed for effective carbon management?

Suggestions for Reading, Using and Navigating this Report

The above questions provide the basis for the five chapters in Part | of this Synthesis and
Assessment Report. These five chapters focus on integrating and synthesizing information presented in
Parts Il and I11 of this Report in combination with additional peer-reviewed published information from
outside the Report. The Report’s assessment of the North American carbon budget is, for example,
presented in Chapter 3. The Executive Summary further distills and synthesizes information from across
the Report to address the questions above, which structure the report.

Part 11 of the Report focuses on the energy- and industrial-related components of the North
American carbon cycle, and discusses the carbon emissions and other aspects of (a) energy extraction and
conversion, (b) the transportation sector, (¢) industry and waste management, and (d) the buildings sector.
Part 111 provides information about land and water systems, including human settlements, and their roles
in the carbon cycle. Both Parts 1l and 11 are introduced by an Overview of the subject matter and
information in the chapters of the respective sections.

A reader interested in cross-sector integration and synthesis at the national and continental scale
might therefore first read the Executive Summary followed by reading Chapters 1 through 5, referring to

Chapters 6-15 and the Overviews of Parts 11 and 111 for more expanded discussion of information specific
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to individual sectors or ecosystems. Conversely, if a reader is more interested in sectoral-specific
information, he or she might want to peruse the appropriate chapters in Part Il as a first step. Chapter 1 is
intended as a background “primer” for those less familiar with concepts of carbon cycling and its
importance in considerations of climate change. Those familiar with those issues might choose to skip

that chapter or use it for a quick review.

Definitions and Conventions

Throughout this Report, quantification of carbon sources and sinks follows the following convention.
Sources, such as fossil-fuel emissions, that add carbon to the atmosphere are indicated with positive
numbers. Sinks, such as forest growth, that remove carbon from the atmosphere are indicated with
negative numbers. The difference between a source and a sink is net exchange with the atmosphere, and
may be either positive or negative, a source or sink depending on which is larger. Sources and sinks,
unless otherwise indicated, are given in units of million metric tons of carbon per year (Mt C per year).

Additional definitions of terms and units are provided in the Glossary (Appendix A). Definitions of

the acronyms used in this Report are presented in Appendix B.

The Treatment of Uncertainty in this Report

Communicating confidence in the findings of scientific syntheses and assessments, including the
characterization of certainty in numbers reported by those assessments, is an important part of making
scientific assessments useful to decision makers and other stakeholders. That communication is
sometimes challenged by nuanced differences among participants in their understanding of terms such as
uncertainty or confidence. The challenge is heightened when attempting to integrate and synthesize
analyses from a broad spectrum of sectors and disciplines, each with its own methods, conventions and
sometimes language for addressing and communicating “uncertainty.”

Variability in physical processes (e.g., carbon sequestration by woody vegetation) in time and
space, measurement error, and sampling error (itself intimately linked to temporal and spatial variability)
all contribute to uncertainty in quantifying elements of the North American carbon budget. Uncertainties
may be compounded by the use of “expansion factors”—the analytical models used to interpolate and
extrapolate local measurements to represent larger areas. Methods for translating from the readily
measurable to quantities that are difficult or costly to measure (such as the use of allometric relationships
to estimate whole tree biomass from measurements of stem diameter and tree height) can also compound
uncertainty. The magnitudes of these and other sources of uncertainty vary across sectors and elements of

the carbon cycle. Consequently, so do the emphases and methods for dealing with uncertainty vary across
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the different disciplines that study these elements. There is no single applicable quantitative method for
integrating these variable sources and methods. There exist, of course, statistical techniques, such as the
meta-analysis widely used in epidemiology and biomedical clinical trials to combine results from
previous separate but related studies. But only rarely, even within a sector or discipline, are the statistical
pre-requisites of meta-analysis met by the diverse studies of carbon cycle elements.

To address this challenge, and to provide for synthesis across and comparability among carbon
cycle elements, the following convention has been adopted for characterizing uncertainty in the Report’s
synthetic findings and results (for example, in the synthesized carbon budget for North America of

Chapter 3 and in the Executive Summary). Uncertainty is characterized using five categories:

(1) ***** =950 certain that the actual value is within 10% of the estimate reported,
(2) **** =05% certain that the estimate is within 25%,

(3) *** =95% certain that the estimate is within 50%,

(4) **  =95% certain that the estimate is within 100%, and

B) * = uncertainty > 100%.

Unless otherwise noted, values presented as “y + x%” should be interpreted to mean that the authors are
95% certain the actual value is between y — x% and y + x%. Where appropriate, the absolute range is
sometimes reported rather than the relative range: y + z, where z =y x X% + 100. The system of asterisks
is used as shorthand for the categories in tables and text.

These are informed categorizations. They reflect expert judgment, using all known published
descriptions of uncertainty surrounding the “best available” or “most likely” estimate. There is always a
chance, something like 1 in 20, that the actual value lies outside the range surrounding the best/most
likely estimate, but it is much more likely that the actual value is in that range. Some things are known
well, and one can be highly (95%) certain that the actual value is within = 10% of the estimate. Some
things are known less well, perhaps there are fewer studies, a broader, more variable range of estimates
from different studies, or more variability or measurement and sampling error reported by individual
studies, and one can only by highly certain that the actual value is captured by the estimate by increasing
the relative range around the estimate to say + 25 or 50%. With very few and variable or conflicting
studies, there is very little certainty and confidence in the estimate, the relative range of likely values is
large and uncertainty is characterized as being greater than 100%.

The 95% boundary was chosen to communicate the extremely high certainty or confidence that

the actual value was in the reported range, and the low likelihood that it was outside that range. However,
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this characterization is not a statistical property of the estimate, and should not be confused with 95%
confidence intervals based on parametric statistical estimation of the standard error of the mean.

The authors have used this system for categorizing uncertainty only where they have synthesized
diverse published information and compared across this diversity. When citing an existing published
estimate, authors were encouraged to include the reported characterizations of uncertainty, whether
guantitative or qualitative. Chapters in this Report, especially those of Parts Il and 11, therefore include
several different ways of characterizing uncertainty: simple ranges, standard deviations, standard error,
and confidence intervals.

In all cases, the form and character of the uncertainty being expressed should be clear either from
the context of the text or as described in a footnote. There are circumstances in which no characterization
of the uncertainty of data or information is shown, such as when a number is taken from a published
source that itself did not include a characterization of uncertainty. In these cases, the authors have not
provided a characterization of uncertainty, and the reader should assume that no characterization of

uncertainty was available to the authors.

The Treatment of Greenhouse Gases in this Report

Atmospheric carbon dioxide is recognized as the largest single human-mediated agent of climate
change. While carbon dioxide’s importance as a greenhouse gas is a primary motivator for understanding
how carbon cycles through the atmosphere and other parts of the Earth system, this Report is about the
carbon cycle and carbon budgets, and not about greenhouse gases. Accordingly, this Report focuses on
the North American carbon budget as it influences, and is influenced by, concentrations of atmospheric
carbon dioxide (CO,). Methane is also an important greenhouse gas and a potential contributor to human-
caused climate change. However, methane and other non-CO, carbon gases are not typically included in
global carbon budgets because their sources and sinks are not well understood. For this reason, and to
manage scope and focus, we too follow that convention, and this Report is limited primarily to carbon and
carbon dioxide. Methane is discussed in individual chapters where appropriate, but the report makes no
effort to provide a comprehensive synthesis and assessment of methane as part of the North American
carbon budget. Similarly, we provide no comprehensive treatment of black carbon, isoprene or other
volatile organic carbon compounds that represent a small fraction of global or continental carbon

budgets. We make no consideration of nitrous oxide (N,O) or other non-carbon greenhouse gases.
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The Synthesis and Assessment Product Team

A full list of the Authorship Team (in addition to the list of lead authors provided at the beginning of
each chapter) is provided on page ___ of this Report. The Scientific Coordination Team, as described
below, reviewed the scientific/technical input and managed the formatting, editing, assembly, and
preparation of the Report.

The SAP 2.2 Prospectus identified a Scientific Coordination Team responsible for organizing and
outlining this SAP 2.2 and for its final content and submission. The Coordination Team was also
responsible for identifying chapter authors, coordinating all the inputs to this Report, and leading the
overall synthesis and integration of this Report. The Coordination Team provided oversight and editorial
review of individual chapters and, with the assistance of the respective chapter authors, prepared the Part
I1 Overview and Part 11 Overview, as well as Abstract and the Executive Summary for this Report. The
members of the Coordination Team and their roles are:

e Dr. Anthony W. King, Overall Lead

e Dr. Lisa Dilling, Co-Lead, Stakeholder Interaction Lead

e Dr. David M. Fairman, Stakeholder Interaction

o Dr. Richard A. Houghton, Scientific Content (Land Use)

e Dr. Gregg H. Marland, Scientific Content (Emissions)

o Dr. Adam Z. Rose, Scientific Content (Economics)

o Dr. Thomas J. Wilbanks, Scientific Content (Human Dimensions)
The activities of the Scientific Coordination Team were managed by

e Mr. Gregory P. Zimmerman, Project Coordinator

The Scientific Coordination Team recruited one or more scientific experts to be responsible for
writing each individual chapter of SAP 2.2. This person (or persons) was designated as either the
Coordinating Lead author or the Lead Chapter author. For the individual chapters in Part I, the respective
Coordinating Lead author had responsibility for orchestrating the preparation of the chapter. For each
chapter in Parts 1l and 111, the respective Lead Author had that responsibility. These Coordinating Lead
authors and Lead Chapter authors are recognized leaders in their fields, drawn from the wide and diverse
scientific community of North America and the world, as well as other qualified stakeholder groups.
Their qualifications include the quality and relevance of current publications in the peer-reviewed
literature pertaining to their chapter topics, past or present positions of leadership in the topic fields, and
other documented experience and knowledge of high relevance. Each Coordinating Lead author and Lead

Chapter author was responsible for the review and synthesis of current knowledge and production of text
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for his/her respective chapter. The Coordinating Lead authors and Lead Chapter Authors were responsible
for recruiting well-qualified contributing authors in their areas of expertise and responsibility. The
Coordinating Lead authors and Lead Chapter Authors, along with the Scientific Coordination Team, were
also responsible for ensuring that scientific expert, stakeholder, and public review comments on their

chapters are reflected in this Report.

Stakeholder Involvement Process

Research suggests that in order for an assessment to be useful for decision making, it must be not only
scientifically accurate and rigorous, but also relevant to the near-term concerns of decision makers and
their constituencies (“stakeholders”). It must also be created in a way that stakeholders perceive as fair
and unbiased; this last point is especially important when the assessment deals with a controversial public
issue.

