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PREFACE

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 CCSP Report, which is one of the 21 products, 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 impacts1 upon the United States and the rest of the world, and
(2) provide scientific information for U.S. decision support focused on key issues for carbon management
and policy. Consequently, this Report promises to be of significant value to decision-makers, and to the
expert scientific and stakeholder communities. For example, we expect this Report to be a major
contributor to the Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report (due to
be published in 2007).

This Report—Synthesis and Assessment Product (SAP) 2.2—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 the socio-economic drivers and consequences of changes in the
carbon cycle. It covers North America’s land, atmosphere, inland waters, and adjacent oceans, where
“North America” is defined as Canada, the United States of America, and Mexico. 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. SAP 2.2 will
be coordinated with other CCSP synthesis and assessment products as appropriate, especially SAP 2.1
(Scenarios of Greenhouse Gas Emissions and Atmospheric Concentrations and Review of Integrated
Scenario Development and Application) and SAP 3.1 (Climate Models: An Assessment of Strengths and

Limitations for User Applications).

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

and posted on its website at www.climatescience.gov. More specifically, SAP 2.2 attempts to:

Quantify current information on sources and sinks and associated uncertainties related to the buildup
of carbon dioxide (CO,) and methane (CHy) in the atmosphere. For example, it provides the best

available estimates of the contribution of carbon dioxide emissions from combustion of fossil fuels in
North America to changes in global atmospheric concentrations of carbon dioxide for recent decades.
Discussion of future changes in fossil fuel emissions are limited to existing scenarios because
scenarios are the central element of the work being done under SAP 2.1.

Discuss and assess current accepted projections of the future of the North American carbon budget,
including uncertainties in projected fossil fuel emissions and the impact of policy and technology
scenarios on those emissions.

Provide current estimates, with the associated uncertainties, of the fractions of global and North
American fossil-fuel carbon emissions being taken up by North America’s ecosystems and adjacent
oceans.

Provide current, best available answers to specific questions about the North American carbon budget
relevant to carbon management policy options. The key questions were identified through early and
continuing dialogue with SAP 2.2 stakeholders. The answers include explicit characterization of
uncertainties.

Identify where NACP-supported research will reduce current uncertainties in the North American
carbon budget and where future enhancements of NACP research can best be applied to further
reduce critical uncertainties.

Describe and characterize the carbon cycle as an integrated interactive system, using innovative

graphics to depict the carbon cycle in ways that are easily understandable.

The audience for SAP 2.2 includes scientists, decisionmakers in the public sector (Federal, 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

Vi
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officials involved in formulating climate policy, individuals responsible for managing carbon in the

environment, and scientists involved in assessing and/or advancing the frontier of knowledge.

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 the
United States 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 the United States; and (5) as a statement
of the carbon cycle science information needs of important stakeholder groups. For example, well-
quantified regional and continental-scale carbon source and sink estimates, error terms, and associated
uncertainties will be available for use in U.S. 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 the U.S. role in Earth’s 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 are the options and measures 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 application of scientific information to decision support for carbon

management and climate decision making?

These questions provide the basis for the five chapters in Part | of this Synthesis and Assessment
Report. Part Il of the Report focuses on the human-system components of the North American carbon

cycle, and discusses the carbon “sources and sinks” aspects of (a) energy extraction and conversion,

vii
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(b) the transportation sector, (c) industry and waste management, and (d) the buildings sector. Part I11

provides information about land and water systems, including human settlements, and their roles in the

carbon cycle.

[NOTE TO REVIEWERS: The following items will also be included in the PREFACE, but

have not yet been developed.]

Structure and organization of this report; How to read this report

Definition of basic terms, acronyms, units, etc.
Treatment of carbon vs CO, vs CO, equivalents
Treatment of CHy4

Treatment of greenhouse gases

Conventions for sources and sinks (i.e., positive and negative numbers)

viii
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U.S. 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: SOCCR Coordinating Team

Coordinating Team Members: Lisa Dilling*, Anthony King?, David Fairman®, Richard Houghton*,

Gregg Marland?, Adam Rose®, Thomas Wilbanks?, and Gregory Zimmerman®

YUniversity of Colorado, Oak Ridge National Laboratory, *Consensus Building Institute, Inc.,

*Woods Hole Research Center, °The Pennsylvania State University

The Earth’s carbon budget is in imbalance. Beginning with the Industrial Revolution in the 18th
century, but most dramatically since World War 11, the human use of coal, petroleum, and natural gas has
transferred large amounts of carbon from geological reservoirs to the atmosphere, primarily as the
combustion product carbon dioxide (CO,). Clearing of forests and plowing of grasslands for agriculture
has also transferred carbon from plants and soils to the atmosphere as CO,. The combined rate of transfer
is far larger than can be balanced by the biological and geological processes which naturally remove CO,
from the atmosphere and store the carbon in various terrestrial and marine reservoirs as part of the earth’s
carbon cycle. The result is a “piling up” of CO, in the atmosphere, and a dramatic increase in
atmospheric CO, concentration. The atmospheric concentration of carbon dioxide has increased by 31%
since 1750, and the present concentration is now higher than at any time in the past 420,000 years and
perhaps the past 20 million years. Because CO; is an important greenhouse gas, this imbalance and
buildup in the atmosphere has consequences for climate and climate change.

North America is a major contributor to this imbalance. Among all countries, the United States,
Canada, and Mexico ranked, respectively, as the first, eighth, and eleventh largest emitters of CO, from

fossil fuels in 2002. Combined, these three countries contributed almost a third (32%) of the world’s

ES-1
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entire fossil fuel emissions in 2002 and more than quarter (27%) in 2003. North America is
incontrovertibly a major source of atmospheric CO..

North America may also be an important sink. Many lines of scientific evidence point to the
vegetation and soils of the Northern Hemisphere as a net sink for atmospheric carbon, removing CO,
from the atmosphere and to some degree mitigating fossil-fuel sources. The contribution of North
America to that sink is, however, highly uncertain. The mechanisms that might be responsible for a North
American sink, including forest regrowth and sequestration in agricultural soils, are reasonably well
known. However, their relative contributions, their magnitudes, and their future fates are highly
uncertain.

Understanding the North American carbon budget, both sources and sinks, is critical to the U.S.
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 about the North American carbon budget relevant to carbon
management policy options and a broad range 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. The
guestions were identified through early and continuing dialogue with these stakeholder groups, including
scientists, decision makers in the public sector (Federal, 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.

The questions and the answers provided by this Report are summarized below.

What is the carbon cycle and why should we care?

The carbon cycle is the combination of many different physical, chemical and biological processes
that transfer carbon between storage pools or reservoirs in the atmosphere, plants, soils, freshwater
systems, ocean and geological sediments. We are familiar with the cycling of water in precipitation,
runoff, stream flow, and evaporation. Water delivered from the atmosphere in rain and snow evaporates
from land, freshwater rivers and lakes, and the ocean, and condenses in the atmosphere to form clouds.
These clouds generate rain or snow, and the cycle begins anew. Similarly, carbon cycles through the
atmosphere, land and water, and over long periods of time, through the earth’s rocky crust itself.

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 source of energy for

our modern, post-industrial societies. Today, the cycling of carbon among atmosphere, land, freshwater

ES-2
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and marine reservoirs over periods of years and decades determines the balance of the carbon budget
observed at any particular time: how much carbon is stored in a reservoir, how much is coming in, how
much is going out, and how fast the carbon pool is changing. Currently the global carbon budget is in
imbalance, with carbon building up in the atmosphere as carbon dioxide, and human use of coal,
petroleum and natural gas to fuel economies is responsible.

If vast quantities of water had been trapped underground for millions of years and then, in recent
decades, released to trigger unprecedented rates of evaporation and thus significant changes in cloud
formation and precipitation patterns, there might be concerns about possible imbalances in the water
cycle. This has not happened for water, but it has happened for carbon. The 19" and especially 20"
centuries saw a dramatic rise in the combustion of “fossil fuels,” releasing into the atmosphere over
decades quantities of carbon that had been stored in the earth system over thousands of millennia. During
this same time, forests that had once absorbed very large quantities of carbon dioxide were being
converted to agricultural cropland with carbon released to the atmosphere during clearing.

It is not surprising, then, that concentrations of carbon dioxide and other carbon compounds in the
earth’s atmosphere, such as methane, are increasing. This facts, together with patterns of human activity
that are likely to continue trends in fossil fuel use and deforestation, raise concerns about imbalances in
the carbon cycle and their implications.

Climate change is an obvious concern. Atmospheric carbon dioxide is the largest single forcing agent
of climate change. However, the consequences of increasing atmospheric carbon dioxide extend beyond
climate change alone. It is increasingly evident that elevated atmospheric carbon dioxide concentrations
are responsible for increased acidification of the surface ocean, 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 that of climate change to care about the carbon
cycle and the accumulation of carbon dioxide in the atmosphere.

Invariably, any options or actions 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 and
concentrations of carbon dioxide in the atmosphere. That management involves both reducing sources of
atmospheric carbon dioxide like the combustion of fossil fuels, or enhancing sinks such as uptake and
storage or sequestration in vegetation and soils. In either case, formulation of options by decision makers
and successful management of the earth’s carbon budget requires solid scientific understanding of the

carbon cycle.

ES-3
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How do North American carbon sources and sinks relate to the global carbon
cycle?

North America is responsible for approximately 27% of the carbon dioxide emissions produced
globally by fossil fuel combustion. The United States accounts for 86% of the North American total and
approximately one quarter of the global total. In recent years, extraction of fossil fuels and their
conversion into energy delivery forms (solid, liquid, gas, and electric) in North America released on the
order of 2800 million metric tons (Mt) of CO, per year to the atmosphere, approximately 10% of total
global emissions in 2003. Electricity generation is responsible for most (90-95%) of North America's
energy extraction and conversion emissions. The transportation sector of North America released 2151
Mt CO, into the atmosphere in 2003, 40% of the total carbon emissions from worldwide transportation
activity and about 9% of total global CO, emissions. The buildings sector in North America is
responsible for the annual emission of 2712 Mt CO, or 9% of global fossil fuel emissions. U.S. buildings
alone are responsible for more CO, emissions than total CO, emissions of any country in the world,
except China. Most—approximately 64%—of the emissions from the building sector of North America
are associated with the production of electricity used in buildings. Emissions from the North American
building sector, excluding electricity, were about 4% of global total CO, emissions in 2003. In 2002,
North American industry (excluding fossil fuel mining and processing) was responsible for the release of
826 Mt CO; into the atmosphere, or 16% of the 5200 Mt CO, emissions from global industry.

The carbon budget of North America is dominated by the fossil fuel emissions source; however, the
vegetation and soils of North America and the surrounding coastal oceans are also a substantial net sink.
Approximately 30% of North American fossil fuel emissions are offset by a smaller sink of 2170 Mt CO,
per year. Most (60%) of that sink is caused by relatively young, growing forests in the United States and
Canada which have re-colonized land formerly cleared of forests for agricultural use in past centuries.
The global terrestrial sink is quite uncertain, estimated as somewhere in the range of 2200 to 8433 Mt
CO, per year during the 1990s, with the actual sink likely near 4000 Mt CO, per year. Thus, North
America is probably responsible for at least half of the global terrestrial sink, but could account for as
little as a quarter to nearly all of it.

