
71

Lead Authors
Daniel J. Hayes, University of Maine; Rodrigo Vargas, University of Delaware

Contributing Authors
Simone R. Alin, NOAA Pacific Marine Environmental Laboratory; Richard T. Conant, Colorado State 
University; Lucy R. Hutyra, Boston University; Andrew R. Jacobson, University of Colorado, Boulder, and 
NOAA Earth System Research Laboratory; Werner A. Kurz, Natural Resources Canada, Canadian Forest 
Service; Shuguang Liu, Central South University of Forestry and Technology; A. David McGuire, U.S. Geo-
logical Survey and University of Alaska, Fairbanks; Benjamin Poulter, NASA Goddard Space Flight Center; 
Christopher W. Woodall, USDA Forest Service

Acknowledgments
Melanie A. Mayes (Science Lead), Oak Ridge National Laboratory; Tara Hudiburg (Review Editor),  
University of Idaho; Noel P. Gurwick (Federal Liaison), U.S. Agency for International Development

Recommended Citation for Chapter
Hayes, D. J., R. Vargas, S. R. Alin, R. T. Conant, L. R. Hutyra, A. R. Jacobson, W. A. Kurz, S. Liu, 
A. D. McGuire, B. Poulter, and C. W. Woodall, 2018: Chapter 2: The North American carbon budget. In  
Second State of the Carbon Cycle Report (SOCCR2): A Sustained Assessment Report [Cavallaro, N., G. Shrestha,  
R. Birdsey, M. A. Mayes, R. G. Najjar, S. C. Reed, P. Romero-Lankao, and Z. Zhu (eds.)]. U.S. Global Change 
Research Program, Washington, DC, USA, pp. 71-108, https://doi.org/10.7930/SOCCR2.2018.Ch2.

The North American 
Carbon Budget2



Section I |  Synthesis

72 U.S. Global Change Research Program November 2018

KEY FINDINGS
1.       North America—including its energy systems, land base, and coastal ocean—was a net source of 

carbon dioxide to the atmosphere from 2004 to 2013, contributing on average about 1,008 teragrams 
of carbon (Tg C) annually (±50%) (very high confidence).

2.       Fossil fuel emissions were the largest carbon source from North America from 2004 to 2013, averaging 
1,774 Tg C per year (±5.5%). Emissions during this time showed a decreasing trend of 23 Tg C per year, 
a notable shift from the increasing trend over the previous decade. The continental proportion of the 
global total fossil fuel emissions decreased from 24% in 2004 to 17% in 2013 (very high confidence).

3.      Approximately 43% of the continent’s total fossil fuel emissions from 2004 to 2013 were offset by 
natural carbon sinks on North American land and the adjacent coastal ocean (medium confidence).

4.         Using bottom-up, inventory-based calculations, the Second State of the Carbon Cycle Report (SOCCR2) 
estimates that the average annual strength of the land-based carbon sink in North America was 
606 Tg C per year (±75%) during the 2004 to 2013 time period, compared with the estimated 505 Tg C 
per year (±50%) in ca. 2003, as reported in the First State of the Carbon Cycle Report (CCSP 2007). There 
is apparent consistency in the two estimates, given their ranges of uncertainty, with SOCCR2 calcula-
tions including additional information on the continental carbon budget. However, large uncertainties 
remain in some components (very high confidence). 

5.       The magnitude of the continental carbon sink over the last decade is estimated at 699 Tg C per year 
(±12%) using a top-down approach and 606 Tg C per year (±75%) using a bottom-up approach, 
indicating an apparent agreement between the two estimates considering their uncertainty ranges.*

*Note: Confidence level excluded due to Key Finding’s emphasis on methodological comparisons.

2.1 Introduction
Since the Industrial Revolution, human activity 
has released into the atmosphere unprecedented 
amounts of carbon-containing greenhouse gases 
(GHGs), such as carbon dioxide (CO2) and meth-
ane (CH4), that have influenced the global carbon 
cycle. For the past three centuries, North America 
has been recognized as a net source of CO2 emis-
sions to the atmosphere (Houghton 1999, 2003; 
Houghton and Hackler 2000; Hurtt et al., 2002). 
Now there is greater interest in including in this 
picture emissions of CH4 because it has 28 times 
the global warming potential of CO2 over a 100-year 
time horizon (Myhre et al., 2013; NAS 2018). 

The major continental sources of CO2 and CH4 
are 1) fossil fuel emissions, 2) wildfire and other 
disturbances, and 3) land-use change. Globally, con-
tinental carbon sources are partially offset by sinks 
from natural and managed ecosystems via plant 

photosynthesis that converts CO2 into biomass. The 
terrestrial carbon sink in North America is known 
to offset a substantial proportion of the continent’s 
cumulative carbon sources. Although uncertain, 
quantitative estimates of this offset over the last two 
decades range from as low as 16% to as high as 52% 
(King et al., 2015). Highlighted in this chapter are 
persistent challenges in unravelling CH4 dynam-
ics across North America that arise from the need 
to fully quantify multiple sources and sinks, both 
natural (Warner et al., 2017) and anthropogenic 
(Hendrick et al., 2016; Turner et al., 2016a; NAS 
2018). Adding to the challenge is disagreement on 
whether the reported magnitudes of CH4 sources 
and sinks in the United States are underestimated 
(Bruhwiler et al., 2017; Miller et al., 2013; Turner 
et al., 2016a).  

At the global scale, about 50% of annual anthropo-
genic carbon emissions are sequestered in marine 
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and terrestrial ecosystems (Le Quéré et al., 2016). 
Temporal patterns indicate that fossil carbon emis-
sions have increased from 3.3 petagrams of carbon 
(Pg C) per year to almost 10 Pg C over the past 
50 years (Le Quéré et al., 2015). However, consid-
erable uncertainty remains in the spatial patterns of 
emissions at finer scales over which carbon man-
agement decisions are made. Most importantly, the 
sensitivity of terrestrial sources and sinks to vari-
ability and trends in the biophysical factors driving 
the carbon cycle is not understood well enough to 
provide good confidence in projections of the future 
performance of the North American carbon balance 
(Friedlingstein et al., 2006; McGuire et al., 2016; 
Tian et al., 2016).