To make the SAP 2.2 as useful for decision making as possible, we dedicated significant effort and
resources to developing a stakeholder engagement process. Because the North American carbon cycle
involves a vast array of interactions between human activities and the environment, and because changes
in the carbon cycle may have far-reaching economic, social and political implications, the stakeholders
for this report arguably include the entire population of the continent.

To focus the stakeholder engagement process, the Coordination Team sought to identify and involve
representatives of government (national and subnational) with current or potential responsibility for
carbon management, businesses with a substantial interest in carbon management, and environmental
groups active in carbon cycle issues, along with academic and consulting experts in carbon cycle issues.
We were partially successful in our efforts to involve a broad and representative group of stakeholders.
Our extensive outreach efforts generated public comments from only a limited number of individuals, and
attendance at our individual workshops was not equally balanced across all stakeholder groups. We did,
however, succeed in generating participation and public comment from all the major stakeholder groups.
What the process lacked in numbers, it arguably made up for in the quality of interaction and feedback
received.

The stakeholder engagement process involved a combination of interviews, workshops, and online
communication tools such as a website and email. Stakeholders’ interests were considered and
represented at all stages. However, the responsibility for content of the report rested with the authors
themselves.

We began involving stakeholders early in the process, at a point where they might have significant

opportunity to provide input into the shape and overall structure of the report. Our first activity was to
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conduct a “rapid stakeholder assessment” which consisted of approximately 30 phone interviews with
stakeholders from government, academia, business and environmental groups. During this assessment, we
asked stakeholders about their impressions of our tentative outline for the report, and for suggestions on
chapter authors.

We then conducted the first of our stakeholder workshops, also focusing on the draft outline and
asking how we might make the Report as useful as possible to a wide range of stakeholders. At this
workshop, we significantly changed the structure of the report based on valuable input from the group
assembled. After the workshop, we then posted our draft outline online, and provided an open comment
period for anyone to send in comments, which were also considered in constructing the next draft and
formal SAP 2.2 Prospectus outline. We also created an online email listserv early in the process, which
now has over 350 members subscribed. Our second workshop occurred mid-way through the process,
when the authors had created an early draft of their chapters. At the workshop, stakeholders and authors
met together, so that input and feedback could be direct and interactive. Through the Climate Change
Program Office, we then received feedback on a peer-reviewed draft through a formal public comment
process. Finally, we conducted a third stakeholder workshop during the public comment process, in order
to have one more opportunity for direct dialogue on the document. We also maintained a public website
from the start of the process with our names and contact information, and communicated via email and

phone with stakeholders as well. The website can be accessed at http://cdiac.ornl.gov/SOCCR/.
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United States Climate Change Science Program
Synthesis and Assessment Product 2.2
The First State of the Carbon Cycle Report (SOCCR):
North American Carbon Budget

and Implications for the Global Carbon Cycle

Executive Summary

Lead Authors: Scientific Coordination Team

Scientific Coordination Team Members: Anthony W. King" (Lead), Lisa DiIIing2 (Co-Lead),
Gregory P. Zimmerman® (Project Coordinator), David M. Fairman®, Richard A. Houghton®*,
Gregg H. Marland®, Adam Z. Rose®, and Thomas J. Wilbanks®

'0ak Ridge National Laboratory, *University of Colorado, *Consensus Building Institute, Inc.,

*Woods Hole Research Center, °The Pennsylvania State University and University of Southern California

ABSTRACT

North America is currently a net source of carbon dioxide to the atmosphere, contributing to the global
buildup of greenhouse gases in the atmosphere and associated changes in the earth’s climate. In 2003,
North America emitted nearly two billion metric tons of carbon to the atmosphere as carbon dioxide. North
America’s fossil fuel emissions in 2003 (1856 million metric tons of carbon £10% with 95% certainty) were
27% of global emissions. Approximately 85% of those emissions were from the United States, 9% from
Canada and 6% from Mexico. The conversion of fossil fuels to energy (primarily electricity) is the single
largest contributor, accounting for approximately 42% of North American fossil emissions in 2003.
Transportation is the second largest, accounting for 31% of total emissions.

There are also globally important carbon sinks in North America. In 2003, growing vegetation in North
America removed approximately 530 million tons of carbon per year (+ 50%) from the atmosphere and
stored it as plant material and soil organic matter. This land sink is equivalent to approximately 30% of the
fossil fuel emissions from North America. The imbalance between the fossil fuel source and the sink on
land is a net release to the atmosphere of 1335 million metric tons of carbon per year (= 25%).

Approximately 50% of North America’s terrestrial sink is due to the regrowth of forests in the United

States on former agricultural land that was last cultivated decades ago, and on timber land recovering
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from harvest. Other sinks are relatively small and not well quantified with uncertainties of 100% or more.
The future of the North American terrestrial sink is also highly uncertain. The contribution of forest
regrowth is expected to decline as the maturing forests grow more slowly and take up less carbon dioxide
from the atmosphere. But, this expectation is surrounded by uncertainty because how regrowing forests
and other sinks will respond to changes in climate and carbon dioxide concentration in the atmosphere is
highly uncertain.

The large difference between current sources and sinks and the expectation that the difference could
become larger if the growth of fossil fuel emissions continues and land sinks decline suggest that
addressing imbalances in the North American carbon budget will likely require actions focused on
reducing fossil fuel emissions. Options to enhance sinks (growing forests or sequestering carbon in
agricultural soils) can contribute, but enhancing sinks alone is likely insufficient to deal with either the
current or future imbalance. Options to reduce emissions include efficiency improvement, fuel switching,
and technologies such as carbon capture and geological storage. Implementing these options will likely
require both voluntary and policy-driven mechanisms at local, regional, national, and international levels.
Meeting the demand for information by decision makers will likely require new modes of research

characterized by close collaboration between scientists and carbon management stakeholders.

Synthesis and assessment of the North American carbon budget

Understanding the North American carbon budget, both sources and sinks, is critical to the United
States Climate Change Science Program goal of providing the best possible scientific information to
support public discussion, as well as government and private sector decision making, on key climate-
related issues. In response, this Report provides a synthesis, integration and assessment of the current
knowledge of the North American carbon budget and its context within the global carbon cycle. The
Report is organized as a response to questions relevant to carbon management and to a broad range of
stakeholders charged with understanding and managing energy and land use. The questions were
identified through early and continuing dialogue with these stakeholders, including scientists, decision
makers in the public and private sectors, including national and sub-national government; carbon-related
industries, such as energy, transportation, agriculture, and forestry; and climate policy and carbon
management interest groups.

The questions and the answers provided by this Report are summarized below. The reader is referred
to the indicated chapters for further, more detailed, discussion. Unless otherwise referenced, all values,
statements of findings and conclusions are taken from the chapters of this Report where the attribution

and citation of the primary sources can be found.
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What is the carbon cycle and why should we care?

The carbon cycle, described in Chapters 1 and 2, is the combination of many different physical,
chemical and biological processes that transfer carbon between the major storage pools (known as
reservoirs): the atmosphere, plants, soils, freshwater systems, oceans, and geological sediments. Hundreds
of millions of years ago, and over millions of years, this carbon cycle was responsible for the formation of
coal, petroleum, and natural gas, the fossil fuels that are the primary sources of energy for our modern
societies.

Humans have altered the Earth’s carbon budget. Today, the cycling of carbon among atmosphere,
land, and freshwater and marine environments is in a rapid transition—an imbalance. Over tens of years,
the combustion of fossil fuels is releasing into the atmosphere quantities of carbon that were accumulated
in the earth system over millions of years. Furthermore, tropical forests that once held large quantities of
carbon are being converted to agricultural lands, releasing additional carbon to the atmosphere as a result.
Both the fossil-fuel and land-use related releases are sources of carbon to the atmosphere. The combined
rate of release is far larger than can be balanced by the biological and geological processes that naturally
remove carbon dioxide (CO,) from the atmosphere and store it in terrestrial and marine environments as
part of the earth’s carbon cycle. These processes are known as sinks. Therefore, much of the carbon
dioxide released through human activity has “piled up” in the atmosphere, resulting in a dramatic increase
in the atmospheric concentration of carbon dioxide. The concentration increased by 31% between 1850
and 2003, and the present concentration is higher than at any time in the past 420,000 years. Because
carbon dioxide is an important greenhouse gas, the imbalance between sources and sinks and the
subsequent increase in concentration in the atmosphere is causing changes in the Earth’s climate.

Furthermore, these trends in fossil fuel use and tropical deforestation are accelerating. The magnitude
of the changes raises concerns about the future behavior of the carbon cycle. Will the carbon cycle
continue to function as it has in recent history, or will a CO,-caused warming result in a weakening of the
ability of sinks to take up carbon dioxide, leading to further warming? Drought, for example, may reduce
forest growth. Warming can release carbon stored in soil, and warming and drought may increase forest
fires. Conversely, will elevated concentrations of carbon dioxide in the atmosphere stimulate plant growth
as it is known to do in laboratory and field experiments and thus strengthen global or regional sinks?

The question is complicated because carbon dioxide is not the only substance in the atmosphere that
affects the earth’s surface temperature and climate. Other greenhouse gases include methane (CH,),
nitrous oxide, the halocarbons, and ozone, and all of these gases, together with water vapor, aerosols,
solar radiation, and properties of the earth’s surface, are involved in the evolution of climate change.
Carbon dioxide, alone, is responsible for approximately 55-60% of the change in the Earth’s radiation

balance due to increases in well-mixed atmospheric greenhouse gases and methane, for about another
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20% (values are for the late 1990s; with a relative uncertainty of 10%; IPCC, 2001). These two gases are
the primary gases of the carbon cycle, with carbon dioxide being particularly important. Furthermore, the
consequences of increasing atmospheric carbon dioxide extend beyond climate change alone. The
accumulation of carbon in the oceans as a result of more than a century of fossil fuel use and deforestation
has increased the acidity of the surface waters, with serious consequences for corals and other marine
organisms that build their skeletons and shells from calcium carbonate.

Inevitably, the decision to influence or control atmospheric concentrations of carbon dioxide as a
means to prevent, minimize, or forestall future climate change, or to avoid damage to marine ecosystems
from ocean acidification, will require management of the carbon cycle. That management involves both
reducing sources of carbon dioxide to the atmosphere and enhancing sinks for carbon on land or in the
oceans. Strategies may involve both short- and long-term solutions. Short-term solutions may help to
slow the rate at which carbon accumulates in the atmosphere while longer-term solutions are developed.
In any case, formulation of options by decision makers and successful management of the earth’s carbon
budget will require solid scientific understanding of the carbon cycle.