Both as a source and a sink, North America is a major, even dominant component of the global
carbon cycle. And it is clear that the North American carbon budget of the next few decades will
continue to be dominated by the large sources from fossil fuel emissions as the trends responsible for
current emissions continue into at least the near future. Consequently, the global carbon cycle will
continue to be dominated by a large fossil fuel source from North America. The future trajectory of
carbon sinks in North America, and their contribution to the global terrestrial sink is less certain, in part

because the important contribution of regrowing forests is likely to decline as the forests mature, and in

ES-4
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part because the response of forests and other ecosystems to future climate change and increases in
atmospheric CO, concentrations is uncertain.

Because North America’s carbon budget is such a substantial part of the global carbon budget,
options and measures taken to manage the North American carbon budget will have important global
consequences. North America has many opportunities for decreasing emissions, including changes to the
energy system, increasing energy efficiency, investments in forest planting and agricultural soil
management, biomass energy, and geological sequestration. Implementation of policies to deploy these
technologies and practices is best achieved by national governments with international cooperation. This
provides maximum coverage of CO, emissions and carbon sinks. It also allows better allocation of

resources for technology research and development.

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

The Sources

The primary source of carbon in North America is the release of CO, during the combustion of fossil
fuels. The North American fossil fuel source is three times larger than the net sink of land and water
systems and dominates the net carbon balance of the continent. Fossil fuel carbon emissions in the
United States, Canada and Mexico totaled 1856 Mt C (6805 Mt CO,) in 2003 and have increased at an
average rate of approximately 1% per year for the last 30 years. The United States was responsible for
85% of North America’s fossil fuel emissions in 2003, Canada for 9% and Mexico 6%.

U.S. emissions dominate North American emissions and continue to grow at close to the North
American average rate of ~1.0% per year, but U.S. per capita emissions have been roughly constant for
the past 30 years, while the carbon intensity of the U.S. economy has decreased at a rate of ~2% per year.
U.S. emissions grew at 1% per year even though per capita emissions were roughly constant simply
because of population growth at an average rate of 1%. The constancy of U.S. per capita values masks
faster than 1% growth in some sectors (e.g., transportation) that was balanced by slower growth in others
(e.g., increased manufacturing energy efficiency). Also, a large part of the decline in the carbon intensity
of the U.S. economy was caused by the comparatively rapid growth of the service sector (3.6% per year),
which now dominates the economy (roughly three-fourths of GDP) and has carbon emissions per dollar
of economic activity only 15% that of manufacturing. This implies that emissions growth is essentially
decoupled from economic growth. Also, because the service sector is likely to continue to grow more
rapidly than other sectors of the economy, we expect that carbon emissions will continue to grow more
slowly than GDP.

ES-5
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Electricity generation is the single largest contributor to the North American fossil-fuel source,
accounting for approximately 40% of the total North American fossil fuel source. Again, U.S. emissions
dominate. In 2003, electricity generation in the United States alone released 2409 Mt CO, to the
atmosphere, 35% of total North American fossil fuel emissions for that year.

The transportation sector of North America released 2120 Mt CO; into the atmosphere in 2003,
31% of total North American emissions. Most (87%) of that source is from the United States.
Transportation energy use in North America and the associated CO, emissions have grown substantially
and relatively steadily over the past forty years. Growth has been most rapid in Mexico, the country most
dependent upon road transport. Carbon emissions from the transportation sector are determined by the
levels of passenger and freight activity, the shares of transport modes, the energy intensity of passenger
and freight movements, and the carbon intensity of transportation fuels. The growth of passenger and
freight activity are driven by population, per capita income, and economic output. Chiefly as a result of
economic growth, energy use by North American transportation is expected to increase by 46% from
2003 to 2025.

More than half of electricity produced in North America (67% in the United States) is consumed in
buildings, making that single use the third largest carbon source in North America (25% of the total). The
trend in the buildings sector over the last decade has been towards growth, with emissions from energy
use in buildings in the United States and Canada (including the use of natural gas, wood, and other fuels
as well as electricity) increasing 30% since 1990, corresponding to an annual growth rate of 2.1%. In the
United States, the major drivers of energy consumption growth in the buildings sector are growth in
commercial floor space and increase in the size of the average home. Carbon emissions from buildings
will grow with energy consumption, which in turn will increase with population and income.
Furthermore, the shift from large extended- to nuclear-family and single-occupant households means an
increase in the number of households per unit population—each with its own heating and cooling systems
and electrical appliances. Certain electrical appliances (such as space cooling/conditioning equipment)
once considered a luxury are now becoming commonplace. Technology- and market-driven
improvements in efficiency are expected to continue for most equipment, but this will probably not be
sufficient to adequately curtail emissions growth in the buildings sector without government intervention.

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 fossil
fuel source. Industrial CO, emissions from North America decreased nearly 11% between 1990 and
2002, while energy consumption in the United States and Canada increased 8% to 10% during that period.
In both countries, a shift in production toward less energy-intensive industries and dissemination of more

energy efficient equipment kept the rate of energy demand growth lower than industrial GDP growth.

ES-6
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The Sinks

Approximately 30% of North American fossil fuel emissions are offset by a natural sink of 592 Mt C
per year caused by a variety of factors, including forest regrowth, fire suppression, and agricultural soil
conservation. The sink currently absorbs 506 Mt C per year in the United States and 134 Mt C per year in
Canada. Mexican ecosystems create a net source of 48 Mt C per year, mostly as a consequence of
ongoing deforestation. The coastal ocean surrounding North America is also a small net source of carbon
to the atmosphere (19 Mt C per year)

The primary carbon sink in North America is that of growing forests in the United States and Canada
that have re-colonized land formerly cleared of forests for agricultural use in past centuries. Forest
regrowth transfers carbon from the atmosphere, and it accumulates primarily in aboveground vegetation,
with about a third accumulating as dead organic carbon in the soil. The suppression of forest fires also
increases net carbon storage in forest biomass. The forest sink is by far the largest single component of
the net North American sink, currently responsible for approximately 358 Mt C per year, or 60% of the
total. As the recovering forests mature, however, net carbon uptake and the size of the sink decline; the
estimated forest sink in Canada declined by nearly a third between 1990 and 2003.

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 level of
approximately 80 million hectares burned per year, and this favors shrubs and trees in competition with
grasses. The resulting sink has been estimated at 120 Mt C per year (20% of the North American sink),
but the uncertainty around this estimate is greater than 100%. Woody encroachment might actually
represent a small source of atmospheric carbon, or the sink might be twice the current estimate.

Wood products and wetlands are sinks of comparable size, 67 and 70 Mt C per year, respectively, or
about 12% each of the total North American sink. Wood products create a carbon sink because they
accumulate both in use (e.g., furniture, house frames, etc.) and in landfills. The wetland sink is primarily
a consequence of peat accumulation in Canada’s extensive frozen and unfrozen wetlands and of
sedimentation and the accompanying carbon sequestration in mineral soils of Canadian and U.S.
wetlands. Drainage of peatlands in the United States has created a net source of 5 Mt C per year, and the
very large reservoir of carbon in North American wetlands (the single largest carbon pool of any North
American ecosystem) is vulnerable to release to the atmosphere in response to climate change and
drainage for development, shifting this moderate sink to a potentially large source.

Agricultural lands in North America are currently nearly neutral with respect to carbon. Although
mineral soils are estimated to be sequestering currently 6—15 Mt C per year, cultivation of organic soils

releases 5-10 Mt C per year. The net is an approximate carbon balance for agricultural soils in Canada
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and a small sink 6 Mt C year or even source (1.5 Mt C per year) in the United States. The carbon balance
of agricultural lands is determined by two processes: management and changes in the environment. 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 sequestration in recent years. The effects of climate are uncertain.
Conversion of agricultural and wildlands to cities and other human settlements affect carbon sinks
mainly by replacing biological ecosystems with built land cover. Growth of urban and suburban trees in
North America are a part of the forest sink discussed above, but the rates of carbon sequestration in the
vegetation and soils of settlements are uncertain and probably relatively small, certainly in comparison to
fossil fuel emissions these areas. Thus, settlements in North America are almost certainly a source of
atmospheric carbon, and the density and development patterns of human settlements are drivers of fossil

fuel emissions, especially in the important residential and transportation sectors.

What are the direct, non-climatic effects of increasing atmospheric CO2 or other
changes in the carbon cycle on the land and oceans of North America?

The consequences of a carbon cycle imbalance and the buildup of CO, in the atmosphere CO, extend
beyond climate change alone. Ocean acidification and “CO, fertilization” of land plants are foremost
among these direct, non-climatic effects.

The increasing concentration of CO, in the atmosphere has already made the world’s oceans more
acid. This acidification negatively impacts corals and other marine organisms that build their skeletons
and shells from calcium carbonate. Future changes could dramatically alter the composition of ocean
ecosystems of North America and elsewhere.

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.
There is, however, considerable uncertainty 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 or net uptake and storage by terrestrial ecosystem. Recent
studies include many examples in which experimental treatment with elevated CO, leads to consistent
increases in plant growth, but others in which elevated CO; has little effect on plant growth, leads to an
initial stimulation but limited long-term effects, or increases carbon losses as well as gains. 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 CO,, it seems likely that extended deep drought or other unfavorable climatic conditions could

mitigate the positive effects of elevated CO, on plant growth. It is thus far from clear that elevated
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concentrations of atmospheric CO, have led to terrestrial carbon sequestration or will do so at the
continental scale in the future.

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 carbon cycle of the land and ocean of
North America as part of purposeful carbon management will consequently affect these other processes
and cycles. For example, an increase in organic carbon in soils is likely to increase both the availability
of nitrogen for plant growth and enhance the water holding capacity of the soil. However, very little is
known about the complex web of interactions between carbon and other systems at continental scales, and
the direct, non-climatic effects of carbon cycle change or management on the interwoven systems of

North America is essentially unknown.

What are the options and measures implemented in North American that could
significantly affect the North American and global carbon cycles (e.g., North
American sinks and global atmospheric CO, concentrations)?

Addressing imbalances in the North American and global carbon cycles requires options and
measures focused on reducing carbon emissions. Options and measures focused on enhancing carbon
sinks in soils and biomass can contribute as well, but their potential is far from sufficient to deal with the
magnitude of current imbalances.

Options for reducing carbon emissions include:

e Reducing emissions from the transportation sector through efficiency improvement, higher prices for
carbon-based fuels, liquid fuels derived from biomass, and in the longer run (after 2025) hydrogen
energy;

e Reducing the carbon emission impact of 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, and reduced demands due to increased end use efficiency.

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 cost-effective emission reduction vs. carbon
sequestration at modest cost increases per metric ton of CO, emitted. Some economic analyses suggest

that the potential mitigation is greater at relatively low prices for agricultural soil carbon sequestration
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than from fossil fuel use reduction. In addition, analyses suggest that carbon emission cap and trading
policies could reduce carbon emissions significantly without a major net economic cost by providing
incentives to use the least-cost combination of mitigation/sequestration alternatives.

Many options and measures that reduce emissions and increase sequestration have significant co-
benefits in terms of economic efficiency and environmental management. At the same time, actions
focused on one greenhouse gas or one mitigation pathway can have unintended consequences. For
instance, carbon sequestration strategies such as reduced tillage can increase emissions of CH, or N,O.