2.1.1 Approaches for Estimating 
Carbon Budgets
Historically, the existence (if not the magnitude) of 
the land sink has been confirmed by  inventory-based 
approaches involving the extrapolation of ground-
based measurements to regional, national, and conti-
nental scales (Caspersen et al., 2000; Goodale et al., 
2002; Pan et al., 2011). Regional- to  continental- 
scale estimates of the magnitude and variability of 
the terrestrial carbon sink differ substantially among 
assessments, depending on the measurement or scal-
ing approach used and the budget components con-
sidered (Hayes and Turner 2012; King et al., 2015). 
Estimations of land-based carbon budgets over 
large domains, typically involving a combination of 
measurements and modeling, generally can be cat-
egorized as either “top-down” (atmosphere-based) 
approaches or “bottom-up” (biosphere-based) 
approaches (e.g., field measurements and ecosystem 
process models). 

Top-down approaches provide a reliable constraint 
on overall land-atmosphere carbon exchange based 
on direct measurement of spatial and temporal 
patterns in CO2 concentrations. Regional-scale 
estimates of net ecosystem exchange (NEE; i.e., the 
net exchange of CO2 between land and atmosphere) 
are derived from these observations using different 
techniques ranging from simple  boundary-layer 
budget approaches (Wofsy et al., 1988) to upscaling 

eddy covariance data ( Jung et al., 2009; Xiao 
et al., 2014) to more complex inverse modeling 
of atmospheric transport (Gurney et al., 2002). 
 Atmosphere-based estimates are broadly inclusive 
and treat all surface-atmosphere CO2 exchange as 
one integrated flux. However, such estimates have 
limited attribution information on 1) stock changes 
within individual components, 2) internal processes, 
3) lateral transfers, or 4) the exact location of 
carbon sinks and sources, which is derived from 
 biosphere-based approaches. 

Plot-based measurements serve as the basis for 
bottom-up approaches—either directly, as input to 
inventory-based methods (e.g., Birdsey and Heath 
1995; Stinson et al., 2011), or indirectly through 
their use in calibrating ecosystem process models 
(e.g., McGuire et al., 2001). Although researchers 
can apply bottom-up approaches at broad scales to 
estimate flux components individually, evidence 
suggests there are important carbon pools and fluxes 
that are undersampled, have large or unknown 
uncertainties, and are not inventoried or modeled 
(Hayes et al., 2012; Warner et al., 2017). Despite 
these limitations, bottom-up methods (e.g., invento-
ries) typically are cited in broader-scale carbon cycle 
assessments (e.g., Goodale et al., 2002; Pacala et al., 
2007; Pan et al., 2011) that favor these approaches 
for their use of large amounts of measurements, 
ability to track the total change in ecosystem carbon 
pools, and comparability among estimates.

2.1.2 Carbon Cycling Synthesis Efforts
Terrestrial carbon budget estimates at global, 
national, and continental scales have proliferated 
in recent years. Prominent examples are the For-
est Inventory and Analysis (FIA) Program of the 
U.S. Forest Service (fia.fs.fed.us) within the U.S. 
Department of Agriculture (USDA), the National 
Aeronautics and Space Administration’s (NASA) 
Carbon Monitoring System (carbon.nasa.gov), and 
the National Oceanic and Atmospheric Administra-
tion’s (NOAA) CarbonTracker (esrl.noaa.gov/gmd/
ccgg/carbontracker; see also Appendix C: Selected 
Carbon Cycle Research Observations and Measure-
ment Programs, p. 821). The U.S. Forest Service is 

http://www.fia.fs.fed.us
https://carbon.nasa.gov
https://www.esrl.noaa.gov/gmd/ccgg/carbontracker/
https://www.esrl.noaa.gov/gmd/ccgg/carbontracker/
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adopting a new approach to carbon accounting that 
moves FIA data through time by attributing changes 
in the complete set of pools to disturbance and land 
use (Woodall et al., 2015). The goal of this new 
approach is to provide improved estimates of the 
magnitude and uncertainty of carbon fluxes, along 
with more detailed information on the drivers and 
fate of carbon change. In the last decade, the under-
standing of the North American carbon budget 
has moved beyond terrestrial emissions and sinks 
to incorporate anthropogenic, aquatic, and coastal 
margin CO2 and CH4 dynamics. Since the First State 
of the Carbon Cycle Report (SOCCR1; CCSP 2007), 
multiple research efforts have aimed to synthesize 
and reconcile estimates across the key components 
of the continental-scale carbon cycle. A series of 
studies borne from the REgional Carbon Cycle 
Assessment and Processes (RECCAP) initiative has 
provided diagnosis and attribution of carbon cycle 
dynamics for global regions, including North Amer-
ica (King et al., 2015). Designed to advance research 
from SOCCR1 toward the Second State of the Carbon 
Cycle Report (SOCCR2), several “interim synthesis” 
studies organized by the North American Carbon 
Program (NACP; nacarbon.org) compared obser-
vational, inventory-based, and modeled estimates 
of carbon stocks and fluxes across sites (Schwalm et 
al., 2010), within subregions (Schuh et al., 2013), 
and over the continent (Huntzinger et al., 2012). 
Currently, the Global Carbon Project (globalcar-
bonproject.org) develops global- and regional-scale 
estimates of CO2 (Le Quéré et al., 2018) and CH4 
(Saunois et al., 2016) budgets. Collectively, these 
efforts comparing and synthesizing information 
across various sources of data and methods have 
improved the understanding of the North American 
carbon cycle.