Understanding the current carbon cycle may not be enough, however. The concept of managing the
carbon cycle carries with it the assumption that the carbon cycle will continue to operate as it has in
recent centuries. A major concern is that the carbon cycle, itself, is vulnerable to land-use or climate
change that could bring about additional releases of carbon to the atmosphere from either land or the
oceans. Over recent decades both terrestrial ecosystems and the oceans have been natural sinks for
carbon. If either, or both, of those sinks were to become sources, slowing or reversing the accumulation of
carbon in the atmosphere could become much more difficult. Thus, understanding the current global
carbon cycle is necessary for managing carbon, but is not sufficient. Projections of the future behavior of
the carbon cycle in response to human activity and to climate and other environmental change are also
important to understanding system vulnerabilities.

Perhaps even more importantly, effective management of the carbon cycle requires more than basic
understanding of the current or future carbon cycle. It also requires cost-effective, feasible, and politically
palatable options for carbon management. Just as carbon cycle knowledge must be assessed and
evaluated, so must management options and tradeoffs. See Chapter 1 for further discussion of why the
general public, as well as individuals and institutions interested in carbon management, should care about

the carbon cycle.
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How do North American carbon sources and sinks relate to the global carbon
cycle?

In 2004 North America was responsible for approximately 25% of the carbon dioxide emissions
produced globally by fossil fuel combustion (Chapter 2). The United States, the world’s largest emitter of
carbon dioxide, accounted for 86% of the North American total in 2004 (85% in 2003). In 2003, Canada
accounted for 9%, and Mexico for 6%, of the total. North America contributed approximately 30% of
cumulative carbon dioxide emissions globally from fossil-fuel combustion (and cement manufacturing)
since 1750 (through 2002). Among all countries, the United States, Canada, and Mexico ranked,
respectively, as the first, seventh, and eleventh largest emitters of carbon dioxide from fossil fuels in 2003
(Marland et al., 2006). The United States ranked eleventh in per capita emissions (5.43 tons carbon per
year) in 2003; Canada ranked thirteenth (4.88 tons carbon per year) and Mexico eighty-ninth (1.10 tons
carbon per year). Per capita emissions of the United States and Canada were, respectively, 4.8 and 4.3
times the global per capita emissions of 1.14 tons carbon per year. Mexico’s per capita emissions were
slightly below the global value. Combined, these three countries contributed more than a quarter (27%) of
the world’s entire fossil-fuel carbon dioxide emissions in 2002 and almost one third (32%) of the
cumulative global fossil-fuel carbon dioxide emissions between 1751 and 2002. Emissions from parts of
Asia are increasing at a growing rate and may surpass those of North America in the near future, but
North America is incontrovertibly a major source of atmospheric carbon dioxide, historically, at present,
and in the immediate future.

The contribution of North American carbon sinks to the global carbon budget is less clear. The global
terrestrial sink is quite uncertain, averaging somewhere in the range of 0 to 3800 million tons of carbon
per year during the 1980s, and in the range of 1000 to 3600 million tons of carbon per year in the 1990s
(IPCC, 2000). This report estimates a North American sink of approximately 500 million tons of carbon
per year for 2003, with 95% certainty that the actual value is within plus or minus 50% of that estimate, or
between 250 and 750 million tons carbon per year (Chapter 3) (see the Text Box on Treatment of
Uncertainty). Assuming a global terrestrial sink of approximately two billion tons of carbon per year (as
inferred by the atmospheric analyses for the 1990s), the North American terrestrial sink reported here of
approximately 500 million tons of carbon per year suggests that the North American sink is perhaps 25%
of the global sink. In contrast, previous analyses using global models of carbon dioxide transport in the
atmosphere estimate a North American sink for 1991-2000 of approximately one billion tons of carbon
per year, or approximately 50% of a global sink of roughly two billion tons of carbon per year (see
Chapter 2). The North American sink estimate of this Report is derived from studies using ground-based
inventories, and the difference between estimates is likely influenced by the methodology employed and

the period of the analysis (see Chapters 2 and 3).

March 2007 ES-5



© 0O N O o b WODN P

W W W NN DD DN DN DD DN DN DNDDNPEPEPE PP PR R R R
N P O © 00 N OO0 O B WO N P OO OO NO O b WO DN P+ O

CCSP Product 2.2 Draft Subsequent from NOAA Review

TEXT BOX on Treatment of Uncertainty goes here

The global terrestrial sink is predominantly in northern lands, most likely as a consequence of forest
regrowing on abandoned agricultural land in northern temperate regions (e.g., the eastern United States)
and patterns of forest fire and recovery in the boreal forests of Canada and Eurasia. The sink north of 30°
N alone is estimated to be 600 to 2300 million tons of carbon per year for the 1980s (IPCC, 2001). Thus,
the sink of approximately 500 million tons of carbon per year in North America is consistent with the
fraction of northern land area in North America (37%), as opposed to Eurasia (63%). Rates of forest
clearing in the tropics, including those of Mexico, currently exceed rates of recovery, and thus tropical
regions dominated by rainforests or other forest types are currently a source of carbon to the atmosphere.

It is clear that the global carbon cycle of the 21st century will continue to be influenced by large
fossil-fuel emissions from North America, and that the North American carbon budget will continue to be
dominated by the fossil-fuel sources. The future trajectory of carbon sinks in North America, and their
contribution to the global terrestrial sink is less certain, in part because the role of regrowing forests is
likely to decline as the forests mature, and in part because the response of forests and other ecosystems to
future climate change and increases in atmospheric carbon dioxide concentrations is uncertain. The
variation among model projections and scenarios of where and how future climate will change contribute
to that uncertainty. Additionally, response to a particular future change will likely vary among ecosystems

and the response will depend on a variety of incompletely understood environmental factors.

What are the primary carbon sources and sinks in North America, and how and

why are they changing?

The Sources

The primary source of human-caused carbon emissions in North America that contributes to the
increase of carbon dioxide in the atmosphere is the release of carbon dioxide during the combustion of
fossil fuels (Figure ES-1) (Chapter 3). Fossil fuel carbon emissions in the United States, Canada and
Mexico totaled approximately 1900 million tons of carbon in 2003 (with 95% confidence that the actual
value lies within 10% of that estimate®) and have increased at an average rate of approximately 1% per
year for the last 30 years. The United States was responsible for approximately 85% of North America’s

fossil fuel emissions in 2003, Canada for 9% and Mexico 6% (Table ES-1). The overall 1% growth in

! See the Text Box on Treatment of Uncertainty for a discussion of numerical data and estimates.
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United States emissions masks faster than 1% growth in some sectors (e.g., transportation) and slower

growth in others (e.g., increased manufacturing energy efficiency).

Figure ES-1. North American carbon sources and sinks (million tons of carbon per year) in 2003.
Height of a bar indicates a best estimate for net carbon exchange between the atmosphere and the indicated
element of the North American carbon budget. Sources add carbon dioxide to the atmosphere; sinks
remove it. Error bars indicate the uncertainty in that estimate, and define the range of values that include
the actual value with 95% certainty. See Chapter 3 and Chapters 6-15 of this report for details and

discussion of these sources and sinks.

Table ES-1. North American annual net carbon emissions (source = positive) or uptake (land sink =
negative) (million tons of carbon per year) by country. See Table 3-1, Chapter 3 for references to

sources of data.

Total United States emissions have grown at close to the North American average rate of about 1.0%
per year over the past 30 years, but United States per capita emissions have been roughly constant, while
the carbon intensity (carbon emitted/dollar of real [inflation adjusted] GDP) of the United States economy
has decreased at a rate of about 2% per year (Chapter 3). The decline in the carbon intensity of the United
States’ economy was caused both by increased energy efficiency, particularly in the manufacturing sector,
and structural changes in the economy with growing contributions from sectors such as services with
lower energy consumption and carbon intensity. The service sector is likely to continue to grow.
Accordingly, carbon emissions will likely continue to grow more slowly than GDP (see Chapter 3).

The extraction of fossil-fuels and other primary energy sources and their conversion to energy
commodities and services, including electricity generation, is the single largest contributor to the North
American fossil-fuel source, accounting for approximately 42% of North American fossil emissions in
2003 (Chapter 6). Electricity generation is responsible for the largest share of those emissions:
approximately 94% in the United Sates in 2004, 65% in Canada in 2003, and 67% in Mexico in 1998.
Again, United States emissions dominate. United States emissions from electricity generation are
approximately 17 times larger than those of Canada and 23 times those of Mexico, reflecting in part the
relatively greater population of the United States in both cases and its much higher level of development
than Mexico. On a per capita basis, the emissions from electricity generation are 2.14 tons of carbon for
the United States in 2004, 1.15 tons of carbon for Canada in 2003, and 0.28 tons of carbon for Mexico in
1998 (note these are the latest years for which data are available).

More than half of electricity produced in North America (67% in the United States) is consumed in

buildings, making that single use one of the largest factors in North American emissions (Chapter 9). In
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fact, the carbon dioxide emissions from United States buildings alone were greater than total carbon
dioxide emissions of any country in the world, except China. Energy use in buildings in the United States
and Canada (including the use of natural gas, wood, and other fuels as well as electricity) has increased by
30% since 1990, corresponding to an annual growth rate of 2.1%. In the United States, the major drivers
of energy consumption in the buildings sector are growth in commercial floor space and increase in the
size of the average home. Carbon emissions from buildings are expected to grow with population and
income. Furthermore, the shift from family to single-occupant households means that the number of
households will increase faster than population growth—each household with its own heating and cooling
systems and electrical appliances. Certain electrical appliances (such as air-conditioning equipment) once
considered a luxury are now becoming commonplace. Technology- and market-driven improvements in
the efficiency of appliances are expected to continue, but the improvements will probably not be
sufficient to curtail emissions growth in the buildings sector without government intervention.

The transportation sector of North America accounted for 31% of total North American emissions in
2003, most (87%) of it from the United States (Chapter 7). The growth in transportation and associated
carbon dioxide emissions has been steady during the past forty years and has been most rapid in Mexico,
the country most dependent upon road transport. The growth of transportation is driven by population, per
capita income, and economic output, and energy use in transportation is expected to increase by 46% in
North America between 2003 and 2025. If the mix of fuels is assumed to remain the same, carbon dioxide
emissions would increase from 587 million tons of carbon in 2003 to 859 million tons of carbon in 2025.

Emissions from North American industry (not including fossil fuel mining and processing or
electricity generation) are a relatively small (12%) and declining component of North America’s
emissions (Chapter 8). Emissions decreased nearly 11% between 1990 and 2002, while energy
consumption in the United States and Canada increased by 8-10% during that period. In both countries, a
shift in production toward less energy-intensive industries and dissemination of more energy efficient
equipment has kept the rate of growth in energy demand lower than the rate of growth of industrial GDP.
Emission reductions in industry have also resulted from the voluntary, proactive initiatives of both
individual corporations and trade associations in response to climate change issues (see Chapter 4).