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 GHG emission reductions. For cities, one
focus has been the Cities for Climate Protection program of International Governments for Local
Sustainability (formerly ICLEI). For states, the Regional Greenhouse Gas (Cap and Trade) Initiative is

nearing implementation. For industry, one focus has been membership in the Pew Center.

How can we improve the application of scientific information to decision support
for carbon management and climate decision making?

Effective carbon management requires that relevant, appropriate science be communicated to the
wide variety of people whose decisions affect carbon cycling. 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. Public concern,
voluntary action and governmental efforts to regulate carbon emissions have heightened demand for basic
data on the carbon cycle, models that link natural and social systems, and physical, economic and political
analysis of specific carbon management options. There appears to be substantial demand for information
in the energy, transportation, agriculture, forestry and industrial sectors, at scales ranging from local to

global.
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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 they 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, we suggest that leaders in the carbon science community take the following steps:

o 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);

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 both incremental and major
departures from existing practice with the goal of making carbon cycle science more salient, credible,
and legitimate to carbon managers;

e 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.
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Chapter 1. What is the Carbon Cycle and Why Do We Care?
An Introduction to the Purpose, Scope, and Structure of the State of
the Carbon Cycle Report (SOCCR)

Lead Authors: SOCCR Coordinating Team

Coordinating Team Members: Lisa Dilling®, Anthony King? David Fairman®, Richard Houghton®*,

Gregg Marland?, Adam Rose®, Thomas Wilbanks?, and Gregory Zimmerman®

YUniversity of Colorado, Oak Ridge National Laboratory, *Consensus Building Institute, Inc.,

*Woods Hole Research Center, °The Pennsylvania State University

WHY A REPORT ON THE CARBON CYCLE?

The concept of a carbon budget or carbon cycle is unfamiliar to many decision makers and other
citizens. We are familiar with a water cycle, where precipitation falls on the earth to supply water bodies
and evaporation returns water vapor to the earth’s clouds, which then renew the cycle through
precipitation. Similarly, carbon—a fundamental requirement for life on earth—cycles through exchanges
between (a) carbon-based life on and near the earth’s surface, (b) carbon in the earth’s atmosphere, and
(c) water in the ocean. Stated in oversimplified terms, plants consume carbon dioxide from the
atmosphere through photosynthesis and create sugars and other carbohydrates, which animals and humans
use for food and shelter 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 global carbon cycle. Reservoirs (in black) are gigatons [1 Gt = one billion (1 x 10°%)
metric tons] of carbon, and exchanges between reservoirs (in purple) are Gt carbon per year. Illustration
courtesy NASA Earth Science Enterprise.

All of the components of this cycle—the atmosphere, the terrestrial vegetation, soils, freshwater lakes
and rivers, the ocean, and geological sediments—are reservoirs of carbon. As carbon cycles through the
system, it is exchanged between reservoirs, transferred from one to the next. 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 increases. The myriad physical, chemical, and biological processes that transfer carbon among
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reservoirs, and transform carbon among its various molecular forms during that transfer, are responsible
for the cycling of carbon through reservoirs. That cycling determines the balance of the carbon budget
observed at any particular time. Examining the carbon budget not only reveals whether the budget is in
balance or imbalance, but also provides insight into causes of any imbalance and steps that might be taken
to manage that imbalance. Currently, the global carbon budget is in imbalance; and human use of coal,
petroleum, and natural gas to fuel economies is responsible.

If vast quantities of water had been trapped underground for millennia and then, in recent centuries,
released to trigger unprecedented rates of evaporation—and thus significant changes in cloud formation
and precipitation patterns—there might be concerns about possible imbalances in the water cycle.
Although this has not happened for water, it has happened for carbon. Over the millennia, vast quantities
of carbon were stored in residues from dead plant and animal life that sank into the earth and became
fossilized. With the expansion of the Industrial Revolution in the 19" and 20" centuries, human societies
found that these fossils had great value as energy sources for economic growth; and the 20™ century 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
millenia. During this same time, forests that had once absorbed very large quantities of carbon dioxide
each year shrank in their extent.

It is not surprising, then, that measurements of carbon dioxide and other carbon compounds in the
earth’s atmosphere, such as methane, have shown steady increases in concentrations. This fact, together
with patterns of human activity that continue trends in fossil fuel use and deforestation, raises concerns

about imbalances in the carbon cycle and their implications.

The Carbon Cycle and Climate Change

Most of the carbon in the earth’s atmosphere is in the form of carbon dioxide (CO,) and methane
(CH,). Both carbon dioxide and methane 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 warm the earth’s atmosphere. Rising
concentrations of atmospheric carbon dioxide 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 carbon dioxide in the atmosphere have
consequences for climate and climate change. According to the Strategic Plan of the U.S. Climate Change

Science Program, carbon dioxide is the largest single forcing agent of climate change (CCSP, 2003).
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In addition to the relationship between climate change and atmospheric carbon dioxide as a
greenhouse gas, research is beginning to reveal the feedbacks between a changing carbon cycle and
changing climate and what that implies for future climate change. Simulations with climate models that
include an interactive global carbon cycle indicate a positive feedback between climate change and
atmospheric carbon dioxide concentrations. The research is in its early stages, and the magnitude of the
feedback varies considerably among models; but in all cases, future atmospheric carbon dioxide
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).

Invariably, any options or actions to prevent, minimize, or forestall future climate change will require
management of the carbon cycle and concentrations of carbon dioxide in the atmosphere. That
management involves both reducing sources of atmospheric carbon dioxide such as the combustion of
fossil fuels and enhancing sinks such as uptake and storage or 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). In short, because people care about the potential consequences of
global climate change, they also necessarily care about the carbon cycle and the atmospheric imbalance in

the carbon budget.

Other Implications of an Imbalance in the Carbon Budget

We do not yet have a full understanding of the consequences of this imbalance, but we do know that
they extend beyond climate change alone. Experimental studies, for example, tell us that, for many plant
species, rates of photosynthesis often increase in response to elevated concentrations of carbon dioxide,
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 carbon dioxide; 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 carbon dioxide concentrations are responsible for
increased acidification of the surface ocean, 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

carbon dioxide in the atmosphere.
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It is clear that we need to appreciate the importance of the earth’s carbon cycle, its implications for
our well-being in North America, and the challenge of clarifying what we know vs what we do not know
about the carbon cycle. The reason is that any sustained imbalance in the earth’s carbon cycle could be

serious business indeed for North America, as it could be for any other part of the world.

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 carbon dioxide (Wofsy and Harriss, 2002). More than a quarter (27%) of global carbon
emissions from the combination of fossil fuel and cement manufacturing are attributable to North
America (United States, Canada, and Mexico) (Marland et al., 2003). North American plants remove
carbon dioxide 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 estimated at anywhere from less than 100 Mt C yr* to slightly more than 2000 Mt C y* (Turner et
al., 1995; Fan et al., 1998), with a value near 350 to 750 Mt C yr* perhaps most likely (Houghton et al.,
1999; Goodale et al., 2002; Gurney et al., 2002). The North American sink is thus a substantial fraction,
perhaps on the order of 30-60%, of the global terrestrial sink estimated to be in the range of 600 to 2300
Mt C yr* and primarily in the extra-tropical Northern Hemisphere (IPCC, 2001). The global terrestrial
sink is responsible for about a quarter to a half of the carbon added to the atmosphere by human actions
that was transferred to oceans and land by carbon cycle processes and thus did not contribute to the
accumulation and increase of carbon dioxide in the atmosphere. Global atmospheric carbon
concentrations would be substantially higher than they are without the partially mitigating influence of the
sink in North America.

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 re-growth 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 carbon dioxide
(Dilling et al., 2003). Recent studies have indicated that some of these processes are likely more
important than others for the current North American carbon sink, but significant uncertainties remain
(Caspersen et al., 2000; Schimel et al., 2000; Houghton 2002). The future of the current North American
terrestrial sink is highly uncertain, and it depends on which mechanisms are the dominant drivers.

Estimates of coastal carbon cycling and input of carbon from the land are equally uncertain (JGOFS,
2001). 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 (JGOFS, 2001). It is very important to
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guantify carbon fluxes in coastal margins of the area adjacent to the North American continent, lest
regional budgets of carbon on land be mis-attributed.

Whether as source or sink, North America is a major player in the global carbon cycle. The scientific
understanding of the global carbon cycle required for successful carbon management strategies and by
decision makers searching for options to stabilize or mitigate concentrations of greenhouse gases in the

atmosphere (CCSP, 2003) requires an understanding of the North American carbon budget.

CARBON CYCLE SCIENCE IN SUPPORT OF CARBON MANAGMENT 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. In seeking ways to more effectively use scientific information in decision-making, we must pay
particular attention to the importance of developing constructive scientist—stakeholder interactions.

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 these
decisions by providing timely and reliable information about facts, processes, relationships, and levels of
confidence, although such support is more likely to be effective if the science is connected with
communication structures that are considered by both scientists and users to be legitimate and credible.

Perhaps the most widely studied examples of scientist—stakeholder communication and dialogue have
occurred through various types of scientific assessments. For example, Cash and Clark (2001) and Cash et
al. (2003) found that the most effective’ scientific assessments generally shared three interdependent
characteristics, which they termed credibility, saliency, and legitimacy. Credibility is obviously essential
if a scientific assessment is to be viewed as technically authoritative. The credibility of an assessment
depends on the scientific scope and rigor of the process and on the scientific stature of its participants
(Parson, 2003).

! The effectiveness of scientific syntheses and assessments is evaluated using a variety of criteria, including effects
on policies, management options, research agendas, and attitudes of key constituencies (Cash and Clark, 2001;
Parson 2003). These are not the only possible effectiveness criteria, but they provide an appropriate emphasis on the
effectiveness of scientifically credible information that can be easily communicated to stakeholders and that they
find useful for policy and management.
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Saliency, according to Cash and Clark, is the extent to which an assessment is perceived as relevant
and useful to stakeholders. Ensuring saliency requires early and ongoing dialogue with stakeholders to
make sure that the questions posed within the scientific community are also important to the stakeholder
community, and to educate the stakeholder community about the importance of scientific issues that they
might otherwise overlook.

Cash and Clark (2001) defined legitimacy as the “perceived fairness of the assessment process.” The
legitimacy of a scientific assessment requires not only the contributions of scientific experts who
represent a range of technical viewpoints, but also the substantive involvement of stakeholder
representatives to ensure that the assessment is perceived as fair by their constituencies.

A common conclusion in analyses of scientific assessments is that the initial design and context are
critically important (Cash and Clark, 2001; Farrell et al., 2001; Parson 2003). The community and
institutional mandate for an assessment have a strong influence on the eventual success of the process.
The initial “framing” of the issues and questions to be addressed affects many decisions about the
organization of the assessment, communication among participants, prioritization of goals, and ultimate
effectiveness (Farrell et al., 2001). The framing process requires great care because it may predetermine
not only who gets to pose the questions, but also how the questions are posed.

How the assessment is delivered is as important as how it is defined. A potential pitfall in scientific
assessment is to focus solely on producing a written report of findings, without understanding the
importance of ongoing communication and social interaction that are critical for effective outcomes (Cash
and Clark, 2001). Our proposed approach pays considerable attention to the ongoing process required to
produce the SAP 2.2, with the explicit goal of ensuring that the SAP 2.2 is not only scientifically credible
but also easily accessible, credible, and relevant to decision makers and other stakeholders. Transparency
of the process will be a high priority through all stages.