2.1.3 Chapter Objectives
This chapter synthesizes the latest scientific infor-
mation on the North American carbon budget, 
incorporating terrestrial, anthropogenic, aquatic, 
and coastal margin CO2 and CH4 dynamics. The 
estimates used to develop the continental-scale 
budget presented here are summarized from 

previous results based on different methodologi-
cal approaches encompassing three countries (i.e., 
Canada, the United States, and Mexico), the U.S. 
National Climate Assessment regions, and the 
major carbon sectors (see Figure 2.1, p. 75). Spe-
cifically, this chapter follows the estimates of North 
American carbon stocks and fluxes synthesized 
and reported in Chapter 3 of SOCCR1 (Pacala 
et al., 2007). That analysis defined the reported 
estimates as “ca. 2003” to represent the approximate 
time period of SOCCR1. Here, these estimates are 
updated for the 2004 to 2013 time frame, or the 
decade since SOCCR1. However, SOCCR2 does 
not always rigidly follow these exact dates when 
combining and reconciling various reported esti-
mates of the different components that make up 
the carbon budget. As explained where appropriate 
within this chapter, some datasets have a tempo-
ral resolution allowing precise time periods to be 
summarized, but others do not. As such, this chapter 
attempts to synthesize the various budget compo-
nents using reported estimates and datasets gener-
ally representative of the 2004 to 2013 time period. 
Also summarized in this chapter are the historical 
and current context of continental carbon fluxes 
and stocks; recent findings of indicators, trends, and 
feedbacks; and a discussion about social drivers and 
implications for carbon management decisions.

2.2 Historical Context
2.2.1 Continental Net Carbon Source 
A review of updated information and new studies 
since SOCCR1 (CCSP 2007) has established the 
current understanding of the North American 
carbon budget presented here. Previous studies have 
addressed the North American carbon budget for 
periods that preceded SOCCR1 (e.g., Goodale et al., 
2002). Historically, North America is considered a 
net source of carbon, having contributed to the rise 
of global GHGs in Earth’s atmosphere over the past 
century (Le Quéré et al., 2016). This continental 
carbon source is driven entirely by anthropogenic 
emissions, primarily via the combustion of fossil 
fuels to meet energy demands from the industrial 
and transportation sectors of the United States, 
Canada, and Mexico. Since the 1970s, total fossil 

http://www.globalcarbonproject.org
http://www.globalcarbonproject.org
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fuel emissions from these countries have increased 
approximately 1% per year according to the histori-
cal data reported in SOCCR1 (Pacala et al., 2007). 
In 2003, the three countries combined to emit 
approximately 1,900 teragrams of carbon (Tg C) 
per year, or about 27% of the global total according 
to fossil fuel inventory data at the time (Field et al., 
2007). Of these three, the United States contributed 
85% of that total. Although total U.S. emissions 
increased at a rate of about 1% per year for the 30 
years leading up to 2003, the country’s per capita 
emissions remained relatively constant, with its 

carbon intensity (i.e., emissions as a function of 
gross domestic product) decreasing by 2% over this 
time period. More recent analyses suggest a 2.8% 
decline in total North American emissions from 
2003 to 2010, with 3.4% and 7.2% decreases in the 
United States and Canada, respectively, countered 
by a 13.6% increase in Mexico (King et al., 2012). 
From 1990 to 2009, North American fossil fuel 
emissions averaged an estimated 1,700 Tg C per 
year (Boden et al., 2015), or 25% of the global total 
during this two-decade period (King et al., 2015). 

Figure 2.1. Spatial Domain of the Carbon Budget Synthesis for North America. Broadly represented in this 
map are the general carbon cycle sectors of forests, agriculture, other lands, and coastal regions intersected by the 
national boundaries of Canada, the United States, and Mexico. [Data source: Sector coverage is based on land-cover 
data developed by Wei et al. (2013) for the model-inventory comparison study of the North American Carbon Pro-
gram regional interim synthesis.]
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2.2.2 Continental Land and 
Coastal Ocean Sinks
North American land and its adjacent ocean almost 
certainly represent a net sink for atmospheric CO2 
excluding anthropogenic emissions (King et al., 
2015; Peters et al., 2007). In the ca. 2003 time 
frame, which includes SOCCR1, North America’s 
terrestrial carbon sink was estimated to be about 
505 Tg C per year (±50%), representing about 15% 
to 40% of continental fossil fuel emissions at that 
time (Pacala et al., 2007). More recent analyses 
suggest that the terrestrial carbon sink continues to 
offset a substantial proportion of the carbon from 
fossil fuel emissions, though estimates of this pro-
portion range from as low as 16% to as high as 52% 
over the last two decades (King et al., 2015). The 
potential North American CO2 sinks vary from 327 
to 931 Tg C per year, compensating for about 35% 
of the continent’s fossil fuel CO2 emissions (King et 
al., 2012). Natural and managed ecosystems in the 
United States and Canada consistently have been 
considered a sink (ranging from 200 to 700 Tg C per 
year and 44 to 238 Tg C per year, respectively; King 
et al., 2012). Inventory-based estimates of Mexico’s 
carbon budget ca. 1990s suggest that the land was a 
source of approximately 24 to 48 Tg C per year due 
to emissions resulting from deforestation (Pacala 
et al., 2007; deJong et al., 2010). However, modeling 
studies—including both atmospheric inversions 
and terrestrial process-based approaches—have 
estimated Mexican ecosystems to be net sinks of 
about 9 to 31 Tg C per year attributed to the carbon 
uptake by vegetation exceeding other losses (King 
et al., 2012; Murray-Tortarolo et al., 2016). Overall, 
the North American land sector has the potential 
to take up an estimated 634 Tg C per year from the 
atmosphere, with an associated uncertainty of ±26% 
(King et al., 2012).

These estimates, based on combining carbon budget 
accounting across various sectors, attribute the 
sink primarily to forest growth, storage in wood 
products, and carbon sequestration in agricultural 
soils. For a more comprehensive estimate of the 
“apparent” sink (i.e., the total net absorption from 

the atmosphere), SOCCR1 expanded the inventory 
estimates to include the export of carbon outside the 
continental borders (Pacala et al., 2007). Account-
ing for these lateral transfers suggested a net export 
of carbon off the continent in the form of wood and 
agricultural products, as well as through river-to-
ocean transport. Because these horizontal transfers 
are not vertical fluxes back to the atmosphere, add-
ing them increased the estimated total North Amer-
ican atmospheric sink to 666 Tg C of the continent’s 
annual emissions.