The remaining portion (approximately 15%) of North American fossil-fuel emissions includes those
from other sectors. This includes natural gas and other non-electrical fossil energy used in residential and

commercial buildings and fuels used in agriculture.

The Sinks
Approximately 30% of North American fossil fuel emissions are offset by a sink of approximately

530 million tons of carbon per year. The total sink is a combination of many factors, including forest
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regrowth, fire suppression, and agricultural soil conservation (Figure ES-1) (Chapter 3, Part I11: Chapters
10-15). The sink is currently about 500 million tons of carbon per year in the United States and
approximately 80 million tons of carbon per year in Canada. Mexican ecosystems are a net source of
about 50 million tons of carbon per year, mostly as a consequence of ongoing deforestation. The coastal
ocean surrounding North America is perhaps an additional small net source of carbon to the atmosphere
of approximately 20 million tons of carbon per year. The coastal ocean is, however, highly variable, and
that number is highly uncertain with a variability (standard deviation) of greater than 100%. North
America’s coastal waters could be a small sink and in some places are. How much the coastal carbon
exchange with the atmosphere is influenced by humans is also unknown.

The primary carbon sink in North America (approximately 50%) is in the forests of the United States
and Canada (Figure ES-1). These forests are still growing (accumulating carbon) after their re-
colonization of farmland 100 or more years ago. Forest regrowth takes carbon out of the atmosphere and
stores most of it in aboveground vegetation (wood), with as much as a third of it in soils. The suppression
of forest fires also increases a net accumulation of carbon in forests. As the recovering forests mature,
however, the rate of net carbon uptake (the sink) declines. In Canada, the estimated forest sink declined
by nearly a third between 1990 and 2004, but with high year-to year variability. Over that period, the
annual changes in above ground carbon stored in managed Canadian forests varied from between a sink
of approximately 50 million tons of carbon per year to a source of approximately 40 million tons of
carbon per year. Years when the forests were a source were generally years with high forest fire activity.

Woody encroachment, the invasion of woody plants into grasslands or of trees into shrublands, is a
potentially large, but highly uncertain carbon sink. It is caused by a combination of fire suppression and
grazing. Fire inside the United States has been reduced by more than 95% from the pre-settlement levels,
and this reduction favors shrubs and trees in competition with grasses. The sink may be as large as 20% of
the North American sink, but it may also be negligible. The uncertainty of this estimate is greater than
100%. Woody encroachment might actually be a source, maybe even a relatively large one. The state of
the science is such that we simply don’t know (see Chapter 3 and the Overview of Part I11).

Wood products are thought to account for about 13% of the total North American sink. The
uncertainty in this sink is £50%. Wood products are a sink because they are increasing, both in use (e.g.,
furniture, house frames, etc.) and in landfills. The wetland sink, about 9% of the North American sink but
with an uncertainty of greater than 100%, is in both the peats of Canada’s extensive frozen and unfrozen
wetlands and the mineral soils of Canadian and United States wetlands. Drainage of peatlands in the
United States has released carbon to the atmosphere, and the very large volume of carbon in North
American wetlands (the single largest carbon reservoir of any North American ecosystem) is vulnerable

to release in response to both climate change and the further drainage of wetlands for development. Either
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change might shift the current modest sink to a potentially large source, although many aspects of
wetlands and their future behavior are poorly known.

Two processes determine the carbon balance of agricultural lands: management and changes in
environmental factors. The effects of management (e.g., cultivation, conservation tillage) are reasonably
well known and have been responsible for historic losses of carbon in Canada and the United States (and
current losses in Mexico), albeit with some increased carbon uptake and storage in recent years.
Agricultural lands in North America are nearly neutral with respect to carbon, with mineral soils
absorbing carbon and organic soils releasing it. The balance of these sinks and sources is a net sink of 10
+ 5 million tons of carbon per year (Fig. ES-1). The effects of climate on this balance are not well known.

Soil erosion leads to the accumulation of carbon containing sediments in streams, rivers and lakes
(both natural and man-made). This represents a carbon sink, estimated at approximately 25 million tons of
carbon per year for the United States. We know of no similar analysis for Canada or Mexico. The result is
a highly uncertain estimate for North America known to no better than the estimate for the United States
alone, plus or minus more than 100%.

The density and development patterns of human settlements are drivers of fossil-fuel emissions,
especially in the important residential and transportation sectors. Conversion of agricultural and wildlands
to cities and other human settlements reduces carbon stocks, while the growth of urban and suburban trees
increases them. However, the rates of carbon uptake and storage in the vegetation and soils of settlements,
while poorly quantified, are probably relatively small, certainly in comparison to fossil fuel emissions
from these areas. Thus, settlements in North America are almost certainly a net source of atmospheric

carbon.

What are the direct, non-climatic effects of increasing atmospheric carbon
dioxide or other changes in the carbon cycle on the land and oceans of North
America?

The potential impacts of increasing concentrations of atmospheric carbon dioxide (and other
greenhouse gases) on the earth’s climate are well documented (IPCC, 2001) and are the dominant reason
for societal interest in the carbon cycle. However, the consequences of a carbon cycle imbalance and the
buildup of carbon dioxide in the atmosphere extend beyond climate change alone. Ocean acidification and
“CO, fertilization” of land plants are foremost among these direct, non-climatic effects.

The uptake of carbon by the world’s oceans as a result of human activity over the last century has
made them more acidic (see Chapters 1 and 2). This acidification negatively impacts corals and other

marine organisms that build their skeletons and shells from calcium carbonate. Future changes could
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dramatically alter the composition of ocean ecosystems of North America and elsewhere, possibly
eliminating coral reefs by 2100.

Rates of photosynthesis of many plant species often increase in response to elevated concentrations of
carbon dioxide, thus potentially increasing plant growth and even agricultural crop yields in the future
(Chapters 2, 3, 10-13). There is, however, continuing scientific debate about whether such “CO,
fertilization” will continue into the future with prolonged exposure to elevated carbon dioxide, and
whether the fertilization of photosynthesis will translate into increased plant growth and net uptake and
storage of carbon by terrestrial ecosystems. Recent studies provide many conflicting results. Experimental
treatment with elevated carbon dioxide can lead to consistent increases in plant growth. On the other
hand, it can also have little effect on plant growth, with an initial stimulation of photosynthesis but limited
long-term effects on carbon accumulation in the plants. Moreover, it is unclear how plants and ecosystem
might respond simultaneously to both “CO, fertilization” and climate change. While there is some
experimental evidence that plants may use less water when exposed to elevated carbon dioxide, extended
deep drought or other unfavorable climatic conditions could reduce the positive effects of elevated carbon
dioxide on plant growth. Thus, it is far from clear that elevated concentrations of atmospheric carbon
dioxide have led to terrestrial carbon uptake and storage or will do so over large areas in the future.
Moreover, elevated carbon dioxide is known to increase methane emissions from wetlands, further
increasing the uncertainty in how plant response to elevated carbon dioxide will affect the global
atmosphere and climate.

The carbon cycle also intersects with a number of critical earth system processes, including the
cycling of both water and nitrogen. Virtually any change in the lands or waters of North America as part
of purposeful carbon management will consequently affect these other processes and cycles. Some
interactions may be beneficial. For example, an increase in organic carbon in soils is likely to increase the
availability of nitrogen for plant growth and enhance the water-holding capacity of the soil. Other
interactions, such as nutrient limitation, fire, insect attack, increased respiration from warming, may be
detrimental. However, very little is known about the complex web of interactions between carbon and

other systems at continental scales, or the effect of management on these interactions.

What potential management options in North America could significantly affect
the North American and global carbon cycles (e.g., North American sinks and
global atmospheric carbon dioxide concentrations)?

Addressing imbalances in the North American and global carbon cycles requires options focused on

reducing carbon emissions (Chapter 4). Options focused on enhancing carbon sinks in soils and
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vegetation can contribute as well, but their potential is far from sufficient to deal with the magnitude of

current imbalances.

Currently, options for reducing carbon emissions include:

¢ Reducing emissions from the transportation sector through efficiency improvement, higher prices for
carbon-based fuels, liquid fuels derived from vegetation (ethanol from corn or other biomass
feedstock, for example), and in the longer run (after 2025), hydrogen generated from non-fossil
sources of energy;

¢ Reducing the carbon emissions associated with energy use in buildings through efficiency
improvements and energy-saving passive design measures;

e Reducing emissions from the industrial sector through efficiency improvement, fuel-switching, and

innovative process designs; and

e Reducing emissions from energy extraction and conversion through efficiency improvement, fuel-
switching, technological change (including carbon sequestration and capture and storage) and reduced
demands due to increased end-use efficiency.

e Capturing the carbon dioxide emitted from fossil-fired generating units and injecting it into a suitable

geological formation or deep in the sea for long-term storage (carbon capture and storage).

In many cases, significant progress with such options would require a combination of technology
research and development, policy interventions, and information and education programs.

Opinions differ about the relative mitigation impact of emission reduction versus carbon
sequestration. Assumptions about the cost of mitigation and the policy instruments used to promote
mitigation significantly affect assessments of mitigation potential. For example, appropriately designed
carbon emission cap and trading policies could achieve a given level of carbon emissions reduction at
lower cost than some other policy instruments by providing incentives to use the least-cost combination
of mitigation/sequestration alternatives.

However, the evaluation of any policy instrument needs to consider technical, institutional and
socioeconomic constraints that would affect its implementation, such as the ability of sources to monitor
their actual emissions, the constitutional authority of national and/or provincial/state governments to
impose emissions taxes, regulate emissions and/or regulate efficiency standards. Also, practically every
policy (except cost-saving energy conservation options), no matter what instrument is used to implement
it, has a cost in terms of utilization of resources and ensuing price increases that leads to reductions in
output, income, employment, or other measures of economic well-being. These costs must be weighed
against the benefits (or avoided costs) of reducing carbon emissions. In addition to the standard reduction

in damages noted above, many options and measures that reduce emissions and increase sequestration
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also have significant co-benefits in terms of economic efficiency (where market failures are being
corrected, as in many cases of energy conservation), environmental management, and energy security.

The design of carbon management systems must also consider unintended consequences
involving other greenhouse gases. For instance, carbon sequestration strategies such as reduced tillage can
increase emissions of methane and nitrous oxide, which are also greenhouse gases. Strategies for dealing
with climate change will have to consider these other gases as well as other components of the climate
systems, such as small airborne particles and the physical aspects of plant communities.