Analysis of previous scientific assessments has emphasized that credibility, saliency, and legitimacy
are inter-connected. As Parson (2003) put it, “Assessments that command little attention or respect by
virtue of the collective stature of their participants; that draw no clear scientific judgments or conclusions
about present knowledge except that more research is needed; that present no cogent new ways to
understand the issue; and whose reports are both useless to scientists and inaccessible to lay persons, can
expect to have no influence on policy, however high the quality of their work on other dimensions.”

The U.S. climate and carbon research community, and a diverse range of stakeholders, recognize the
need for an integrated synthesis and assessment focused on North America to (a) 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 among scientists and to the larger community; and (c) ensure that

our studies are addressing the questions of concern to society and decision-making communities.
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As the most comprehensive treatment to date of carbon cycle facts, directions, and issues for North
America, incorporating stakeholder interactions throughout, 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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Figure 1-1. The global carbon cycle. Reservoirs (in black) are gigatons [1 Gt = one billion (1 x 10%) metric tons] of
carbon, and exchanges between reservoirs (in purple) are Gt carbon per year. Illustration courtesy NASA Earth
Science Enterprise.
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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 CO, 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 27% of the emissions produced globally by fossil-fuel
combustion, with the United States accounting for 86% of the North American total.
While emissions (a carbon source) dominate the carbon budget of North America, these emissions
are partially offset by a smaller carbon sink (uptake of carbon). The sink is approximately 30% of the
North American emissions, 9% of global emissions, and approximately 50% of the global terrestrial
sink inferred from global budget analyses and atmospheric inversions. This sink is most likely caused
by relatively young, growing forests which have re-colonized land formerly cleared of forests for
agricultural use in past centuries.
Global carbon dioxide emissions have increased for the last 30 years. In comparison, North
American carbon dioxide emissions have increased at an average rate of approximately 1% per year
for the last 30 years.
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. North America has many opportunities
for decreasing emissions, including changes to the energy system, increasing energy efficiency,
investments in forest planting and agricultural soil management, biomass energy, and geological

sequestration.
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THE GLOBAL 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
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. The background or unmanaged parts of the carbon cycle have, in fact, changed dramatically over
the past two centuries. The consequence of these changes is that only about 48% =+ 5% of the carbon
dioxide emitted to the atmosphere from fossil-fuel combustion and forest clearing has remained there
(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 240 =
40 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 carbon cycle.

Figure 2-2. Atmospheric CO, concentration from 1850 to 2005. The data prior to 1957 are from the
Siple ice core (Friedli et al., 1986). The data since 1957 are from continuous atmospheric sampling at the

Mauna Loa Observatory (Hawaii) (Keeling et al., 1976; Thoning et al., 1989).

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 carbon dioxide 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
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atmosphere has already made the world’s oceans more acid (Caldeira and Wickett, 2003). Future changes

could dramatically alter the composition of ocean ecosystems (Orr et al., 2005).

The Background or Unmanaged Global Carbon Cycle
The modern background or unmanaged carbon cycle includes the processes that occur in the absence

of human actions. These processes are, however, currently so altered by human influences on the carbon
cycle that it is not appropriate to label them natural. This background or unmanaged 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 100-200 Gt of atmospheric carbon, approximately 20 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, with the difference burned in wildfires or stored as plant biomass or
soil organic carbon. The second comprises the ocean carbon cycle: about 92 + 5 Gt of atmospheric carbon
dissolves annually in the oceans, and about 90 Gt moves from the oceans to the atmosphere. The rest
remains in the ocean as a mix of dissolved CO,, bicarbonate (HCOj3 "), carbonate (COs ), and organic
matter.

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 of approximately 0.45 + 0.1 Gt C yr '
transferred to the oceans and released from the oceans to the atmosphere. As a consequence, the level of
carbon dioxide in the atmosphere varied by less than 25 ppm in the 10,000 years prior to 1850 (Joos and
Prentice, 2004). But atmospheric CO, was not always so stable. During the preceding 420,000 years,
atmospheric CO, was 180-200 ppm during ice ages and approximately 275 ppm during interglacials
(Petit et al., 1999). The lower ice-age concentrations in the atmosphere most likely reflect a transfer of
carbon from the atmosphere to the oceans, possibly driven by changes in ocean circulation and sea-ice
cover (Keeling and Stephens, 2001; Sigman and Boyle, 2000). Enhanced biological activity in the oceans,
stimulated by increased delivery of iron-rich terrestrial dust, may have also contributed to this increased
uptake (Martin, 1990).

In the distant past, the global carbon cycle was out of balance in a different way. Fossil fuels are the
product of plant growth, especially in the period 354 to 290 million years ago, the Carboniferous. During
this period, luxuriant plant growth and geological activity combined to bury a small fraction of each
year’s growth. Over millions of years, this gradual burial led to the accumulation of vast stocks of fossil
fuel. The total accumulation of fossil fuels is uncertain, but probably in the range of 6000 + 3000 Gt. It

also led to a near doubling of atmospheric oxygen (Falkowski et al., 2005).
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Anthropogenic Perturbations

Since the beginning of the industrial revolution, or about 1850, there has been a massive release of
carbon from fossil-fuel combustion and deforestation. Cumulative carbon emissions from fossil-fuel
combustion, natural gas flaring, and cement manufacture from 1850 through 2004 are just over 300 +
30 Gt (Marland and Rotty, 1984; Andres et al., 1999). Land use change during this period, mostly from
the clearing of forests, added another 160 + 160 Gt (DeFries et al., 1999; Houghton, 1999). The rate of
fossil-fuel consumption in any recent year would have required, for its production, more than 400 times
the current global primary production (total plant growth) of the land and oceans combined (Dukes,
2003). This has led to a rapid increase in the concentration of CO, in the atmosphere since 1850, with
atmospheric CO, rising by 31% (i.e., from 287 ppm to 377 ppm).

Together, the three major countries of North America (Canada, Mexico, and the United States)
accounted, in 2003, for carbon emissions from fossil-fuel combustion of approximately 1.83 = 0.2 Gt C,
or about 27% of the global total. The United States, the world’s largest emitter of carbon dioxide, was
responsible for 86% of the North American total. Per capita emissions in 2003 were 5.4 + 0.5 metric ton
in the United States, 5.0 £ 0.55 metric ton in Canada, and 0.9 + 0.1 metric ton in Mexico. Per capita
emissions in the United States were nearly 5 times the world average, 2.5 times the per capita emissions
for Western Europe, and more than 8 times the average for Asia and Oceania. The carbon intensity of the
United States’ economy, at 0.15 metric ton of emitted carbon per $1000 (in 1995 dollars) of GDP
(measured as PPP or Purchasing Power Parity), in 2003 was close to the world’s average of
0.14 tC/$1000 [DOE EIA (U.S. Department of Energy, 2005)]. Canada’s carbon intensity is somewhat
higher at 0.19 tC/$1000, and Mexico’s is somewhat lower at 0.12 tC/$1000. Rich countries with
substantially lower carbon intensity include Japan, France, the United Kingdom, and Germany. Rich
countries with higher carbon intensity include Australia and New Zealand [DOE EIA (U.S. Department of
Energy, 2005)].

The world’s largest countries, China and India, have total carbon emissions from fossil-fuel
combustion and the flaring of natural gas that are substantially lower than those in the United States. The
2003 total for China was 61% of that in the United States, and the total for India was 18% that of the
United States. Per capita emissions for China and India in 2003 were 14% and 5%, respectively, of the
U.S. rate. Carbon intensity in both China and India is high. In 2003, carbon intensity in China was 4.6
times greater than that in the United States. The carbon intensity in India was 3.4 times that in the United
States [DOE EIA (U.S. Department of Energy, 2005)].

Carbon emissions from North America have grown by about 1.0% per year for the last 30 years,

substantially slower than the growth in GDP (Fig. 2-3). Slower growth in emissions than GDP
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characterizes many of the world’s richest countries, including Canada and the United States. Since 1980,
emissions growth has been only slightly slower than GDP growth in Mexico, a pattern typical of rapidly
industrializing countries (Fig. 2-3). More rapid growth in GDP than in emissions can result from
decreasing both the energy intensity of the economy (through, for example, more efficient manufacturing
and increasing the role of the service sector) and the carbon intensity of the energy system (through, for
example, replacing coal with natural gas in power plants or replacing fossil power plants with wind power
plants) (Sathaye, 2004). It is not clear whether, in the absence of policy, historical trends in the energy

intensity of GDP and the carbon intensity of the energy system will continue.

Figure 2-3. GDP in 2000 U.S. dollars vs fossil-fuel carbon emissions (Mt C yr™). Data from EIA
(2005). Each arrow shows the sequence from 1980 to 2003 for a country. Note that carbon emissions per
unit GDP decelerate as a country gains wealth. The lines in the figure show the slopes associated with the
different ratios of GDP and emissions growth (the y-intercept of the dotted and dashed lines are not

informative and were chosen only to keep from obscuring the arrows).

ASSESSING GLOBAL AND REGIONAL CARBON BUDGETS

Changes in the carbon content of the oceans and plants and soils on land can be evaluated with at
least five different approaches—flux measurements, inventories, inverse estimates based on atmospheric
CO,, process models, and calculation as a residual. The first method, direct measurement of carbon flux,
is well developed for measurements over the spatial scale of up to 1 km?, using the eddy flux technique
(Wofsy et al., 1993; Baldocchi and Valentini, 2004). Although eddy flux measurements are now collected
at more than 100 networked sites, spatial scaling presents formidable challenges. To date, estimates of
continental-scale fluxes based on eddy flux must be regarded as preliminary.

Inventories, based on measuring trees on land (Birdsey and Heath, 1995) or carbon in water samples
(Takahashi et al., 2002; Sabine et al., 2004a), can provide useful constraints on changes in the size of
carbon pools, though their utility for quantifying short-term changes is limited. Inventories were the
foundation of the recent conclusion that 118 Gt of anthropogenic carbon has entered the oceans (Sabine et
al., 2004a) and that forests in the midlatitudes of the Northern Hemisphere sequestered 0.6 to
0.7 Gt C yr ' in the 1990s (Goodale et al., 2002). Changes in the atmospheric inventory of O, (Keeling
et al., 1996) and "°C in CO, (Siegenthaler and Oeschger, 1987) provide a basis for partitioning CO, flux
into land and ocean components.

Process models and inverse estimates based on atmospheric CO, (or CO; in combination with BCor
0,) also provide useful constraints on carbon stocks and fluxes. Process models build from understanding

the underlying principles of atmosphere/ocean or atmosphere/ecosystem carbon exchange to make
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estimates over scales of space and time that are relevant to the global carbon cycle. For the oceans,
calibration against observations with passive tracers (Matsumoto et al., 2004) (**C and
chlorofluorocarbons) tends to nudge a wide range of models toward similar results. Sophisticated models
with detailed treatment of the ocean circulation, chemistry, and biology all reach about the same estimate
for the current ocean carbon sink, 1.5 to 1.8 Gt C yr ' (Greenblatt and Sarmiento, 2004). Models of the
land carbon cycle take a variety of approaches. They differ substantially in the data used as constraints, in
the processes simulated, and in the level of detail (Cramer et al., 1999; Cramer et al., 2001). Models that
take advantage of satellite data have the potential for comprehensive coverage at high spatial resolution
(Running et al., 2004), but only over the time domain with available satellite data. Flux components
related to human activities, for example deforestation, have been modeled based on historical land use
(Houghton, 1999). At present, model estimates are uncertain enough that they are often used most
effectively in concert with other kinds of estimates (e.g., Peylin et al., 2005).