2.2.3 Carbon Estimates: Methods, 
Associated Uncertainties, 
and Research Gaps
Confidence in inventory-based estimates of the 
North American carbon budget varies by sector 
according to the coverage of observations and 
measurements associated with that sector. Relative 
to the estimates of other components of the con-
tinental carbon cycle, the magnitudes of annual 
fossil fuel emissions from energy and transporta-
tion inventories in Canada, the United States, and 
Mexico, as reported in SOCCR1, were well known 
and considered with 95% confidence to be within 
±10% of the estimates (CCSP 2007). The estimates 
for the natural carbon sink components ca. 2003 
were more uncertain, considered with 95% confi-
dence to be within ±50% of the reported estimates 
(Pacala et al., 2007). Studies attempting to quantify 
the continental-scale carbon sink have been based 
on 1) synthesis approaches that combine national 
inventory data for managed forests and agricultural 
lands in the United States and Canada; 2) estimates 
of land cover and land-use change in Mexico; and 
3) bottom-up, empirical estimates of the contribu-
tion of noninventoried components.

Carbon inventories of the national forest and 
agricultural sectors employ one of a few different, 
primarily empirical, approaches, each with various 
levels of uncertainty associated with the estimates. 
The “stock-change” approach used for U.S. forests is 
based on the difference between complete invento-
ries at two points in time (Heath et al., 2011; Smith 
et al., 2010), thus capturing the total change in 
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ecosystem carbon (see Ch. 9: Forests, p. 365). Alter-
natively, Canada’s national forest carbon inventory is 
based on the “gain-loss” method, which starts with a 
complete inventory that then is updated by mod-
eling forward the components of change, such as 
growth, mortality, decomposition, and disturbance 
(Kurz et al., 2009; Stinson et al., 2011). Inventories 
of agricultural soils in the United States and Canada 
use empirical (West et al., 2010) and numerical 
(Environment Canada 2011) models to assess the 
impacts of management practices on soil organic car-
bon (SOC) stocks, with an uncertainty of approxi-
mately ±30% for the estimate (Hayes et al., 2012). In 
the United States and Canada, forest and agricultural 
inventory programs organize and report informa-
tion on productivity, stock changes, and harvested 
products, but Mexico’s forestland historically has not 
been systematically inventoried. Instead, the coun-
try’s land estimates largely have been drawn from 
“bookkeeping” accounting studies (de Jong et al., 
2010; Masera et al., 1997) of carbon stocks resulting 
from land-use change and national reports (INECC/
SEMARNAT 2015). These estimates are considered 
to have higher uncertainty overall (±100%) because 
of a lack of systematic methodology and repeated 
inventories throughout time (Vargas et al., 2017), 
although a national forest inventory is now in place 
in Mexico and has provided new estimates in this 
report (see Ch. 9: Forests).

Some important contributions to continental-scale 
carbon stocks and fluxes have high uncertainties (or 
neglect an estimate altogether) for specific compo-
nents and geographical regions because of the lack 
of standardized formal inventories or a comprehen-
sive set of measurements across North America. 
Some of these factors, such as woody encroachment, 
arid lands, wetlands, and inland waters, have been 
considered to act as sinks. However, estimates of 
carbon stock changes in these components have 
relied on limited measurements or modeled data 
and thus are considered highly uncertain (essen-
tially 100% of the estimated magnitude; Pacala 
et al., 2007). In particular, the mechanism whereby 
woody plants encroach into grasslands and other 
nonforested lands represents a potentially large flux 

of carbon, but also was the most uncertain compo-
nent in the North American carbon budget from 
SOCCR1 (CCSP 2007). Measured and modeled 
CO2 fluxes of nonforested, noninventoried regions, 
such as the tundra biome (McGuire et al., 2012) and 
 water-limited ecosystems (Ahlstrom et al., 2015; 
Poulter et al., 2014), suggest that these fluxes are 
important budget components, but ascertaining 
whether they act as net sinks or sources over the 
longer term is difficult because of their larger inter-
annual variability.

Some potentially significant carbon budget com-
ponents were not included in SOCCR1 or other 
synthesis efforts (e.g., King et al., 2015) due to a 
lack of inventories or other information sufficient 
for continental-scale estimation. Arguably, the most 
important “missing components” are 1) a large but 
vulnerable reservoir of carbon in northern perma-
frost soils (Schuur et al., 2015); 2) a potentially 
weakening sink in unmanaged boreal forests of 
interior Alaska and northern Canada (Hayes et al., 
2011); and 3) the uncertain role of tidal wetlands, 
estuaries, and the coastal ocean in the continental 
budget (Bauer et al., 2013; McLeod et al., 2011). 
Many carbon budget synthesis studies generally have 
based their estimates on inventories of total carbon 
stock change (Pacala et al., 2007) or specifically 
on surface-atmosphere fluxes of CO2 (King et al., 
2015). Also, historically missing from carbon budget 
studies is a comprehensive assessment of CH4 fluxes. 
Although CH4 is an important carbon-containing 
GHG, CH4 budget synthesis efforts have been lim-
ited to a few global-scale, atmospheric-based esti-
mates (Dlugokencky et al., 2011) or to specific eco-
systems such as wetlands (Bloom et al., 2017). Only 
recently have there been reports of continental-scale 
estimates of CH4 or other GHG fluxes, particularly 
from bottom-up estimates of budget components 
(Sheng et al., 2017; Tian et al., 2015).

Alternative scaling methods may account for some 
of these unknown components from the invento-
ries, though they have their own information gaps 
and sources of uncertainty. Previous studies com-
paring atmospheric approaches based on inversion 