Direct reductions of carbon emissions from fossil fuel use are considered ‘permanent’ reductions,
while carbon sequestration in plants or soils is a ‘non-permanent’ reduction, in that carbon stored through
conservation practices could potentially be re-emitted if management practices revert back to the previous
state or otherwise change. This permanence issue applies to all forms of carbon sinks. For example, the
carbon sink associated with forest regrowth could be slowed or reversed from sink to source if the forests
are burnt in wildfires or forest harvest and management practices change.

In addition, a given change in land management (e.qg., tillage reduction, pasture improvement,
afforestation) will stimulate carbon storage for only a finite period of time. Over time, as the processes of
carbon gain and loss from vegetation and soil comes into a new balance with the change in land
management, carbon storage will tend to level off at a new maximum, after which there is no further
accumulation (sequestration) of carbon. For example, following changes in tillage to promote carbon
absorption in agricultural soils (see Chapter 10) the amount of carbon in the soil will tend to reach a new
constant level after 15-30 years. The sink declines, then disappears, or nearly so, as the amount of carbon
being added to the soil is balanced by losses. The same pattern is observed as forests recover from fire,
harvest or other disturbance, or as forests regrowing on abandoned farmland become more mature (see
Chapters 3 and 11).

Another issue surrounding carbon uptake and storage is leakage, whereby mitigation actions in one
area (e.g., geographic region, production system) stimulate additional emissions elsewhere. For storage of
carbon in forests, leakage is a major concern; reducing harvest rates in one area, for example, can
stimulate increased cutting and reduction in stored carbon in other areas. Leakage may be of minor
concern for agricultural carbon storage, since most practices would have little or no effect on the supply
and demand of agricultural commodities.

Options and measures can be implemented in a variety of ways at a variety of scales, not only at
international or national levels. For example, a number of municipalities, state governments, and private
firms in North America have made commitments to voluntary greenhouse gas emission reductions. For
cities, one focus has been the Cities for Climate Protection program of International Governments for

Local Sustainability (formerly ICLEI). For some states and provinces, the Regional Greenhouse Gas (Cap

March 2007 ES-13



© 0O N o o A W DN P

W W W W NN NDDND DD DNDDDNDDDNDDDNDDDN P PP PR R PR
W N PP O © 00N OO O B W N P O O© 0 NOoO o B WO DN - O

CCSP Product 2.2 Draft Subsequent from NOAA Review

and Trade) Initiative is nearing implementation. For industry, one focus has been membership in the Pew

Center and in the Environmental Protection Agency (EPA) Climate Leaders Program.

How can we improve the usefulness of carbon science for decision making?

Effective carbon management requires that relevant, appropriate science be communicated to the
wide variety of people whose decisions affect carbon cycling (Chapter 5). Because the field is relatively
new and the demand for policy-relevant information has been limited, carbon cycle science has rarely
been organized or conducted to inform carbon management. To generate information that can
systematically inform carbon management decisions, scientists and decision makers need to clarify what
information would be most relevant in specific sectors and arenas for carbon management, adjust research
priorities as necessary, and develop mechanisms that enhance the credibility and legitimacy of the
information being generated.

In the United States, the Federal carbon science enterprise does not yet have many mechanisms to
assess emerging demands for carbon information across scales and sectors. Federally funded carbon
science has focused predominantly on basic research to reduce uncertainties about the carbon cycle.
Initiatives are now underway to promote coordinated, interdisciplinary research that is strategically
prioritized to address societal needs. The need for this type of research is increasing. Interest in carbon
management across sectors suggests that there may be substantial demand for information in the energy,
transportation, agriculture, forestry and industrial sectors, at scales ranging from local to global.

To ensure that carbon science is as useful as possible for decision making, carbon scientists and
carbon managers need to create new forums and institutions for communication and coordination.
Research suggests that in order to make a significant contribution to management, scientific and technical
information intended for decision making must be perceived not only as credible (worth believing), but
also as salient (relevant to decision making on high priority issues) and legitimate (conducted in a way
that stakeholders believe is fair, unbiased and respectful of divergent views and interests). To generate
information that meets these tests, carbon stakeholders and scientists need to collaborate to develop
research questions, design research strategies, and review, interpret and disseminate results. Transparency
and balanced participation are important for guarding against politicization and enhancing usability.

To make carbon cycle science more useful to decision makers in the United States and elsewhere in
North America, leaders in the carbon science community might consider the following steps:
¢ Identify specific categories of decision makers for whom carbon cycle science is likely to be salient,

focusing on policy makers and private sector managers in carbon-intensive sectors (energy, transport,

manufacturing, agriculture and forestry);
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o |dentify and evaluate existing information about carbon impacts of decisions and actions in these
arenas, and assess the need and demand for additional information. In some cases, demand may need
to be nurtured and fostered through a two-way interactive process;

e Encourage scientists and research programs to experiment with new and different ways of making
carbon cycle science more salient, credible, and legitimate to carbon managers;

¢ Involve not just physical or biological disciplines in scientific efforts to produce useable science, but
also social scientists, economists, and communication experts; and

o Consider initiating participatory pilot research projects and identifying existing “boundary

organizations” (or establishing new ones) to bridge carbon management and carbon science.

What additional knowledge is needed for effective carbon management?

Scientists and carbon managers need to improve their joint understanding of the top priority questions
facing carbon-related decision-making. Priority needs specific to individual ecosystem or sectors are
described in Chapters 6-15 of this report. To further prioritize those needs across disciplines and sectors,
scientists need to collaborate more effectively with decision makers in undertaking research and
interpreting results in order to answer those questions. To improve this understanding, more deliberative
processes of consultation with potential carbon managers at all scales can be initiated at various stages of
the research process. This might include workshops, focus groups, working panels, and citizen advisory
groups. Research on the effective production of science that can be used for decision making suggests that
ongoing, iterative processes that involve decision makers are more effective than those that do not (see
Chapter 5).

In the light of changing views on the impacts of CO, released to the atmosphere, research and
development will likely focus on the extraction of energy while preventing CO, release. Fossil fuels
might well remain economically competitive and socially desirable as a source of energy in some
circumstances, even when one includes the extra cost of capturing the CO, and preventing its atmospheric
release when converting these fuels into non-carbon secondary forms of energy like electricity, hydrogen
or heat. Research and development needs in the energy and conversion arena include clarifying potentials
for carbon capture and storage, exploring how to make renewable energy affordable at large scales of
deployment, examining societal concerns about nuclear energy, and learning more about policy options
for distributed energy and energy transitions. There is also need for better understanding of the public
acceptability of policy incentives for reducing dependence on carbon intensive energy sources.

In the transportation sector, improved data on Mexican greenhouse gas emissions and trends is
needed, as well as the potential for mitigating transportation-related emissions in North America and

advances in transportation mitigation technologies and policies. In the industry and waste management
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sectors, work on materials substitution and energy efficient technologies in production processes holds
promise for greater emissions reductions. Needs for the building sector include further understanding the
total societal costs of CO, as an externality of buildings costs, economic and market analyses of various
reduced emission features at various time scales of availability, and construction of cost curves for
emission reduction options.

Turning to the ecosystem arena, in agricultural and grazing land sectors inventories still carry a
great deal of uncertainty, especially in the arena of woody encroachment. If such inventories are to be the
basis for future decision making, reducing such uncertainties may be a useful investment. Quantitative
estimates of land use change and the impact of various management practices are also highly uncertain, as
are the interactions among carbon dioxide methane, and nitrous oxide as greenhouse gas emissions. If
carbon accounting becomes a critical feature of carbon management, improved data are needed on the
relationship of forest management practices to carbon storage, as well as inexpensive tools and techniques
for monitoring. An assessment of agroforestry practices in Mexico as well as in temperate landscapes
would also be helpful. Importantly, there is a need for multi-criteria analysis of various uses of
landscapes—tradeoffs between carbon storage and other uses of the land must be considered. If markets
emerge more fully for trading carbon credits, the development of such decision support tools will likely
be encouraged.

Soils in the permafrost region store vast amounts of carbon, but there is little certainty about how
these soils will respond to changes brought about by climate. While these regions are likely not subject to
management options, improved information on carbon storage and the trajectory of these reservoirs may
provide additional insight into the likelihood of release of large amounts of carbon to the atmosphere that
may affect global decision making. Similarly, there is great uncertainty in the response of the carbon
pools of wetlands to climate changes, and very little data on freshwater mineral soils and estuarine carbon
both in Canada and Mexico.

With respect to human settlements, additional studies of the carbon balance of settlements of varying
densities, geographical location, and patterns of development are needed to quantify the potential impacts
of various policy and planning alternatives on net greenhouse gas emissions. Finally, in the coastal
regions, additional information on carbon fluxes will help to constrain continental carbon balance
estimates should information on that scale become useful for decision making. Research on ocean carbon
uptake and storage is also needed in order to fully inform decision making on options for carbon
management.

With respect to carbon management, there is a need for more insight into how incentives to reduce
emissions affect the behavior of households and businesses, the influence of reducing uncertainty on the

willingness of decision makers to make commitments, the affect of increased R& D spending on
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technological innovation, the socioeconomic distribution of mitigation/sequestration costs and benefits,
and the manner in which mitigation costs and policy instrument design affect the macroeconomy.

Improvements in decision analysis in the face of irreducible uncertainty would be helpful as well.
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[START OF TEXT BOX]

Treatment of Uncertainty
Sources of uncertainty vary widely across the many sectors and elements of the North American carbon cycle.

The attention to uncertainty and the methods for dealing with uncertainty also vary across the disciplines that study
these elements and across individual studies and publications. There is no single applicable quantitative method for
integrating these variable sources, methods, and characterizations.

To provide for synthesis across and comparability among carbon cycle elements, the following convention
has been adopted for characterizing uncertainty in the Report’s synthetic findings and results (for example, in the
synthesized carbon budget for North America of Chapter 3 and in the Executive Summary). Uncertainty is

characterized using five categories:

(1) *****=950% certain that the actual value is within 10% of the estimate reported,
(2) **** =095% certain that the estimate is within 25%,

(3) *** =95% certain that the estimate is within 50%,

(4) **  =95% certain that the estimate is within 100%, and

(5) * = uncertainty > 100%.

Unless otherwise noted, values presented as “y + x%” should be interpreted to mean that the authors are 95%
certain the actual value is between y — x% and y + x%. Where appropriate, the absolute range is sometimes reported
rather than the relative range: y £ z, where z =y x x% + 100. The system of asterisks is used as shorthand for the
categories in tables and text.

These are informed categorizations. They reflect expert judgment, using all known published descriptions
of uncertainty surrounding the “best available” or “most likely” estimate. The 95% boundary was chosen to
communicate the high degree of certainty that the actual value was in the reported range and the low likelihood
(1/20) that it was outside that range. This characterization is not, however, a statistical property of the estimate, and
should not be confused with statistically defined 95% confidence intervals.