Inverse estimates based on atmospheric gases (CO,, °C in CO,, or O,) infer surface fluxes based on
the spatial pattern of atmospheric concentration, coupled with information on atmospheric transport
(Newsam and Enting, 1988). The atmospheric concentration of CO, is now measured with high precision
at approximately 100 sites worldwide (Masarie and Tans, 1995). The "*C in CO, and O, are measured at
far fewer sites. The basic approach is a linear Bayesian inversion (Tarantola, 1987; Enting, 2002), with
many variations in the time scale of the analysis, the number of regions used, and the transport model.
Inversions have more power to resolve year-to-year differences than mean fluxes (Rodenbeck et al., 2003;
Baker et al., 2006). Limitations in the accuracy of atmospheric inversions come from the limited density
of concentration measurements, especially in the tropics, uncertainty in the transport, and errors in the
inversion process (Baker et al., 2006). Recent studies that use a number of sets of CO, monitoring stations
(Rodenbeck et al., 2003), models (Gurney et al., 2003; Law et al., 2003; Gurney et al., 2004; Baker et al.,
2006), temporal scales, and spatial regions (Pacala et al., 2001), highlight the sources of the uncertainties
and appropriate steps for managing them.

A final approach to assessing large-scale CO, fluxes is solving as a residual. At the global scale, the
net flux to or from the land is often calculated as the residual left after accounting for fossil emissions,
atmospheric increase, and ocean uptake (Siegenthaler and Oeschger, 1987). Increasingly, the need to treat
the land as a residual is receding, as the other methods improve. Still, the existence of constraints at the

level of the overall budget injects an important connection with reality.

RECENT DYNAMICS OF THE UNMANAGED CARBON CYCLE
Of the approximately 460 + 100 Gt carbon added to the atmosphere by human actions since 1850,

only about 180 + 5 Gt remain. The “missing carbon” was stored, at least temporarily, in the oceans and in
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ecosystems on land. Based on a recent ocean inventory, 118 + 19 Gt of the missing carbon is now in the
oceans (Sabine et al., 2004a). This leaves about 100 Gt that must be stored on land. Identifying the
processes responsible for the uptake on land, their spatial distribution, and their likely future trajectory
has been one of the major goals of carbon cycle science over the last decade.

Much of the recent research on the global carbon cycle has focused on annual fluxes and their spatial
and temporal variation. The temporal and spatial patterns of carbon flux provide a pathway to
understanding the underlying mechanisms. Based on several different approaches, carbon uptake by the
oceans averaged 1.7 + 0.3 Gt C yr ' for the period from 1992—1996 (Gloor et al., 2003; Matear and
McNeil, 2003; Matsumoto et al., 2004; Takahashi et al., 2002; Gurney et al., 2003). The total
anthropogenic flux is this amount, plus 0.45 Gt yr ' of preindustrial outgasing, for a total of 2.2 + 0.4 Gt
yr . This rate represents an integral over large areas that are gaining carbon and the tropics, which are
losing carbon (Fig. 2-4). Interannual variability in the ocean sink for CO,, though substantial (Greenblatt

and Sarmiento, 2004), is much smaller than interannual variability on the land (Baker et al., 2006).

Figure 2-4. The spatial distribution of ocean CO, exchange from 1992-1996 for several regions and
measurement approaches. Tak99 and Tak02 are from (Takahashi et al., 2002) ApCO, estimates, T3L1
and T3L2 are from (Gurney et al., 2003; Gurney et al., 2004), Fwd is from predictive ocean models, JI is
from the ocean atmosphere ocean inversions of (Jacobson et al., 2006). The far right column is the sum of

the individual ocean basins toward the left [from (Jacobson et al., 2006)].

On land in the 1990s, carbon releases from land-use change were more than balanced by ecosystem
uptake, leading to a net sink on land (without accounting for fossil-fuel emissions) of approximately
1.1GtC yr_1 (Schimel et al., 2001; Sabine et al., 2004b). The dominant sources of recent interannual
variation in the net land flux were El Nifio and the eruption of Mt. Pinatubo in 1991 (Bousquet et al.,
2000; Rodenbeck et al., 2003; Baker et al., 2006), with most of the year-to-year variation in the tropics
(Fig. 2-5). Fire likely plays a large role in this variability (van der Werf et al., 2004).

Figure 2-5. The 13-model mean CO, flux interannual variability (Gt C yr’l) for several continents
(solid lines) and ocean basins (dashed lines); (a) North Pacific and North America, (b) Atlantic north
of 15°N and Eurasia, (c) Australasia and Tropical Pacific, (d) Africa, and (e) South America (note the

different scales for Africa and South America) (from Baker et al., 2006).
On a time scale of thousands of years, the ocean will be the sink for approximately 80% of the carbon

released to the atmosphere by human activities (Joos and Prentice, 2004). The rate of CO, uptake by the

oceans is, however, limited. CO, enters the oceans by dissolving in seawater. The rate of this process is
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determined by the concentration difference between the atmosphere and the surface waters and by an air-
sea exchange coefficient related to wave action, wind, and turbulence (Le Quéré and Metzl, 2004).
Because the surface waters represent a small volume with limited capacity to store CO,, the major control
on ocean uptake is at the level of moving carbon from the surface to intermediate and deep waters.
Important contributions to this transport come from the large scale circulation of the oceans, especially
the sinking of cold water in the Southern Ocean and, to a lesser extent, the North Atlantic.

On land, numerous processes contribute to carbon storage and carbon loss. Some of these are directly
influenced through human actions (e.g., the planting of forests, conversion to no-till agriculture, or the
burying of organic wastes in landfills). The human imprint on others is indirect. This category includes
ecosystem responses to climate change (e.g., warming and changes in precipitation), changes in the
composition of the atmosphere (e.g., increased CO, and increased tropospheric ozone), and delayed
consequences of past actions (e.g., regrowth of forests after earlier harvesting). Early analyses of the
global carbon budget (e.g., Bacastow and Keeling, 1973) typically assigned all of the net flux on land to a
single mechanism, especially fertilization of plant growth by increased atmospheric CO,. Recent evidence

emphasizes the diversity of mechanisms.

The Carbon Cycle of North America

By most estimates, the land area of North America is currently a sink for carbon, in the absence of
emissions from fossil-fuel combustion. This conclusion for the continental scale is based mainly on the
results of atmospheric inversions. Several studies address the carbon balance of particular ecosystem
types [e.g., forests (Goodale et al., 2002; Chen et al., 2003; Kurz and Apps, 1999)]. Pacala and colleagues
(Pacala et al., 2001) used a combination of atmospheric and land-based techniques to estimate that the 48
contiguous U.S. states are currently a carbon sink of 0.3 to 0.6 Gt C yr . Based on inversions using 13
atmospheric transport models, North America was a carbon sink of 0.97 Gt C yr ' from 19912000
(Baker et al., 2006). Over the area of North America, this amounts to an annual carbon sink 0f 39.6 g C
m > yr ', similar to the sink inferred for all northern lands (North America, Europe, Boreal Asia, and
Temperate Asia) of 32.5 g C m > yr ' (Baker et al., 2006).

Recent carbon storage in North America probably results from a number of different processes. Chen
et al. (Chen et al., 2003) argue that Canadian forests are a small sink because processes tending to
increase tree growth, including elevated atmospheric CO, and deposition of biologically available
nitrogen, are more than compensating effects of recent disturbances. Kurz and Apps (Kurz and Apps,
1999) reach the opposite conclusion, that recent disturbances make Canadian forests a net carbon source.

In the United States, forest regrowth is outpacing recent harvesting and disturbance (Birdsey and Heath,
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1995). Some of this is a consequence of a profound historical shift in the location of United States
agriculture.

Much of the Eastern United States was cleared for agriculture in the 18th century, only to be
abandoned as agriculture moved to the Great Plains, the Southwest, and the West in the 19th and 20th
centuries (Ramankutty and Foley, 1999). As a consequence, large areas once cleared for agriculture are
currently regrowing forests (Caspersen et al., 2000). Increasing carbon in previously harvested forests has
several drivers beyond the shift in agriculture, including changes in harvesting and management practices
(Harmon et al., 1996; Goodale et al., 2002) and fire suppression (Calkin et al., 2005; Mouillot and Field,
2005). The processes sequestering carbon have been partially offset by processes that release stored
carbon, including unusually high wildfire years [United States—(Mouillot and Field, 2005)], insect
outbreaks [Canada—(Kurz and Apps, 1999)], and storm damage [Europe—(Janssens et al., 2003)]. The
heat wave and drought in Europe in the summer of 2003 led to a large loss of carbon, driven largely by
decreased plant growth (Ciais et al., 2005).

Several other processes probably contribute to recent carbon sinks in the United States (Table 2-1),
though they are difficult to quantify with confidence. These include the thickening of vegetation in
woodland and shrubland areas, the burial of organic matter in lakes and reservoirs (Stallard, 1998),
increases in the soil carbon in managed grassland and agricultural soils (Asner et al., 2003), and storage

of carbon in durable products (e.g. houses and furniture) and waste in landfills (Pacala et al., 2001).

Table 2-1. Sinks of carbon for 1980--90 in the coterminous United States (Gt C yr™).

Some of the recent carbon storage in North America may be a consequence of increased atmospheric
CO, (Schimel et al., 2000; Melillo et al., 2003), nitrogen deposition (Holland et al., 1997), or climate
changes that have increased the length of the frost-free season in many locations (Myneni et al., 1997,
Hicke et al., 2002). The evidence in support of the first two mechanisms comes from empirical and
modeling studies. It is clear that plant growth in many terrestrial ecosystems is limited by either
atmospheric CO, or biologically available nitrogen (Melillo et al., 2003). It is much less clear, however,
that increased availability of either resource has led to carbon sequestration. Recent studies include many
examples in which experimental treatment with elevated CO, leads to consistent increases in plant growth
(e.g., Norby et al., 2005), but others in which elevated CO, has little effect on plant growth (Shaw et al.,
2002), leads to an initial stimulation but limited long-term effects (Oren et al., 2001), or increases carbon
losses as well as gains (Hungate, 1997; Schlesinger and Lichter, 2001). Evidence on the role of changes in

the length of the growing season comes from field-based, satellite, and modeling studies (Myneni et al.,
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1997; Nemani et al., 2003). Recent evidence indicates that negative effects of dry summers can offset
much or all of the effects of earlier springs (Angert et al., 2005).

To the extent that current carbon sink in North America reflects the regrowth of previously harvested
forest, it is a one-time phenomenon and not a permanent feature of the carbon cycle. Similarly, a sink
from effective fire suppression in the second half of the 20th century may have already saturated or even
reversed, as large accumulations of highly flammable fuels amplify the challenge of current and future
fire management. Sinks from CO, fertilization (Hungate et al., 2003), increased nitrogen deposition, and
altered management of agricultural lands (Smith, 2004) could continue for some time, but they too will
eventually saturate (Gruber et al., 2004).