Section I |  Synthesis

78 U.S. Global Change Research Program November 2018

modeling over North America have suggested a 
much stronger land-based CO2 sink than bottom-up 
estimates at both regional (Hayes et al., 2011; 
Turner et al., 2011) and continental scales (Hayes 
et al., 2012; King et al., 2012; Pacala et al., 2001). 
For example, the NACP interim synthesis activity 
reported a continental terrestrial carbon sink of 
approximately 325 ± 77% Tg C per year, an estimate 
much lower than the mean atmospherically-based 
estimate of 931 ± 72% Tg C per year (Hayes et al., 
2012). Biases in boundary conditions and transport 
in atmospheric inverse modeling (AIM) frameworks 
could have led to overestimates of the strength of the 
carbon sink over the mid- to high-latitude regions 
of North America (Göckede et al., 2010; Stephens 
et al., 2007). The bottom-up modeling approach, 
meanwhile, has exhibited an extremely large range 
of flux estimates as a consequence of variation in 
structural formulation and process representation 
across the ensemble of terrestrial biosphere models 
(TBMs), along with differences in the climate and 
land-use datasets used as model drivers (Huntzinger 
et al., 2012; Schwalm et al., 2010). Comparisons 
have suggested that a large contribution of the 
noninventoried “additional fluxes” would need to 
be added to the inventory-based sink estimates 
in SOCCR1 (Pacala et al., 2007) and the NACP 
synthesis (Hayes et al., 2012) to approach the 
magnitude suggested by the means of the AIM 
and TBM model ensembles (King et al., 2012). 
Reconciling the estimates across these various 
scaling approaches, King et al. (2012) concluded 
that the “best estimate” of the magnitude of the 
continental land CO2 sink early in this century was 
635 ± 26% Tg C per year, offsetting about 35% of 
fossil fuel emissions over that time period.

2.3 Current Understanding of 
Carbon Stocks and Fluxes
Current estimates of carbon stocks available from 
the sector-based chapters across SOCCR2 are 
compiled in Table 2.1, p. 79. These estimates total 
about 627 Pg C stored in North American terrestrial 
ecosystems, particularly soils or sediments, which 
contain about 93% of the total stock. Notably, the 

magnitude of many soil pools across ecosystems has 
not been measured or estimated (see Table 2.1), 
leading to an unknown uncertainty in the size of this 
pool (see Ch. 12: Soils, p. 469). Estimates of vegeta-
tion carbon stocks generally are more comprehen-
sive and precise than soil stocks because vegetation 
biomass— particularly in forests—can be estimated 
with inventory measurements and remote-sensing 
methods (Masek et al., 2015). Relative to the organic 
carbon stored in long-term soil pools, vegetation 
stocks are of much smaller magnitude and are more 
transient as a function of their higher turnover rates. 
The largest SOC pool, thought to be stored in north-
ern  high-latitude soils (Tarnocai et al., 2007, 2009), is 
vulnerable to decomposition and release to the atmo-
sphere as permafrost thaws due to climate warming 
(Schuur et al., 2015). In general, however, a reliable 
estimate of total stocks at the continental scale cur-
rently is not possible, given the lack of comprehensive 
and systematic inventories across all the major com-
ponents of the carbon cycle. Instead, the SOCCR2 
synthesis effort focuses on the stock changes, fluxes, 
and transfers of carbon among the major terrestrial 
and coastal pools and the atmosphere.

All of the land, water, and coastal ocean flux esti-
mates compiled in the budget presented here are 
considered to be the best available approximations 
of each sector’s NEE, as shown in Table 2.2, p. 80, 
where a negative value represents a removal (i.e., 
sink) from the atmosphere. There is very high 
confidence that the North American continent—
including its energy systems, land base, and coastal 
ocean—was a net source of carbon to the atmo-
sphere from 2004 to 2013, having contributed on 
average approximately 1,008 Tg C per year (see 
Table 2.2). Natural sinks within North American 
land ecosystems, waters, and coastal ocean areas 
accounted for about 766 Tg C per year in net uptake 
from 2004 to 2013, offsetting about 43% of the 
total fossil fuel emissions over that time period. The 
largest sink in this continental-scale budget is the 
estimated 260 Tg C per year associated with inland 
waters. This estimate represents the net effect of 
inland waters on surface-atmosphere CO2 exchange, 
accounting for lateral fluxes, gas emissions, and 
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sedimentation (see Ch. 14: Inland Waters, p. 568), 
but it is considered a highly uncertain value (i.e., 
>100% of the estimate). The United States has the 
largest estimated land-based sink (360 Tg C per 
year) among the three countries, with the majority 
of net uptake occurring in its forest sector (201 Tg C 
per year). The U.S. forest sector estimate is among 
the most well constrained of the land ecosystem 

fluxes, with the true value likely to be within 25% of 
the estimate. Estimated uptake by the North Amer-
ican coastal ocean, at 160 Tg C per year, represents 
the other significant sink in the budget, having a 
medium certainty (i.e., within 50% of the estimate; 
see Ch. 16: Coastal Ocean and Continental Shelves, 
p. 649). All the estimated fluxes from land and 
coastal ocean ecosystems, compiled across the key 

Table 2.1. Estimated Stocks of Major North American Carbon Pools ca. 2013ª

Carbon Pools Canada United States Mexico North America

Forest Biomassb 18,591 19,675 1,995 40,261

Forest Soilsc 31,395 31,454 4,900 67,749

Agricultural Soilsd 5,500 13,000 2,115 20,615

Grassland Biomasse NDf 1,362 ND 1,362

Grassland Soilsg ND 6,049 4,100 10,149

Tundra Biomassh 1,010 350 NAf 1,360

Permafrost Soilsi ND ND NAf 459,000

Terrestrial Wetland Biomassj 946 412 16 1,374

Terrestrial Wetland Soilsk 46,354 20,188 764 67,306

Inland Waters Sediment ND ND ND ND

Tidal Wetland and Estuary Soilsl ND ND ND 1,886

Coastal Ocean Sediment ND ND ND ND

Total Biomass 20,547 21,799 2,011 44,357

Total Soils 83,249 70,691 11,879 626,705

Notes
a) Data, in teragrams of carbon (Tg C), are from the sector-based chapters of this report.
b) Includes above- and belowground biomass plus deadwood (Table 9.2, p. 368).
c) Includes litter plus soil (Table 9.2).
d)  Canadian estimate (Table 12.4, p. 483); U.S estimate from Rapid Carbon Assessment (RaCA) project (Table 12.1,p. 479); 