The authors of this Report have used this system for categorizing uncertainty only where they have
synthesized diverse published information and compared across this diversity. When citing an existing published
estimate, authors were encouraged to include the characterizations of uncertainty reported by those publications
(e.g., ranges, standard error, or confidence intervals). There are circumstances in which no characterization of the
uncertainty of data or information is shown, such as when a number is taken from a published source that itself did
not include a characterization of uncertainty. In these cases, the authors have not provided a characterization of
uncertainty, and the reader should assume that no characterization of uncertainty was available to the authors.
Additional discussion of sources of uncertainty and their treatment in this Report can be found in the Preface under
“The Treatment of Uncertainty in this Report.”

[END OF TEXT BOX]
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Table ES-1. North American annual net carbon emissions (source = positive) or uptake (land sink =

negative) (million tons carbon per year) by country. See Table 3-1, Chapter 3 for references to sources of
data.

Source (positive) or Sink (negative) United States Canada Mexico North America

Fossil source (positive)
Fossil fuel (oil, gas, coal) 1582 1647 1107 1856
(681, 328, 573) (75, 48, 40) (71, 29, 11) (828, 405, 624)
Nonfossil carbon sink (negative) or
source (positive)

Forest -259™" 47" +52™ —254""
Wood products 57" 117" ND —gx**
Woody encroachment -120" ND ND -120"
Agricultural soils -8 -2 ND 107"
Wetlands -23" -23" -4 49"
Rivers and lakes 25" ND ND -25"
Coastal oceans 2
Total carbon source or sink 492" -83™ 48" 526"
Net carbon source (positive) 1090 81" 158" 13307

Uncertainty:

**xxk (95% confidence within 10%)

**** (95% confidence within 25%)

*** (95% confidence within 50%)

** (95% confidence within 100%)

* (95% confidence bounds >100%)

ND = No data available

& Coastal waters within 100 km of the North American coastline, defined by the region in which the surface water
concentration of carbon dioxide is influenced by coastal processes, may be a source of 19 million tons of carbon per year but with
95% confidence bounds of > 100% (i.e., they may be a small sink). See discussion of coastal ocean sources and sinks in Chapters
3 and 15, and their distribution by ocean region rather than country in Chapter 15.
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Figure ES-1. North American carbon sources and sinks (million tons carbon per year) circa 2003. Height of a
bar indicates a best estimate for net carbon exchange between the atmosphere and the indicated element of the North
American carbon budget. Sources add carbon dioxide to the atmosphere; sinks remaove it. Error bars indicate the
uncertainty in that estimate, and define the range of values that include the actual value with 95% certainty. See
Chapter 3 and Chapters 6-15 of this report for details and discussion of these sources and sinks.
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Chapter 1. What is the Carbon Cycle and Why Care?

Lead Authors: Scientific Coordination Team

Scientific Coordination Team Members: Anthony W. King® (Lead), Lisa Dilling® (Co-Lead),
Gregory P. Zimmerman® (Project Coordinator), David M. Fairman®, Richard A. Houghton®*,
Gregg H. Marland®, Adam Z. Rose®, and Thomas J. Wilbanks®*

'0ak Ridge National Laboratory, *University of Colorado, *Consensus Building Institute, Inc.,

“Woods Hole Research Center, *The Pennsylvania State University and University of Southern California

1. WHY A REPORT ON THE CARBON CYCLE?

The concept of a carbon cycle is probably unfamiliar to most people other than scientists and some
decision makers in the public and private sectors. More familiar is the water cycle, where precipitation
falls on the arth to supply water bodies and evaporation returns water vapor to the clouds, which then
renew the cycle through precipitation. In an analogous way, carbon—a fundamental requirement for life
on Earth—cycles through exchanges among stores (or reservoirs) of carbon on and near the Earth’s
surface (mainly in plants and soils), in the atmosphere (mainly as gases), and in water and sediments in
the ocean. Stated in oversimplified terms, plants take up carbon dioxide (CO,) from the atmosphere
through photosynthesis and create sugars and other carbohydrates, which animals and humans use for
food, shelter, and energy to sustain life. Emissions from plants, other natural systems, and human

activities return carbon to the atmosphere, which renews the cycle (Fig. 1-1).

Figure 1-1. The Earth’s carbon cycle. Carbon cycles through reservoirs of carbon on land, in the ocean,
and in sedimentary rock formations over daily, seasonal, annual, millennial, and geological time scales. See

the accompanying text box. Figure adapted from http://www.esd.ornl.gov/iab/iab2-2.htm.

All of the components of this cycle—the atmosphere, the terrestrial vegetation, soils, freshwater lakes
and rivers, the ocean, and geological sediments—are reservoirs (stores) of carbon. As carbon cycles
through the system, it is exchanged between reservoirs, transferred from one to the next, with exchanges
often in both directions. The carbon budget is an accounting of the balance of exchanges of carbon among
the reservoirs: how much carbon is stored in a reservoir at a particular time, how much is coming in from
other reservoirs, and how much is going out. When the inputs to a reservoir (the sources) exceed the
outputs (the sinks), the amount of carbon in the reservoir is increased. The myriad physical, chemical, and

biological processes that transfer carbon among reservoirs, and transform carbon among its various
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molecular forms during those transfers, are responsible for the cycling of carbon through reservoirs. That
cycling determines the balance of the carbon budget observed at any particular time. Quantifying the
carbon budget over time can reveal whether the budget is in balance (whether carbon is accumulating in a
reservoir), and, if found to be out of balance, can provide understanding about why such a condition exists
(which sources, exceed which sinks, over what periods) (Sabine et al., 2004, Chapter 2 this report). If the
imbalance is deemed undesirable, the understanding of source and sinks can provide clues into how it
might be managed (for example, which sinks are large relative to sources and might, if managed, provide
leverage on changes in a reservoir) (Caldeira et al., 2004; Chapter 4 this report). The global carbon budget
is currently out of balance, with carbon accumulating in the form of CO, and methane (CHy,) in the
atmosphere since the preindustrial era (circa 1750). Human use of coal, petroleum, and natural gas,
combined with agriculture and other land-use change is primarily responsible. Documented by the
Intergovernmental Panel on Climate Change for the 1990s (IPCC, 2001, p. 4), these trends continue in the
early twenty-first century (Keeling and Whorf, 2005; Marland et al., 2006).

The history of the Earth’s carbon balance as reflected in changes in atmospheric CO, concentration
can be reconstructed from geological records, geochemical reconstructions, measurements on air bubbles
trapped in glacial ice, and in recent decades, direct measurements of the atmosphere. Over the millennia,
tens and hundreds of millions of years ago, vast quantities of carbon were stored in residues from dead
plant and animal life that sank into the earth and became fossilized. On these time scales, small
imbalances in the carbon cycle and geological processes, acting over millions of years, produced large but
slow changes in atmospheric CO, concentrations of greater than 3000 parts per million (ppm) over
periods of 150-200 million years (Prentice et al., 2001). By perhaps 20 million year ago, atmospheric CO,
concentrations were less than 300 ppm (Prentice et al., 2001). Subsequently, imbalances in the carbon
cycle linked with climate variations, especially the large glacial-interglacial cycles of the last 420,000
years, resulted in changes of approximately 100 ppm over periods of 50-75 thousand years (Prentice et
al., 2001; Sabine et al., 2004). During the current interglacial climate, for at least the last 11,000 years,
variations in atmospheric CO,, also likely climate driven, were less than 20 ppm (Joos and Prentice,
2004). For 800-1000 years prior to the Industrial Revolution of the 1700s and 1800s, atmospheric CO,
concentrations varied by less than 10 ppm (Prentice et al., 2001).

With the advent of the steam engine, the internal combustion engine, and other technological and
economic elements of the Industrial Revolution, human societies found that the fossilized carbon formed
hundreds of millions of years ago had great value as energy sources for economic growth. The 1800s and
1900s saw a dramatic rise in the combustion of these “fossil fuels” (e.g., coal, petroleum, and natural gas),
releasing into the atmosphere, over decades, quantities of carbon that had been stored in the Earth system

over millennia. These fossil-fuel emissions combined with and soon exceeded (circa 1910) the CO,
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emissions from burning and decomposition of dead plant material that accompanied clearing of forests for
agricultural land use (Houghton, 2003).

It is not surprising, then, that measurements of CO; in the Earth’s atmosphere have shown a steady
increase in concentration over the twentieth century (Keeling and Whorf, 2005). The global CO,
concentration has increased by approximately 100 ppm over the past 200 years, from a preindustrial
concentration of 280 + 10 ppm (Prentice et al., 2001) to a concentration (measured at Mauna Loa,
Hawaii) of 369 ppm in 2000 and 377 ppm in 2004 (Keeling and Whorf, 2005). Methane shows a similar
pattern, with relatively stable concentrations prior to about 1800 followed by a rapid increase (Ehhalt et
al., 2001). Roughly, 20% of CH, emissions are from gas released in the extraction and transportation of
fossil fuels; the rest is from biological sources including expanding rice and cattle production (Prinn,
2004). Such large increases in atmospheric carbon over such a short period of time relative to historical
variations, together with patterns of human activity that will likely continue into the twenty-first century,
such as trends in fossil fuel use and tropical deforestation, raises concerns about imbalances in the carbon

cycle and their implications.

2. THE CARBON CYCLE AND CLIMATE CHANGE

Most of the carbon in the Earth’s atmosphere is in the form of CO, and CH,. Both CO, and CH, are
important “greenhouse gases.” Along with water vapor and other “radiatively active” gases in the
atmosphere, they absorb heat radiated from the Earth’s surface, heat that would otherwise be lost into
space. As a result, these gases help to warm the Earth’s atmosphere. Rising concentrations of atmospheric
CO, and other greenhouse gases can alter the Earth’s radiant energy balance. The Earth’s energy budget
determines the global circulation of heat and water through the atmosphere and the patterns of
temperature and precipitation we experience as weather and climate. Thus, the human disturbance of the
Earth’s global carbon cycle during the Industrial era and the resulting imbalance in the Earth’s carbon
budget and buildup of atmospheric CO, have consequences for climate and climate change. According to
the Intergovernmental Panel on Climate Change (IPCC), CO; is the largest single forcing agent of climate
change (IPCC, 2001)".