Very little of the current carbon sink in North America is a consequence of deliberate action to
sequester carbon. Some is a collateral benefit of steps to improve land management, for increasing soil
fertility, improving wildlife habitat, etc. Much of the current sink is unintentional, a consequence of

historical changes in technologies and preferences in agriculture, transportation, and urban design.

CARBON CYCLE OF THE FUTURE

The future trajectory of carbon sinks in North America is very uncertain. Several trends will play a
role in determining the sign and magnitude of future changes. One important controller is the magnitude
of future climate changes. If the climate warms significantly, much of the United States could experience
a decrease in plant growth and an increase in the risk of wildfire (Bachelet et al., 2003), especially if the
warming is not associated with substantial increases in precipitation. Exactly this pattern—substantial
warming with little or no change in precipitation—characterizes North America in many of the newer
climate simulations (Rousteenoja et al., 2003). If North American ecosystems are sensitive to elevated
CO,, nitrogen deposition, or warming, plant growth could increase (Schimel et al., 2000). The empirical
literature on CO, and nitrogen deposition is mixed, with some reports of substantial growth enhancement
(Norby et al., 2005) and others reporting small or modest effects (Oren et al., 2001; Shaw et al., 2002;
Heath et al., 2005).

Overall, the carbon budget of North America is dominated by carbon releases from the combustion of
fossil fuels. Currently, as much as 50% of this may be offset by carbon uptake in plants and soils (Baker
et al., 2006). Most of this uptake appears to be a rebound, as natural and managed ecosystems recover
from past disturbances. Little evidence supports the idea that these ecosystem sinks will increase in the
future. Substantial climate change could convert current sinks into sources (Gruber et al., 2004).

In the future, trends in the North American energy economy may intersect with trends in the natural
carbon cycle. A large-scale investment in afforestation could offset substantial future emissions (Graham,

2003). Costs of this kind of effort would, however, include the loss of the new forested area from its
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previous uses, including grazing or agriculture, plus the energy costs of managing the new forests, plus
any increases in emissions of non-CO, greenhouse gases from the new forests. Large-scale investments in
biomass energy would have similar costs but would result in offsetting emissions from fossil-fuel
combustion, rather than sequestration (Giampietro et al., 1997). The relative costs and benefits of
investments in afforestation and biomass energy will require careful analysis (Kirschbaum, 2003).
Investments in other energy technologies, including wind and solar, will require some land area, but the
impacts on the natural carbon cycle are unlikely to be significant or widespread (Hoffert et al., 2002;
Pacala and Socolow, 2004).

Like the present, the carbon cycle of North America during the next several decades will be
dominated by fossil emissions. Geological sequestration may become an increasingly important
component of the budget sheet. Still, progress in controlling the net release to the atmosphere must be
centered on the production and consumption of energy rather than the processes of the unmanaged carbon
cycle. North America has many opportunities to decrease emissions (Hoffert et al., 2002; Caldeira et al.,
2004; Pacala and Socolow, 2004). Many of these are in the area of increasing the efficiency of energy
generation, the transportation system, building stocks, and manufacturing technologies. Others are in the
area of replacing carbon-emitting energy technologies with nonemitting technologies, including solar,
wind, biomass, and nuclear. Still others are in the area of sequestration, including both geological and
biological components. Finally, there are many opportunities in conservation, in directing the economy
and personal preferences away from carbon-intensive activities. Capitalizing on the opportunities in all
four of these areas will require dedicated research, financial support, creativity, and an interested public
(Raupach et al., 2004). Nothing about the status of the unmanaged carbon cycle provides a justification

for decreasing the commitment to progress in all of these areas.
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Table 1. Sinks of carbon for 1980-90 in the coterminous United States (in Gt C yr).

Land area
1980-90 Houghton et Birdsey and
Category Low High (10° ha) al. (8) Heath (12)
Forest trees 0.11 0.15 247-247 0.06% 0.11
Other forest organic matter 0.03 0.15 247-247 —-0.01 0.18
Cropland soils 0.00 0.04 185-183 0.14 —
Nonforest, non-cropland 0.12° 0.13° 334-336° 0.12 —
(woody
encroachment)
Wood products 0.03 0.07 — 0.03 0.03
Reservoirs, alluvium, 0.01 0.04 — — —
colluvium
Exports minus imports of 0.04 0.09 — — —
food, wood
Fixed in the United States 0.03 0.04 — — —
but exported by rivers
“Apparent”™ U.S. sink 0.25 0.58 766 0.15-0.23 ¢ 0.31
without woody
encroachment
“Apparent™® U.S. sink 0.37 0.71 766 0.15-0.35° —
including woody
encroachment
Sink ' 0.03 0.58 766 0.15-0.35° 0.31

2 Assumes that the 0.05 Gt C yr™' estimated in (8) to be accumulating in western pine woodlands as a result of the
suppression is assigned to forest instead of row 4.

® These numbers are not bounds, but rather the only two existing estimates.

¢ Total area for all lands other than forest and croplands. Possible woody encroachment because of fire
suppression on up to about two-thirds of this land (10,16).

¢ By “apparent” sink, we mean the net flux from the atmosphere to the land that would be estimated in an
inversion. It includes all terms in the table.

¢ Lower bound reflects uncertainty in the estimates for the effects of fire suppression.

"Excludes sinks caused by the export/import imbalance for food and wood products and river exports because
these create corresponding sources outside the United States.

Source: Pacala et al. (2001)
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Figure 2-1. Schematic representation of the components of the carbon cycle.
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Fig. 2-2. Atmospheric CO, concentration from 1850 to 2005. The data prior to 1957 are from the Siple ice core
(Friedli et al., 1986). The data since 1957 are from continuous atmospheric sampling at the Mauna Loa Observatory
(Hawaii) (Keeling et al., 1976; Thoning et al., 1989).
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Figure 2-3. GDP in 2000 U.S. dollars vs fossil-fuel carbon emissions (Mt C yr™). Data from EIA (2005).
Each arrow shows the sequence from 1980 to 2003 for a country. Note that carbon emissions per unit GDP
decelerate as a country gains wealth. The lines in the figure show the slopes associated with the different ratios
of GDP and emissions growth (the y-intercepts of the dotted and dashed lines are not informative and were

chosen only to keep from obscuring the arrows).
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Figure 2-4. The spatial distribution of ocean CO, exchange from 1992-1996, for several regions and
measurement approaches. Tak99 and Tak02 are from (Takahashi et al., 2002) ApCO, estimates, T3L1 and T3L.2
are from (Gurney et al., 2003; Gurney et al., 2004), Fwd is from predictive ocean models, JI is from the ocean
atmosphere ocean inversions of (Jacobson et al., 2006). The far right column is the sum of the individual ocean

basins toward the left [from (Jacobson et al., 2006)].
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Figure 2-5. The 13-model mean CO, flux interannual variability (Gt C yr™) for several continents (solid
lines) and ocean basins (dashed lines) (a) North Pacific and North America, (b) Atlantic north of 15°N and
Eurasia, (c) Australasia and Tropical Pacific, (d) Africa, and (e) South America (note the different scales for Africa

and South America) [from (Baker et al., 2006)].
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Chapter 3. The North American Carbon Budget

Past and Present

Coordinating Lead Author: Stephen Pacala®

Lead Authors: Richard Birdsey,” Scott Bridgham,® Richard T. Conant,” Kenneth Davis,’ Burke
Hales,® Richard Houghton,” J. C. Jenkins,® Mark Johnston,? Gregg Marland,°
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KEY FINDINGS

e Fossil fuel carbon emissions in the United States, Canada, and Mexico totaled 1856 Mt C yr ™ in 2003
This represents 27% of global fossil fuel emissions.

o Approximately 30% of North American fossil fuel emissions are offset by a natural sink of 592 Mt C
yr ' caused by a variety of factors, including forest regrowth, fire suppression, and agricultural soil
conservation.

e North American carbon dioxide emissions have increased at an average rate of approximately 1% per
year for the last 30 years.

e The growth in emissions accompanies the historical growth in the industrial economy and Gross
Domestic Product (GDP) of North America. However, at least in the United States and Canada the
rate of emissions growth is less than the growth in GDP, reflecting a decrease in the carbon intensity
of these economies.

e Historically the plants and soils of the United States and Canada were sources for atmospheric CO2,

primarily as a consequence of the expansion of croplands into forests and grasslands. In recent
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decades the terrestrial carbon balance of these regions have shifted from source to sink as forests
recover from agricultural abandonment, fire suppression and reduced logging and, as a result, are
accumulating carbon. In Mexico, emissions of carbon continue to increase from net deforestation.

e Fossil fuel emissions from North America are expected to continue to grow, but will also continue to
grow more slowly than GDP.

e The future of the North American carbon sink is highly uncertain. The contribution of recovering
forests to this sink is likely to decline as these forests mature, but we do not know how much of the
sink is due to fertilization of the ecosystems by nitrogen in air pollution and by increasing CO2
concentrations in the atmosphere, nor do we understand the impact of tropospheric ozone or how the
sink will change as the climate changes.

e The magnitude of the North American sink offers the possibility that significant mitigation of fossil fuel
emissions could be accomplished by managing forests, rangelands, and croplands to increase the
carbon stored in them. However, the range of uncertainty in these estimates is at least as large as the
estimated values themselves.

e Current trends towards lower carbon intensity of U.S. and Canadian economies increase the
likelihood that a portfolio of carbon management technologies will be able to reduce the 1% annual
growth in fossil fuel emissions. This same portfolio might be insufficient if carbon emissions were to

begin rising at the approximately 3% growth rate of GDP.

INTRODUCTORY SUMMARY
Fossil Fuel

Fossil fuel carbon emissions in the United States, Canada, and Mexico totaled 1856 Mt C yr_1 in 2003
and have increased at an average rate of approximately 1% per year for the last 30 years (United States =
1582, Canada = 164, Mexico = 110 Mt C yr ', see Fig. 3-1). This represents 27% of global emissions,
from a continent with 16.5% of the global land area, 7.4% of the global population, and 25.0% of global
GDP (EIA, 2005).

Figure 3-1. Historical carbon emissions from fossil fuel in the United States, Canada, and Mexico.
Data from EIA (2005).

The United States is the world’s largest emitter in absolute terms, with approximately one-quarter of
the global total. Its per capita emissions of 5.4 t C yr ' are among the largest in the world, but the carbon
intensity of its economy (emissions per unit GDP) at 0.15 metric ton of emitted carbon per dollar of GDP

is close to the world’s average of 0.14 t C/$ (EIA, 2005). Total U.S. emissions continue to grow at close
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to the North American average rate of ~1.0% per year, but U.S. per capita emissions have been roughly
constant for the past 30 years, while the carbon intensity of the U.S. economy has decreased at a rate of
~2% per year (see Figs. 3-1 to 3-3).

Absolute emissions grew at 1% per year even though per capita emissions were roughly constant
simply because of population growth at an average rate of 1%. The constancy of U.S. per capita values
masks faster than 1% growth in some sectors (e.g., transportation) that was balanced by slower growth in
others (e.g., increased manufacturing energy efficiency) (Fig. 3-3). Also, a large part of the decline in the
carbon intensity of the U.S. economy was caused by the comparatively rapid growth of the service sector
(3.6% per year), which now dominates the economy (roughly three-fourths of GDP) and has carbon
emissions per dollar of economic activity only 15% that of manufacturing (Figs. 3-3b to 3-3c). This
implies that emissions growth is essentially decoupled from economic growth. Also, because the service
sector is likely to continue to grow more rapidly than other sectors of the economy, we expect that carbon
emissions will continue to grow more slowly than GDP. This is important because it speaks to the issue of
our technological readiness to achieve an emissions target. For example, a portfolio of technologies able
to reduce the 1% annual growth in emissions to 0%, might be insufficient if carbon emissions were to

begin rising at the ~3% growth rate of GDP (Pacala and Socolow, 2004).