Mexican grazing lands estimate (Table 12.3, p. 482). 
e) Estimate for conterminous United States only (Table 10.2, p. 403).
f ) ND = no data; NA = not applicable.
g) Conterminous U.S. estimate (Table 10.2); Mexican estimate for “Other Lands” (Table 12.2, p. 481).
h) Tundra vegetation biomass for Canada and Alaska (Table 11.2, p. 442).
i)    North America contains about one-third of the total estimated 1,460 to 1,600 petagrams of carbon (Pg C) stock of circum-

polar permafrost soils (to a 3-m depth; see Ch. 11: Arctic and Boreal Carbon, p. 428).
j)  Calculated as 2% of the total carbon stock of nonforested wetlands with peatland and mineral soils (Table 13.1, p. 514).
k) Calculated as 98% of the total carbon stock of nonforested wetlands with peatland and mineral soils (Table 13.1).
l)   The total estimated carbon stocks from tidal wetlands, estuaries, and seagrasses (see Ch. 15: Tidal Wetlands and Estuaries, 

p. 596.
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Table 2.2. Estimated Average Annual Net Emissions or Uptake for North American Carbon Cycle 
Components, ca. 2004 to 2013

Carbon Source (+) 
or Sink (–)

Canada United States Mexico North America

Fossil Source (+)

Fossil Fuel Emissions 
(Ch. 3)

148 1,496 130 1,774

Nonfossil Sink (–) or Source (+)

Forests (Ch. 9) 16 –201 –32 –217

Agricultural Soilsa –1 –14 NDb –15

Grasslands (Ch. 10)c –3 –13 –9 –25

Arctic and Boreal 
Carbon (Ch. 11) 

–9 –5 NAb –14

Terrestrial Wetlands 
(Ch. 13)d –18 –34 –7 –58

Inland Waters (Ch. 14) ND –85 ND –260

Tidal Wetlands and 
Estuaries (Ch. 15) 

ND –8 ND –17

Coastal Ocean (Ch. 16) ND ND ND –160

Total –15 –360 –48 –766

Net Carbon Source 134 1136 82 1,008

Estimates of carbon emissions (sources) or uptake (sinks) are given in teragrams of carbon (Tg C) per year. These estimates are 
generally consistent with those in Figure 2.3, p. 83, although some components are defined differently and estimates include 
inferred values. Because the estimates have different spatial domains, the North American total does not always equal the 
sum of the three individual country estimates. Mathematical rounding accounts for the difference between the estimated 
North American net carbon source in this table (1,008 Tg C per year) and the carbon added to the atmospheric pool over 
North America in Figure 2.3 (1,009 Tg C per year). 

Notes
a)  Average annual stock change in soil organic carbon in croplands, 2000–2009; based on inventory estimates by King et al. 

(2015).
b) ND = no data; NA = not applicable.
c) “Inventory Analysis” estimates (Table 10.1, p. 401).
d) The “Net Carbon Balance” of nonforested wetlands with peatland and mineral soils (Table 13.1, p. 514).

sectors of the continental carbon budget, are based 
largely on inventory approaches or other bottom-up 
methods described in other chapters of this report.

2.3.1 Fossil Fuel Emissions
According to recent data (Boden et al., 2015), the 
United States emitted approximately 1,400 Tg C 
from fossil fuel burning, cement production, and 
gas flaring during 2013—accounting for 15% 

of the global total that year. The United States 
still contributes 85% of the combined fossil fuel 
emissions from the three North American coun-
tries, but in 2013 the continental proportion of the 
global total dropped to 17% from the 27% reported 
for 2003 in SOCCR1 (CCSP 2007). The propor-
tional emissions among the three nations to the 
continental total have remained relatively constant 
over the last 30 years (about 8%, 86%, and 6% for 
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Canada, the United States, and Mexico, respec-
tively), but the annual total magnitudes have varied 
in the last 10 years because of changing national 
and global socioeconomic factors (King et al., 
2012). The annual rate of total fossil fuel emissions 
from North America indicates a notable change in 
trend during the decade since SOCCR1. Emissions 
from 1994 to 2003 showed a significant (p<0.01) 
increasing trend of 24 Tg C per year in contrast to 
a significant decreasing trend of 23 Tg C per year 
between 2004 and 2013 (see Figure 2.2, this page, 
and Ch. 8: Observations of Atmospheric Carbon 
Dioxide and Methane, p. 337). In 2007, the highest 
annual continental total fossil fuel emissions were 
recorded at about 1,800 Tg C. That level has not 
been exceeded since, with emissions estimates 

averaging about 1,700 Tg C per year from 2008 to 
2013. 

Among the various potential sources of emissions 
data (see Appendix E: Fossil Fuel Emissions Esti-
mates for North America, p. 839), the Carbon 
Dioxide Information Analysis Center (CDIAC) 
dataset was chosen for its consistency and length 
of record (Boden et al., 2017). However, assigning 
an uncertainty to the CDIAC time series is a chal-
lenge. Andres et al. (2014) discuss various ways to 
characterize the uncertainty of this data product 
and suggest that a time-average uncertainty for the 
United States could be about 4% (or 2 standard devi-
ations around the mean estimate). U.S. fossil fuel 
estimates reported in SOCCR1 used ±5% for the 
uncertainty of estimates for developed countries, 

Figure 2.2. Annual North American Fossil Fuel Emissions from 1959 to 2014. Emissions values are given in 
petagrams of carbon (Pg C) for each country and for the continent as a whole (solid lines, left vertical axis). The 
dotted line shows the North American proportion of total global emissions (right vertical axis). [Data source: Carbon 
Dioxide Information Analysis Center (Boden et al., 2017).]
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concordant with intercomparisons using the Inter-
national Energy Agency dataset (IEA 2005). This 
chapter represents the uncertainty as the fractional 
range of estimates from five different inventories, 
averaged over time (see Appendix E, p. 839). By 
this measure, estimates of fossil fuel emissions have 
varied in uncertainty over time and among coun-
tries. The current ±5.5% uncertainty applies to the 
total estimated North American fossil fuel emis-
sions of 1,774 Tg C per year from 2004 to 2013 as 
reported here (see Table 2.2, p. 80). The uncertainty 
around the mean estimate by country is highest for 
Canada (±30%) and lower for Mexico (±15%) and 
the United States (±6%). Precision of the fossil fuel 
emissions estimates is sensitive to the spatial and 
temporal scales of the inventories, and uncertainty 
at the scale of individual cities is poorly constrained, 
ranging from 50% to 100% variation around the 
mean (NAS 2010; Rayner et al., 2010; see also 
Ch. 4: Understanding Urban Carbon Fluxes, p. 189). 
Notably, current uncertainties associated with urban 
emissions typically exceed emissions reduction 
goals, making verification of these goals very chal-
lenging (Gurney et al., 2015; Hutyra et al., 2014).