! Methane is also an important contributor (IPCC, 2001). However, CH, and other non-CO, carbon gases are not
typically included in global carbon budgets because their sources and sinks are not well understood (Sabine et al.,
2004). For this reason, and to manage scope and focus, we too follow that convention and this report is limited
primarily to the carbon cycle and carbon budget of North America at it influences and is influenced by atmospheric
CO,. Methane is discussed in individual chapters where appropriate, but the report makes no effort to provide a
comprehensive synthesis and assessment of CH, as part of the North American carbon budget. Similarly we provide
no comprehensive treatment of black carbon, isoprene or other volatile organic carbon compounds that represent a
small fraction of global or continental carbon budgets.
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In addition to the relationship between climate change and atmospheric CO; as a greenhouse gas,
research is beginning to reveal the feedbacks between a changing carbon cycle and changing climate, and
the associated implications for future climate change. Simulations with climate models that include an
interactive global carbon cycle indicate a positive feedback between climate change and atmospheric CO,
concentrations. The magnitude of the feedback varies considerably among models; but in all cases, future
atmospheric CO, concentrations are higher and temperature increases are larger in the coupled climate-
carbon cycle simulations than in simulations without the coupling and feedback between climate change
and changes in the carbon cycle (Friedlingstein et al., 2006). The research is in its early stages, but 8 of
the 11 models, in a recent comparison among models (Friedlingstein et al., 2006), attributed most of the
feedback to changes in land carbon, with the majority locating those changes in the tropics. Differences
among models in almost every aspect of plant and soil response to climate were responsible for the
differences in model results, including plant growth in response to atmospheric CO, concentrations and
climate and accelerated decomposition of dead organic matter in response to warmer temperatures.

Changes in temperature, precipitation, and other climate variables also contribute to year-to-year
changes in carbon cycling. Nearly all of the biological, chemical, and physical processes responsible for
exchange of carbon between atmosphere, land, and ocean are influenced to some degree by climate
variables, and both ocean-atmosphere and land-atmosphere exchanges and sources and sinks, show year-
to-year variation attributable to variability in climate (Prentice et al., 2001; Schaefer et al., 2002;
Houghton, 2003; Sabine et al., 2004; Greenblatt and Sarmiento, 2004; Chapter 2 this report). This
variability is believed to be responsible for the large year-to-year differences in the accumulation of CO,
in the atmosphere; annual changes differ by as much as 3000 to 4000 million metric tons of carbon (Mt
C) per year (Prentice et al., 2001; Houghton, 2003). Both land and ocean show changes, for example, in
apparent response to climate conditions linked to El Nifio events, although the variability in the net land-
atmosphere exchange is larger (Prentice et al., 2001; Houghton, 2003; Sabine et al., 2004). Figure 1-2
illustrates this variability, showing for North America year-to-year variation in satellite observations of
the annual net transfer of carbon from the atmosphere to plants. Variability of this sort, in both land and
ocean, contributes uncertainty to carbon budgeting and may appear as “noise” when attempting to detect
“signals” of longer-term climate relevant trends (Sabine et al., 2004) or, eventually, signals of effective

carbon management.

Figure 1-2. Variability in net primary production (NPP) for North America from 2000-2005. Values
are the deviation from 6-year average annual net primary production (NPP) estimated by the MOD17 1-km
resolution data product from the Moderate Resolution Imaging Spectroradiometer (MODIS) aboard

NASA'’s Terra and Aqua satellites. Blue indicates regions where that year’s NPP, the net carbon fixed by

March 2007 1-4



© O N o ol WODN P

W W W N DN DN DN DD NN DNDDNDDNDDNNPEPEPE PP PR R R
N P O © 0 N O Ol B WONPFP O © 00 N O O B WO N - O

CCSP Product 2.2 Draft Subsequent from NOAA Review

vegetation from the atmosphere, was greater than average; red indicates where annual NPP was less than
the average. See Running et al. (2004) for further information on the MODIS NPP product. Figure courtesy

of Dr. Steven W. Running, University of Montana.

Many of the currently proposed options to prevent, minimize, or forestall future climate change will
likely require management of the carbon cycle and concentrations of CO, in the atmosphere. That
management includes both reducing sources, such as the combustion of fossil fuels, and enhancing sinks,
such as uptake and storage (sequestration) in vegetation and soils. In either case, the formulation of
options by decision makers and successful management of the Earth’s carbon budget requires solid
scientific understanding of the carbon cycle and the “ability to account for all carbon stocks, fluxes, and
changes and to distinguish the effects of human actions from those of natural system variability” (CCSP,
2003).

So, why care about the carbon cycle? In short, because people care about the potential consequences
of global climate change, they also, necessarily, care about the carbon cycle and the balance between
carbon sources and sinks, natural and human, which determine the budget imbalance and accumulation of

carbon in the atmosphere as CO..

3. OTHER IMPLICATIONS OF AN IMBALANCE IN THE CARBON BUDGET

The consequences of an unbalanced carbon budget with carbon accumulating in the atmosphere as
CO, and CH, are not completely understood, but it is known that they extend beyond climate change
alone. Experimental studies, for example, show that for many plant species, rates of photosynthesis often
increase in response to elevated concentrations of CO,, thus, potentially increasing plant growth and even
agricultural crop yields in the future. There is, however, considerable uncertainty about whether such
“CO, fertilization” will continue into the future with prolonged exposure to elevated CO,; and, of course,
its potential beneficial effects on plants presume climatic conditions that are also favorable to plant and
crop growth.

It is also increasingly evident that atmospheric CO, concentrations are responsible for increased
acidity of the surface ocean (Caldeira and Wickett, 2003), with potentially dire future consequences for
corals and other marine organisms that build their skeletons and shells from calcium carbonate. Ocean
acidification is a powerful reason, in addition to climate change, to care about the carbon cycle and the

accumulation of CO; in the atmosphere (Orr et al., 2005).
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4, WHY THE CARBON BUDGET OF NORTH AMERICA?

The continent of North America has been identified as both a significant source and a significant sink
of atmospheric CO, (IPCC, 2001; Pacala et al. 2001; Goodale et al., 2002; Gurney et al., 2002; EIA,
2005). More than a quarter (27%) of global carbon emissions, from the combination of fossil-fuel burning
and cement manufacturing, are attributable to North America (United States, Canada, and Mexico)
(Marland et al., 2003). North American plants remove CO, from the atmosphere and store it as carbon in
plant biomass and soil organic matter, mitigating to some degree the anthropogenic sources. The
magnitude of the “North American sink” has been previously estimated at anywhere from less than 100
Mt C per year to slightly more than 2000 Mt C per year (Turner et al., 1995; Fan et al., 1998), with a
value near 350 to 750 Mt C per year most likely (Houghton et al., 1999; Goodale et al., 2002; Gurney et
al., 2002). The North American sink is thus, a substantial, if highly uncertain, fraction, from 15% to
essentially 100%, of the extra-tropical Northern Hemisphere terrestrial sink estimated to be in the range of
600 to 2300 Mt C per year during the 1980s (Prentice et al., 2001). It is also a reasonably large fraction
(perhaps near 30%) of the global terrestrial sink estimated at 1900 Mt C per year for the 1980s (but with a
range of uncertainty from a large sink of 3800 Mt C per year to a small source of 300 Mt C per year
(Prentice et al., 2001). The global terrestrial sink absorbs approximately one quarter of the carbon added
to the atmosphere by human activities, but with uncertainties linked to the uncertainties in the size of that
sink. Global atmospheric carbon concentrations would be substantially higher than they are without the
partially mitigating influence of the sink in North America. However, estimates of that sink vary widely,
and it needs to be better quantified.

Some mechanisms that might be responsible for the North American terrestrial sink are reasonably
well known. These mechanisms include, but are not limited to, the regrowth of forests following
abandonment of agriculture, changes in fire and other disturbance regimes, historical climate change, and
fertilization of ecosystem production by nitrogen deposition and elevated atmospheric CO, (Dilling et al.,
2003; Foley et al., 2004). Recent studies have indicated that some of these processes are likely more
important than others for the current North American carbon sink, with regrowth of forests on former
agricultural land generally considered to be a major contributor, and with, perhaps, a significant
contribution from enhanced plant growth in response to higher concentrations of atmospheric CO, (CO;
fertilization) (Caspersen et al., 2000; Schimel et al., 2000; Houghton, 2002). But significant uncertainties
remain (Caspersen et al., 2000; Schimel et al., 2000; Houghton, 2002), with some arguing that even the
experimental evidence for CO; fertilization is equivocal at the larger spatial scales necessary for a
significant terrestrial sink (e.g., Nowak et al., 2004; Friedlingstein et al., 2006). The future of the current
North American terrestrial sink is highly uncertain, and it depends on which mechanisms are the

dominant drivers now and in the future.
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Estimates of coastal carbon cycling and input of carbon from the land are equally uncertain (Liu et
al., 2000). Coastal processes are also difficult to parameterize in global carbon cycle models, which are
often used to derive best-guess estimates for regional carbon budgets (Liu et al., 2000). It is very
important to quantify carbon fluxes in coastal margins of the area adjacent to the North American
continent, lest regional budgets of carbon on land be misattributed.

North America is a major player in the global carbon cycle, in terms of both sources and sinks.
Accordingly, understanding the carbon budget of North America is a necessary part of understanding the
global carbon cycle. Such understanding is helpful for successful carbon management strategies to
mitigate fossil-fuel emissions or stabilize concentrations of greenhouse gases in the atmosphere.
Moreover, a large North American terrestrial sink generated by “natural” processes is an ecosystem
service that would be valued at billions of dollars if purchased or realized through direct human economic
and technological intervention. Its existence will likely influence carbon-management decision making,
and it is important that its magnitude and its dynamics be well understood (Kirschbaum and Cowie, 2004;
Canadell et al., 2007).

It is particularly important to understand the likely future behavior of carbon in North America,
including terrestrial and oceanic sources, and sinks. Decisions made about future carbon management
with expectations of the future behavior of the carbon cycle that proved to be significantly in error, could
be costly. For example, future climate-carbon feedbacks could change the strength of terrestrial sinks and
put further pressure on emission reductions to achieve atmospheric stabilization targets (Jones et al.,
2006; Canadell et al., 2007). The future cannot be known, but understanding the current and historical

carbon cycle will increase confidence in projections for appropriate consideration by decision makers.

S. CARBON CYCLE SCIENCE IN SUPPORT OF CARBON MANAGEMENT
DECISIONS

Beyond understanding the science of the North American carbon budget and its drivers, increasing
attention is now being given to deliberate management strategies for carbon (DOE, 1997, Hoffert et al.,
2002; Dilling et al., 2003). Carbon management is now being considered at a variety of scales in North
America. There are tremendous opportunities for carbon cycle science to improve decision making in this
arena, whether in reducing carbon emissions from the use of fossil fuels, or in managing terrestrial carbon
sinks. Many decisions in government, business, and everyday life are connected with the carbon cycle.
They can relate to driving forces behind changes in the carbon cycle (such as consumption of fossil fuels)
and strategies for managing them, and/or impacts of changes in the carbon cycle (such as climate change

or ocean acidification) and responses to reduce their severity. Carbon cycle science can help to inform
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these decisions by providing timely and reliable information about facts, processes, relationships, and
levels of confidence.