Carbon Sinks (see Table 3-1 for citations and data)

Approximately 30% of North American fossil fuel emissions are offset by a natural sink of 592 Mt C
yr ' caused by a variety of factors, including forest regrowth, fire suppression, and agricultural soil
conservation. The sink currently absorbs 506 Mt C yr ' in the United States and 134 Mt C yr ' in Canada.
Mexican ecosystems create a net source of 48 Mt C yr'. Rivers and international trade also export a net
of 161 Mt C yr ' that was captured from the atmosphere by the continent’s ecosystems, and so North
America absorbs 753 Mt C yr ' of atmospheric CO, (753 = 592 + 161). Because most of these net exports
will return to the atmosphere elsewhere within 1 year (i.e., carbon in exported grain will be eaten,
metabolized, and exhaled as CO,), the net North American sink is rightly thought of as 592 Mt C yr '
even though the continent absorbs a net of 753 Mt C yr'. Moreover, coastal waters are small net emitters
to the atmosphere at the continental scale (19 Mt C yr') (see Chapter 15). However, much of the CO,
absorbed from or emitted to the air by coastal waters is part of the natural carbon cycle of the oceans, and
so coastal sea-air exchanges should also be excluded from the continental carbon sink.

As reported in Chapter 2, all of the world’s continents collectively absorbed a net of approximately
1500 Mt C yr ' of atmospheric CO, during the 1990s. However, because this value includes the losses of
10002000 Mt C yr ' caused by tropical deforestation (Archard et al., 2002; DeFries et al., 2002;
Houghton, 2003b), carbon sinks during the 1990s actually totaled 2500-3500 Mt C yr '. North America’s
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net absorption of more than 700 Mt C yr ' thus represents 20-30% of the global total on 16.5% of the
global land area. Similarly, the United States was responsible for 17-24% of the global total despite
having only 6.5% of the land area (Table 3-1). The reason for the disproportionate importance of U.S.
sinks is probably the unique land use history of the country (summary in Appendix 3A). During European
settlement, large amounts of carbon were released from the harvest of virgin forests and the plowing of
virgin soils to create agricultural lands. The abandonment of many of the formerly agricultural lands in
the east and the regrowth of forest is a unique event globally and is responsible for about one-half of the
U.S. sink (Houghton et al., 2000). Most of the U.S. sink thus represents a one-time recapture of some of
the carbon that was released to the atmosphere during settlement. In contrast, Mexican ecosystems, like
those of many tropical nations, are still a net carbon source because of ongoing deforestation (Masera et

al., 1997).

Table 3-1. Annual net carbon emissions (source = positive) or uptake (land sink = negative) of

carbon in millions of tons.

The magnitude of the North American sink documented in Table 3-1 offers the possibility that
significant carbon mitigation could be accomplished by managing forests, rangelands, and croplands to
increase the carbon stored in them. However, the range of uncertainty in these estimates is at least as large
as the value reported in Table 3-1. The largest contributors to the uncertainty in the U.S. sink are the
amount of carbon stored on rangelands because of the encroachment of woody vegetation and the lack of
comprehensive and continuous inventory of Alaskan lands. A carbon inventory of these lands would do
more to constrain the size of the U.S. sink than would any other measurement program of similar cost.
Also we still lack comprehensive U.S. inventories of carbon in soils, woody debris, wetlands, rivers, and
reservoirs. Finally, we lack estimates of any kind for four significant components of the carbon budget in
Canada and six in Mexico (see Table 3-1).

The cause and future of the North American carbon sink is also highly uncertain. Although we can
document the accumulation of carbon in ecosystems and wood products, we do not know how much of
the sink is due to fertilization of the ecosystems by the nitrogen in air pollution and by the added CO, in
the atmosphere, we do not fully understand the impact of tropospheric ozone, nor do we understand
precisely how the sink will change as the climate changes. Research is mixed about the importance of
nitrogen and CO, fertilization (Casperson et al., 2000; Oren et al., 2001; Hungate et al., 2003; Luo 2006;
Korner et al., 2005). If these factors are weak, then, all else equal, we expect the North American sink to
decline over time as ecosystems complete their recovery from past exploitation (Hurtt et al., 2002).

However, if these factors are strong, then the sink could grow in the future. Similarly, global warming is
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expected to lengthen the growing season in most parts of North America, which should increase the sink.
But warming is also expected to increase the rate of decomposition of dead organic matter, which should
decrease the sink. The relative strength of these two factors is still difficult to predict. Experimental
manipulations of climate, atmospheric CO,, tropospheric ozone, and nitrogen, at the largest possible

scale, will be required to reduce uncertainty about the future of the carbon sink.

NORTH AMERICAN FOSSIL FUEL EMISSIONS

Fossil fuel emissions currently dominate the net carbon balance in the United States, Canada, and
Mexico (Fig. 3-1, Table 3-1). Fossil emissions are more than three times larger than the net carbon sink in
the United States, marginally larger than the net sink in Canada, and twice as large as the net deforestation
source in Mexico. Each of the three countries has always been a net source of carbon dioxide emissions to
the atmosphere for the past three centuries (Houghton et al., 1999, 2000; Houghton and Hackler, 2000;
Hurtt et al., 2002).

Carbon dioxide emissions continue to grow in North America at close to their 30-year average of
1.0% per year. Figure 3-2 shows the growth of GDP and CO, emissions in more than 100 countries from
1980 (tail of each arrow) until 2003 (arrow head). The vertical distance between the solid diagonal line
and the average position of an arrow is inversely related to the country’s relative carbon intensity. Note
that the United States is no outlier in this respect. Also, the slope of an arrow shows the rate of emissions
growth relative to the rate of economic growth—the flatter the slope, the faster the country’s carbon
intensity is decreasing. Thus, countries vertically close to the line have higher carbon intensities than
countries far from the line. Note that the United States has a flatter slope than many countries including
Japan, but that several other industrialized counties actually have growing GDP and declining emissions

(the circled arrows).

Figure 3-2. GDP in 2000 U.S. dollars vs fossil fuel carbon emissions (Mt C yr™). Data from EIA
(2005). Each arrow shows the sequence from 1980 to 2003 for a country. Note that carbon emissions per
unit GDP decelerate as a country gains wealth. The lines in the figure show the slopes associated with the
different ratios of GDP and emissions growth (the y-intercepts of the dotted and dashed lines are not
important; we moved the lines representing different ratios of GDP and emissions growth to higher y-

intercepts so as not to obscure the data summarized by the arrows).
Historical decreases in U.S. carbon intensity began early in the 20th century and continue despite the

approximate stabilization of per capita emissions (Fig. 3-3a). Why has the U.S. carbon intensity declined?

This question is the subject of the extensive literature on the so-called structural decomposition of the
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energy system and on the relationship between GDP and environment (i.e., Environmental Kuznets
Curves; Grossman and Krueger, 1995; Selden and Song, 1994). See for example Greening et al. (1997,
1998), Casler and Rose (1998), Golove and Schipper (1998), Rothman (1998), Suri and Chapman (1998),
Greening et al. (1999), Ang and Zhang (2000), Greening et al. (2001), Davis et al. (2002), Kahn (2003),
Greening (2004), Lindmark (2004), Aldy (2005), and Lenzen et al. (2006).

Possible causes of the decline in U.S. carbon intensity include structural changes in the economy,
technological improvements in energy efficiency, behavioral changes by consumers and producers, the
growth of renewable and nuclear energy, and the displacement of oil consumption by gas, or coal by oil
and gas (if we produce the same amount of energy from coal, oil, and gas, then the emissions from oil are
only 80% of those from coal, and from gas only 75% of those from oil) (Casler and Rose, 1998; Ang and
Zhang, 2000). The last two items on this list are not dominant causes because we observe that both
primary energy consumption and carbon emissions grew at close to 1% per year over the past 30 years
(EIA, 2005). At least in the United States, there has been no significant decarbonization of the energy
system during this period. However, all of the other items on the list play a significant role. The economy
has grown at an annual rate of 2.8% over the last three decades because of 3.6% growth in the service
sector; manufacturing grew at only 1.5% per year (Fig. 3-3b). Because the service sector has a much
lower carbon intensity than manufacturing (a factor of 6.5 in 2002; compare Figs. 3-3b and 3-3c¢), this
faster growth of services reduces the country’s carbon intensity. If all of the growth in the service sector
had been in manufacturing from 1971 to 2001, then the emissions would have grown at 2% per year
instead of 1%. So, structural change is at least one-half of the answer. However, note that emissions from
manufacturing are approximately constant despite 1.5% economic growth, while those of services grew at
2.1% despite 3.6% economic growth (Figs. 3-3b and 3-3c¢). The decrease in the carbon intensity within
these sectors is caused both by within-sector structural shifts (i.e., from heavy to light manufacturing) and
by technological improvements (See Part II of this report). Emissions from the residential sector are
growing at roughly the same rate as the population (Fig. 3-3¢; 30-year average of 1.0% per year), while
emissions from transportation are growing faster than the population but slower than GDP (Fig. 3-3c;
30-year average of 1.4% per year). The difference between the 3% growth rate of GDP and the 1.6%
growth in emissions from transportation is not primarily due to technological improvement because

carbon emissions per mile traveled have been level or increasing over the period (Chapter 7).

Figure 3-3. (a) The historical relationship between U.S. per capita GDP and U.S. carbon intensity
(green symbols, kg CO, emitted per 1995 dollar of GDP) and per capita carbon emissions (red
symbols, kg CO, per person). Each symbol shows a different year, and each of the two time series

progresses roughly chronologically from left (early) to right (late) and ends in 2002. Source: Maddison
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(2003), Marland et al. (2005). Thus, the red square farthest to the right shows U.S. per capita CO,
emissions in 2002. The square second farthest to the right shows per capita emissions in 2001. The third
farthest to the right shows 2000 and so on. Note that per capita emissions have been roughly constant over
the last 30 years (squares corresponding to per capita GDP greater than approximately $16,000). (b)
Historical U.S. GDP divided among the manufacturing, services and agricultural sectors. Source: Mitchell
(1998) and WRI (2005). (c) Historical U.S. carbon emissions divided among the residential, services,

manufacturing, and transportation sectors. Source: EIA (2005).

NORTH AMERICAN CARBON SINK

Appendix 3A contains an overview of the historical development of the sinks in U.S. and Canadian
ecosystems and the source from ongoing deforestation in Mexico. The remainder of this chapter focuses
on current values. To estimate non-fossil sources and sinks, we rely exclusively on inventory methods in
which the total amount of carbon in a pool (i.e., living forest trees plus forest soils) is measured on two
occasions. The difference between the two measurements shows if the pool is gaining (sink) or losing
(source) carbon. Carbon inventories are straightforward in principle, but of uneven quality in practice. For
example, we know the carbon in living trees in the United States relatively accurately because the U.S.
Forest Service Forest Inventory program measures trees systematically in more than 200,000 locations.
However, we must extrapolate from a few measurements of forest soils with models because there is no
national inventory of carbon in forest soils. We report uncertainties using six categories: ***** = 95%
certain that the actual value is within 10% of the estimate reported, **** = 95% certain that the estimate
is within 25%, *** = 95% certain that the estimate is within 50%, ** = 95% certain that the estimate is
within 100%, * = uncertainty > 100%.