2.3.2 Net Ecosystem Exchange
Calculating North American NEE involves assem-
bling information from the major sectors (i.e., eco-
system compartments) for each country (see Table 
2.2). The North American forest sector estimate  
(–217 Tg C per year) is based on current inven-
tory estimates from this report (see Ch. 9: Forests, 
p. 365), including forestland NEE, the net of forest 
area gain and loss, the sink in urban trees, and 
emissions from biomass removal and use in each 
country (see Table 9.3, p. 371). The estimate for 
agricultural soils (–15 Tg C per year) is based on 
average annual stock change data for the 2000s, 
as compiled for the United States and Canada by 
King et al. (2015). Grassland estimates for the 
three countries (i.e., –3, –13, and –9 Tg C per year 
for Canada, the United States, and Mexico, respec-
tively) represent average annual stock change in 
“other lands” between 2000 and 2006, as reported 
by Hayes et al. (2012; see also Table 10.1, p. 401). 

The estimated NEE for the Arctic-boreal region of 
North America (–14 Tg C per year) is based on a 
synthesis of eddy covariance flux data during the 
2000s from research sites in Alaska and Canada 
(King et al., 2015; McGuire et al., 2012). Of this 
small sink, the portion attributed to the United 
States (–5 Tg C per year) is based on model simula-
tions for upland ecosystems in Alaska (Genet et al., 
2016) and, without a specific estimate for NEE, the 
remaining portion (–9 Tg C per year) is attributed 
to Arctic tundra and unmanaged boreal forest in 
Canada. The NEE estimate for terrestrial wetlands 
included in this budget (–58 Tg C per year) is based 
on information from Ch. 13: Terrestrial Wetlands, 
p. 507. However, only the contribution from nonfor-
ested wetlands (including both peatland and mineral 
soils) is included in the calculations (see Table 13.1, 
p. 514) because NEE from forested wetlands is con-
sidered to be accounted for already in the estimate 
for the forest sector. The estimated contribution to 
continental NEE from inland waters (–260 Tg C 
per year) is based on estimates from Ch. 14: Inland 
Waters, p. 568, and considered here to be the 
amount of carbon of terrestrial origin that is stored 
as sediment (155 Tg C per year) plus the amount 
exported to estuaries (105 Tg C per year; see Table 
14.1, p. 576), as discussed in more detail below. The 
NEE estimate given for the combined tidal wetland 
and estuary ecosystems (–17 Tg C per year) is the 
balance of uptake by tidal wetlands (–27 Tg C per 
year) and outgassing by estuaries (10 Tg C per year), 
as estimated from information in Ch. 15: Tidal 
Wetlands and Estuaries, p. 596, and as discussed in 
more detail below. Finally, data from Ch. 16: Coastal 
Ocean and Continental Shelves, p. 649, are used to 
account for the uptake of atmospheric carbon by 
waters of the coastal ocean (–160 Tg C per year; see 
Table 16.5, p. 668) in the continental NEE budget 
estimates.

2.3.3 Stock Changes, Emissions, 
and Lateral Transfers of Carbon
Figure 2.3, p. 83, shows carbon flows among the 
major components of the North American carbon 
cycle for the decade since the ca. 2003 estimates 
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reported in SOCCR1. This figure aims to reconcile 
atmospheric flux and lateral transfer estimates with 
estimates of stock changes among the major sectors 
described throughout this report. Unlike estimates 
of sector-atmosphere exchange (i.e., NEE) in Table 
2.2, p. 80, the boxes in Figure 2.3 represent the best 
estimates of stock change in each component, and 
the arrows represent the flows of carbon between 
components. As explained in Section 2.1, p. 72, the 
2004 to 2013 time period chosen for this analysis 
generally represents the decade since the estimates 
reported in Chapter 3 of SOCCR1, which are given 
as ca. 2003. These exact dates are not used rigidly, 
however, when combining and reconciling various 
datasets in the budget synthesis reported here. 
Although some datasets—such as the fossil fuel 
emissions estimates (e.g., Boden et al., 2015)—have 

a temporal resolution allowing summary of precise 
time periods, other datasets, such as the periodi-
cally sampled forest inventory (see Ch. 9: Forests, 
p. 365), do not. As such, this chapter attempts to 
synthesize the various budget components using 
reported estimates and datasets generally represen-
tative of the 2004 to 2013 time period. While this 
coarser-than-annual level of precision does add an 
additional (but unknown) amount of uncertainty to 
the overall budget, this synthesis approach rep-
resents a best estimate of carbon stock changes and 
flows for an average year during the decade since the 
SOCCR1 synthesis. 

Collectively, the land ecosystems of North America 
increased their carbon stocks at an estimated rate of 
about 296 Tg C per year over the ca. 2004 to 2013 
time period, as shown in Figure 2.3, this page. The 