In seeking ways to use scientific information more effectively in decision making, we must pay
particular attention to the importance of developing constructive scientist—stakeholder interactions.
Studies of these interactions all indicate that neither scientific research nor assessments can be assumed to
be relevant to the needs of decision makers if conducted in isolation from the context of those users’
needs (Cash and Clark, 2001; Cash et al., 2003; Dilling et al., 2003; Parson, 2003). Carbon cycle
science’s support of decision making is more likely to be effective if the science connected with
communication structures is considered by both scientists and users to be legitimate and credible. Well-
designed scientific assessments can be one of these effective communication media.

The climate and carbon research community of North America, and a diverse range of stakeholders,
recognize the need for an integrated synthesis and assessment focused on North America to ()
summarize what is known and what is known to be unknown, documenting the maturity as well as the
uncertainty of this knowledge; (b) convey this information to scientists and to the larger community; and
(c) ensure that our studies are addressing the questions of concern to society and decision-making
communities. As the most comprehensive synthesis to date of carbon cycle knowledge and trends for
North America, incorporating stakeholder interactions throughout its production?, this report, the First
State of the Carbon Cycle Report (SOCCR), focused on The North American Carbon Budget and

Implications for the Global Carbon Cycle is intended as a step in that direction.
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[START OF TEXT BOX]

The Earth’s Carbon Cycle

The burning of fossil fuels transfers carbon from geological reservoirs of coal, oil, and gas and releases carbon
dioxide into the atmosphere. Tropical deforestation and other changes in land use also release carbon to the
atmosphere as vegetation is burned and dead material decays. Photosynthesis transfers carbon dioxide from the
atmosphere and the carbon is stored in wood and other plant tissues. The respiration that accompanies plant
metabolism transfers some of the carbon back to the atmosphere as carbon dioxide. When plants die, their decay
also releases carbon dioxide to the atmosphere. A fraction of the dead organic material is resistant to decay and that
carbon accumulates in the soil. Chemical and physical processes are responsible for the exchange of carbon dioxide
across the sea surface. The small difference between the flux into and out of the surface ocean is responsible for net
uptake of carbon dioxide by the ocean. Phytoplankton, small plants floating in the surface ocean, use carbon
dissolved in the water to build tissue and calcium carbonate shells. When they die, they begin to sink and decay. As
they decay, most of the carbon is redissolved into the surface water, but a fraction sinks into the deeper ocean, the
so-called “biological pump”, eventually reaching the ocean sediments. Currents within the ocean also circulate
carbon from surface waters to the deep ocean and back. Carbon accumulated in soils and ocean sediments millions
of years of ago was slowly transformed to produce the geological reservoirs of today’s fossil fuels. For a more
detailed, quantitative description, see Prentice et al. (2001), Houghton (2003), Sundquist and Visser (2003), Sabine
et al. (2004) and Chapter 2 of this report.

[END OF TEXT BOX]
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Figure 1-1. The Earth’s carbon cycle. Carbon cycles through pools or
reservoirs of carbon on land, in the ocean, and in sedimentary rock formations
over daily, seasonal, annual, millennial, and geological time scales. See the
accompanying text box. Figure adapted from http://www.esd.ornl.gov/iab/iab2-

2.htm.
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Figure 1-2. Variability in net primary production (NPP) for North America from 2000-2005. Values are the
deviation from 6-year average annual net primary production (NPP) estimated by the MOD17 1-km resolution data
product from the Moderate Resolution Imaging Spectroradiometer (MODIS) aboard NASA’s Terra and Aqua
satellites. Blue indicates regions where that year’s NPP, the net carbon fixed by vegetation from the atmosphere,
was greater than average; red indicates where annual NPP was less than the average. See Running et al. (2004) for
further information on the MODIS NPP product. Figure courtesy of Dr. Steven W. Running, University of Montana.
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Chapter 2. The Carbon Cycle of North America in a Global Context

Coordinating Lead Author: Christopher B. Field®
Lead Authors: Jorge Sarmiento® and Burke Hales®

!Carnegie Institution, ?Princeton University, *Oregon State University

KEY FINDINGS
Human activity over the last two centuries, including combustion of fossil fuel and clearing of forests,
has led to a dramatic increase in the concentration of atmospheric carbon dioxide. Global
atmospheric carbon dioxide concentrations have risen by 31% since 1850, and they are now higher
than they have been for 420,000 years.
North America is responsible for approximately 25% of the emissions produced globally by fossil-fuel
combustion, with the United States accounting for 86% of the North American total.
Human-caused emissions (a carbon source) dominate the carbon budget of North America. Largely
unmanaged, unintentional processes reduce the amount of carbon being removed from the
atmosphere (i.e. a smaller carbon sink/less uptake of carbon). The sink is approximately 50% of the
North American emissions, 13% of global fossil-fuel emissions, and approximately 50% of the global
terrestrial sink inferred from global budget analyses and atmospheric inversions.
While the future trajectory of carbon sinks in North America is uncertain (substantial climate change
could convert current sinks into sources), it is clear that the carbon cycle of the next few decades will
be dominated by the large sources from fossil-fuel emissions.
Because North American carbon emissions are at least a quarter of global emissions, a reduction in

North American emissions would have global consequences.

1.

THE GLOBAL CARBON CYCLE

The modern global carbon cycle is a collection of many different kinds of processes, with diverse

drivers and dynamics, that transfer carbon among major pools in rocks, fossil fuels, the atmosphere, the

oceans, and plants and soils on land (Sabine et al., 2004b) (Fig. 2-1). During the last two centuries,

human actions, especially the combustion of fossil fuel and the clearing of forests, have altered the global

carbon cycle in important ways. Specifically, these actions have led to a rapid, dramatic increase in the

concentration of carbon dioxide (CO,) in the atmosphere (Fig. 2-2), changing the radiation balance of the
Earth (Hansen et al., 2005), and most likely warming the planet (Mitchell et al., 2001). The cause of the
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recent increase in atmospheric CO; is confirmed beyond a reasonable doubt (Prentice, 2001). This does
not imply, however, that the other components of the carbon cycle have remained unchanged during this
period. In fact, the background, or unmanaged parts, of the carbon cycle have changed dramatically over
the past two centuries. The consequence of these changes is that only about 40% = 15% of the CO,
emitted to the atmosphere from fossil-fuel combustion and forest clearing has remained there (with most
of the uncertainty in this number due to the uncertainty in carbon lost from forest clearing) (Sabine et al.,
2004b). In essence, human actions have received a large subsidy from the unmanaged parts of the carbon
cycle. This subsidy has sequestered, or hidden from the atmosphere, approximately 299 + 160 Gt of
carbon. (Throughout this chapter, we will present the pools and fluxes in the carbon cycle in Gt C [1 Gt =
1 billion tons or 1 x 10* g]. The mass of CO; is greater than the mass of carbon by the ratio of their

molecular weights, 44/12 or 3.67 times; 1 km® of coal contains approximately 1 Gt C.)

Figure 2-1. Schematic representation of the components of the global carbon cycle. The three panels
show (A) the overall cycle, (B) the details of the ocean cycle, and (C) the details of the land cycle. For all
panels, carbon stocks are in brackets, and fluxes have no brackets. Stocks and fluxes prior to human
influence are in black. Human-induced perturbations are in red. For stocks, the human-induced
perturbations are the cumulative total through 2003. Human-casued fluxes are means for the 1990s (the
most recent available data for some fluxes). Redrawn from Sabine et al. 2004b with updates through 2003

as discussed in the text.

Figure 2-2. Atmospheric CO, concentration from 1750 to 2005. The data prior to 1957 (red circles) are
from the Siple ice core (Friedli et al., 1986). The data since 1957 (blue circles) are from continuous
atmospheric sampling at the Mauna Loa Observatory, Hawaii (Keeling et al., 1976; Thoning et al., 1989)

(with updates available at http://cdiac.ornl.gov/trends/co2/sio-mlo.htm).

The recent subsidy, or sequestration, of carbon by the unmanaged parts of the carbon cycle, makes
them critical for an accurate understanding of climate change. Future increases in carbon uptake in the
unmanaged parts of the cycle could moderate the risks from climate change, while decreases or transitions
from uptake to release could amplify the risks, perhaps dramatically.

In addition to its role in the climate, the carbon cycle intersects with a number of critical Earth system
processes. Because plant growth is essentially the removal of CO, from the air through photosynthesis,
agriculture and forestry contribute important fluxes. Wildfire is a major release of carbon from plants and
soils to the atmosphere (Sabine et al., 2004b). The increasing concentration of CO; in the atmosphere has
already made the world’s oceans more acid (Caldeira and Wickett, 2003). Future changes could

dramatically alter the composition of ocean ecosystems (Feely et al., 2004; Orr et al., 2005).
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1.1 The Unmanaged Global Carbon Cycle
The modern background, or unmanaged, carbon cycle includes the processes that occur in the absence

of human actions. However, these processes are currently so altered by human influences on the carbon
cycle that it is not appropriate to label them natural. This background part of the carbon cycle is
dominated by two pairs of gigantic fluxes with annual uptake and release that are close to balanced
(Sabine et al., 2004b) (Fig. 2-1). The first of these comprises the terrestrial carbon cycle: plant growth on
land annually fixes about 57 £ 9 Gt of atmospheric carbon, approximately ten times the annual emission
from fossil-fuel combustion, into carbohydrates. Respiration by land plants, animals, and
microorganisms, which provides the energy for growth, activity, and reproduction, returns a slightly
smaller amount to the atmosphere. Part of the difference between photosynthesis and respiration is burned
in wildfires, and part is stored as plant material or soil organic carbon. The second comprises the ocean
carbon cycle: about 92 Gt of atmospheric carbon dissolves annually in the oceans, and about 90 Gt per
year moves from the oceans to the atmosphere (While the gross fluxes have a substantial uncertainty, the
difference is known to within = 0.3 Gt). These air-sea fluxes are driven by internal cycling within the
oceans that governs exchanges between pools of dissolved CO,, bicarbonate (HCO3), carbonate (CO3),
organic matter, and calcium carbonate.

Before the beginning of the industrial revolution, carbon uptake and release through these two pairs
of large fluxes were almost balanced, with carbon uptake on land approximately 0.55 + 0.15 Gt C per
year transferred to the oceans by rivers and released from the oceans to the atmosphere. As a
consequence, the level of CO, in the atmosphere varied by less than 25 ppm in the 10,000 years prior to
1850 (Joos and Prentice, 2004). However, atmospheric CO, was not always so stable. During the
preceding 420,000 years, atmospheric CO, was 1