In addition to inventory methods, it is also possible to estimate carbon sources and sinks by
measuring carbon dioxide in the atmosphere. For example, if air exits the border of a continent with more
CO, than it contained when it entered, then there must be a net source of CO, somewhere inside the
continent. We do not include estimates obtained in this way because they are still highly uncertain at
continental scales. Pacala et al. (2001) found that atmosphere- and inventory-based methods gave
consistent estimates of U.S. ecosystem sources and sinks but that the range of uncertainty from the former
was considerably larger than the range from the latter. For example, by far the largest published estimate
for the North American carbon sink was produced by an analysis of atmospheric data by Fan et al. (1998)
(1700 Mt C yr ). The appropriate inventory-based estimate to compare this to is our
—753 Mt C yr ' of net absorption (atmospheric estimates include net horizontal exports by rivers and
trade), and this number is well within the wide uncertainty limits in Fan et al. (1998). The allure of
estimates from atmospheric data is that they do not risk missing critical uninventoried carbon pools. But,

in practice, they are still far less accurate at continental scales than a careful inventory (Pacala et al.,

3-7



O 0 I O »n b~ W N =

e
NN o= O

— —
EENN VS

W W W W N NN DD NN NN DN = = ==
W N = O 0O 0 9 N kWD R, O O 0 NN SN W

Technical/Peer Review Draft May 2006

2000). Using today's technology, it should be possible to complete a comprehensive inventory of the sink
at national scales, with the same accuracy as the U.S. forest inventory currently achieves for above-
ground carbon in forests (25%, Smith and Heath, 2005). Moreover, this inventory would provide
disaggregated information about the sink’s causes and geographic distribution. In contrast, estimates from
atmospheric methods rely on the accuracy of atmospheric models, and estimates obtained from different
models vary by 100% or more at the scale of the United States, Canada, or Mexico (Gurney et al., 2004).

The current emissions of carbon by the United States, Canada, Mexico, and North America are listed
in Table 3-1, and the much larger current stocks of ecosystem carbon are listed in Table 3-2 (note the
change of units from millions of tons of carbon per year in Table 3-1 to billions of tons of carbon in
Table 3-2). In Table 3-1, a negative number indicates a carbon sink, and a positive number

indicates a carbon source.

Table 3-2. Carbon stocks in North America in billions of tons.

Forests

Based on U.S. Forest Service inventories, forest ecosystem carbon stocks in the United States,
excluding soil carbon, have increased since 1953. The rate of increase has recently slowed because of
increasing harvest and declining growth in some areas with maturing forests. The current average annual
increase in carbon in trees is 146 Mt C yr ' (Smith and Heath, 2005) plus 23 Mt C yr ' from urban and
suburban trees (Chapter 14). The total estimate of the carbon sink in forested ecosystems is —259 Mt C yr~
"and includes a sink of 90 Mt C yr ' from the accumulation of nonliving carbon in the soil (-90-146-23 =
—259) (Pacala et al., 2001; Goodale et al., 2002). Although the magnitude of the forest soil sink has
always been uncertain, it is now possible to measure the total above-and below-ground sink in a few
square kilometers by monitoring the atmospheric carbon dioxide that flows into and out of the site over
the course of a year. Note that these spatially intensive methods appropriate for monitoring the sink over a
few square kilometers are unrelated to the spatially extensive methods described above, which attempt to
constrain the sink at continental scales. As described in Appendix 3B, these studies now confirm the
estimates of inventories and show that most of the forest sink is above ground.

According to Canada’s Greenhouse Gas Inventory (Environment Canada, 2005), managed forests in
Canada (comprising 53% of the total forest area) sequestered 101 Mt C aboveground in 1990. Since then,
carbon sequestration has decreased gradually to 69 Mt C in 2003, as managed forests have recovered
from past disturbances (Kurz and Apps, 1999). In addition, Goodale et al. (2002) estimate the sink of
nonliving carbon belowground to be =30 Mt C yr ' for the period 1990—1994.
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The two studies of Mexican forests (Masera et al., 1997 and Cairns et al., 2000) both report
substantial losses of forest carbon, primarily because of deforestation in the tropical south. However, both
of these studies rely on calculations of carbon loss from remote imagery, rather than direct measurements,

and both report results for a period that ended more than 10 years ago.

Wood Products

Wood products create a carbon sink because they accumulate both in use (e.g., furniture, house
frames, etc.) and in landfills. The wood products sink is estimated at —=57 Mt C yr ' in the United States
(Skog and Nicholson, 1998) and —10 Mt C yr ' in Canada (Goodale et al., 2002). We know of no

estimates for Mexico.

Woody Encroachment

Woody encroachment is the invasion of woody plants into grasslands or the invasion of trees into
shrublands. 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 level of approximately 80 million hectares
burned per year, and this favors shrubs and trees in competition with grasses (Houghton et al., 2000).
Field studies show that woody encroachment both increases the amount of living plant carbon and
decreases the amount of dead carbon in the soil (Guo and Gifford, 2002; Jackson et al., 2002). Although
the gains and losses are of similar magnitude (Jackson et al., 2002), the losses occur within approximately
a decade after the woody plants invade (Guo and Gifford, 2002), while the gains occur over a period of up
to a century or more. Thus, the net source or sink depends on the distribution of times since woody plants
invaded, and this is not known. Estimates for the size of the current U.S. woody encroachment sink
(Kulshreshtha et al., 2000; Houghton and Hackler, 1999; and Hurtt et al., 2002) all rely on methods that
do not account for the initial rapid loss of carbon from soil when grasslands were converted to shrublands
or forest. The estimate of —120 Mt C yr ' in Table 3-1 is from Kulshreshtha et al. (2000) but is similar to
the estimates from the other two studies (—120 and —130 Mt C yr'). No estimates are currently available
for Canada or Mexico. Note the error estimate of more than 100% in Table 3-1. A comprehensive set of
measurements of woody encroachment would reduce the error in the national and continental carbon

budgets more than any other inventory.

Agricultural Lands
Soils in croplands and grazing lands have been historically depleted of carbon by humans and their
animals, especially if the land was converted from forest to non-forest use. Harvest or consumption by

animals reduces the input of organic matter to the soil, while tillage and manure inputs increase the rate of
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decomposition. Changes in cropland management, such as the adoption of no-till agriculture (see Chapter
10), have reversed the losses of carbon on some croplands, but the losses continue on the remaining lands.
The net is an approximate carbon balance for agricultural soils in Canada and 1.5 to -6 Mt C yr ' in the

United States.

Wetlands

Peatlands are wetlands that have accumulated deep soil carbon deposits over thousands of years
because decomposition in them is less than plant productivity. Thus, wetlands form the largest carbon
pool of any North American ecosystem (Table 3-2). If drained for development, this soil carbon pool is
rapidly lost. Canada’s extensive frozen and unfrozen wetlands create a net sink of between —19 and
—20 Mt C yr ' (see Chapters 12 and 13), but drainage of U.S. peatlands have created a net source of
5Mt C yr'. The very large pool of peat in northern wetlands is vulnerable to climate change and could
add more than 100 ppm to the atmosphere (1 ppm =~ 2.1 Gt C) during this century if released because of
global warming (see the model result in Cox et al., 2000 for an example).

The carbon sink due to sedimentation in wetlands is between 0 and —21 Mt C yr ' in Canada and
between 0 and —112 Mt C yr ' in the United States (see Chapter 13). Another important priority for
research is to better constrain carbon sequestration due to sedimentation in wetlands, lakes, reservoirs,
and rivers.

The focus on this report is on carbon fluxes without a consideration of the radiative forcing of
different greenhouse gases [i.e., global warming potential (GWP)]. However, wetlands are naturally an
important source of methane (CH,). The GWP of a gas depends on its instantaneous radiative forcing and
its lifetime in the atmosphere, with methane having GWPs of 1.9 and 16.9 CO,-C equivalents on 500-year
and 20-year time frames, respectively (Ramaswamy et al., 2001). Methane emissions effectively cancel
out the positive benefits of any carbon storage as peat in Canada and make U.S. wetlands a source of
warming on a decadal time scale (Chapter 9). Moreover, if wetlands become warmer and remain wet with
future climate change, they have the potential to emit large amounts of methane. This is probably the

single most important consideration, and unknown, in the role of wetlands and future climate change.

Rivers and Reservoirs

Organic sediments accumulate in reservoirs, alluvium, and colluvium and represent a carbon sink.
Pacala et al. (2001) extended an analysis of reservoir sedimentation (Stallard, 1998) to an inventory of the
68,000 reservoirs in the United States and also estimated net carbon burial in alluvium and colluvium.

Table 3-1 includes the midpoint of their estimated range of 10 to 40 Mt C yr ' in the coterminous United
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States. This analysis has also recently been repeated and produced an estimate of 17 Mt C yr'

(E. Sundquist, personal communication). We know of no similar analysis for Canada or Mexico.

Exports Minus Imports of Wood and Agricultural Products

The United States imports 14 Mt C yr ' more wood products than it exports and exports 3050 Mt C
yr ' more agricultural products than it imports (Pacala et al., 2001). The large imbalance in agricultural
products is primarily because of exported grains and oil seeds. Canada and Mexico are net wood
exporters, with Canada at =74 Mt C yr ' (Environment Canada, 2005) and Mexico at —1 Mt C yr '
(Masera et al., 1997). We know of no analysis of the Canadian or Mexican export-import balance for

agricultural products.

River Export

Rivers in the coterminous United States were estimated to export 3040 Mt C yr ' to the oceans in the
form of dissolved and particulate organic carbon and inorganic carbon derived from the atmosphere
(Pacala et al., 2001). An additional 1220 Mt C yr ' of inorganic carbon is also exported by rivers but is

derived from carbonate minerals. We know of no corresponding estimates for Alaska, Canada, or Mexico.

Coastal Waters

Chapter 15 summarizes the complexity and large uncertainty of the sea-air flux of CO, in North
American coastal waters. It is important to understand that the source in Mexican coastal waters is not
caused by humans and would have been present in preindustrial times. It is simply the result of the purely
physical upwelling of carbon-rich deep waters and is a natural part of the oceanic carbon cycle. It is not
yet known how much of the absorption of carbon by U.S. and Canadian coastal waters is natural and how
much is caused by nutrient additions to the coastal zone by humans. Accordingly, it is essentially
impossible to currently assess the potential or costs for carbon management in coastal waters of North

America.

CONCLUDING SUMMARY

U.S. fossil fuel consumption currently emits 1582 Mt C yr ' to the atmosphere. This is partially
balanced by a flow of 506 Mt C yr ' from the atmosphere to land caused by net ecosystem sinks in the
United States. Canadian fossil consumption transfers 164 Mt C yr ' to the atmosphere, but net ecological
sinks capture 134 Mt C yr . Mexican fossil emissions of 110 Mt C yr ' are supplemented by a net

ecosystem source of 48 Mt C yr ' from tropical deforestation.
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