Figure 2.3. Major Components of the North American Carbon Cycle. For each component, estimates are shown for 
average annual stock changes (boxes), fluxes (vertical arrows), and lateral transfers (horizontal arrows) from ca. 2004 
to 2013, the approximately 10-year period since the First State of the Carbon Cycle Report (CCSP 2007). All values 
are reported as teragrams of carbon (Tg C) per year. The sum of all fluxes between the atmosphere and the land or 
water components equals the increase in atmospheric carbon, so none of the lateral fluxes are counted as exchange 
with the atmosphere. Mathematical rounding accounts for the difference between this figure’s estimated 1,009 Tg C per 
year added to the atmosphere over North America and the net carbon source estimate of 1,008 Tg C per year given 
in Table 2.2, p. 80. The net ecosystem flux of 959 Tg C per year from the atmosphere into land ecosystems is inferred 
from all the other fluxes based on the principle of conserving the overall mass balance of the different components. 
[Data sources: Data and certainty estimates are compiled and synthesized from the various chapters in this report. 
See Preface section titled “Treatment of Uncertainty in SOCCR2,” p. 16, for an explanation of asterisks (i.e., certainty 
estimates).]
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majority (i.e., 53%) of this stock increase occurred in 
the managed forests of North America. The estimate 
for stock change in forests at the continental scale is 
the sum of the three countries, where stock change in 
forestland plus the net of forest area loss or gain was 
used to calculate U.S. and Canadian estimates and 
where forest NEE was used as an approximation of 
stock change in Mexico (see Table 9.3, p. 371). The 
stock change estimate for urban trees is distinguished 
from that of the forest sector, and the transfers and 
fluxes associated with the wood products pool are 
separated as well. Remaining land carbon gains 
occurred in smaller sinks associated with wetlands, 
urban trees in settled areas, grasslands, and agricul-
tural soils, along with Arctic ecosystems and unman-
aged boreal forests in Alaska and Canada. The stock 
change in each of these land ecosystems is approxi-
mated as their NEE estimates (see Table 2.2, p. 80). In 
addition to the net gain in land ecosystems, a substan-
tial amount of carbon was transferred laterally out of 
land ecosystems into aquatic ecosystems (507 Tg C 
per year; see Table 14.1, p. 576) and pools of har-
vested products (155 Tg C per year; see Table 9.3, 
p. 371). The large amount of carbon estimated as 
lateral fluxes from land ecosystems originates in 
atmospheric CO2 taken up by vegetation before 
being cycled through the soil pool and ultimately 
transported to aquatic systems. Similarly, the carbon 
in wood products also was taken up originally in 
forest trees before being removed in harvest. As such, 
the lateral transfer fluxes of carbon into both wood 
harvest and aquatic ecosystems are added to net stock 
change estimates to calculate an overall apparent net 
absorption of atmospheric CO2 by North American 
land ecosystems (959 Tg C per year).

Net ecosystem flux into North American land ecosys-
tems from the atmosphere is an estimated 959 Tg C 
per year (see Figure 2.3, p. 83). Of that amount, 
about 371 Tg C per year (or approximately 40%) is 
returned to the atmosphere through a combination 
of emissions from both inland waters (247 Tg C per 
year, which include emissions from rivers, streams, 
lakes, and reservoirs; see Table 14.1) and from 
woody biomass removal and use (124 Tg C per 
year; see Table 9.3). The rest of the lateral carbon 

transfers are stored as sediments in inland waters 
(155 Tg C per year; see Table 14.1), stored as wood 
in the products pool (31 Tg C per year; see Table 
9.3), or exported to estuarine and coastal ocean 
systems (105 Tg C per year; see Table 14.1). Tidal 
wetlands are estimated to act as an additional small 
net sink of atmospheric CO2 (27 Tg C per year) 
that either is stored in sediment (9 Tg C per year) or 
transferred laterally to estuaries (16 Tg C per year) 
that represent a small net outgassing of CO2 (10 Tg 
C per year; see Ch. 15: Tidal Wetlands and Estuar-
ies, p. 596). Coastal ocean areas are estimated to be 
a substantial net sink of carbon from the atmosphere 
(160 Tg C per year; see Table 16.5, p. 668) over the 
time period of analysis. Additional carbon is buried 
in estuary sediments (5 Tg C per year; see Ch. 15) 
and in the coastal ocean (115 Tg C per year; see 
Table 16.5). The remainder in the overall budget 
calculation represents a net export of carbon out of 
the continental system to the open ocean (151 Tg C 
per year; see Table 16.5).

Totaling all the vertical fluxes in Figure 2.3, p. 83, 
amounts to an overall estimate of 1,009 Tg C per 
year added to the atmosphere from North America 
when considering all sources and sinks over the 
2004 to 2013 time period. (Note that Table 2.2, 
p. 80, provides a slightly different estimate of 
1,008 Tg C per year due to rounding differences). 
In reconciling estimates of carbon stock change, 
fluxes, and lateral transfers across components in the 
overall budget, it is important to note that the total 
carbon from sedimentation, emissions, and export 
from inland waters (507 Tg C per year) represents 
carbon that has been taken up by terrestrial ecosys-
tems and transferred laterally to inland waters. As 
such, this substantial amount of carbon is accounted 
for in the net ecosystem uptake estimate (959 Tg C 
per year) within the continental-scale, mass-balance 
budget (see Figure 2.3). Forest carbon budgets track 
the loss of carbon but may not distinguish between 
direct losses to the atmosphere and losses to streams 
and lakes, from which there are CO2 emissions 
to the atmosphere. Thus, there is potential for 
an unknown amount of double-counting of CO2 
emissions assumed to be heterotrophic respiration 
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in forest ecosystem models and CO2 emissions 
observed from inland water bodies and coastal mar-
gins. On the other hand, some of the CO2 assumed 
lost from terrestrial ecosystems may in fact be accu-
mulating in lake and ocean sediments.

2.3.4 Determining Coastal Ocean 
and Methane Impacts
The coastal margin sources and sinks within North 
America’s carbon budget are not well understood, 
although land margin ecosystems provide a critical 
link in the lateral transport of carbon from land to 
ocean (Battin et al., 2009). This knowledge gap is 
largely due to limited information about the magni-
tude, spatial distribution, and temporal variability of 
carbon sources and sinks in coastal waters. Infor-
mation from North America’s estuaries indicates 
that they act as carbon sources and include 12% of 
global estuary emissions (Chen et al., 2013). The 
coastal ocean and continental shelf regions are esti-
mated net sinks for carbon (Bourgeois et al., 2016; 
Laruelle et al., 2015), but upwelling regions can be 
“hotspots” of emissions during upwelling events 
(Reimer et al., 2013), resulting in current debate 
about the processes governing carbon dynamics in 
the coastal ocean (Cai 2011).

The potential benefits of the North American CO2 
sink (i.e., mitigating against the buildup of GHGs in 
the atmosphere) may be negated wholly by emis-
sions of non-CO2 GHGs such as CH4 and nitrous 
oxide (N2O; Tian et al., 2015, 2016). North America 
is a net source of CH4 to the atmosphere, and isoto-
pic approaches to partition global integrated mea-
surements of δ13C-CH4 confirm a large source from 
agriculture, wetlands, and fossil fuels (Dlugokencky 
et al., 2009; Kirschke et al., 2013). The Global 
Carbon Project (www.globalcarbonproject.org/
methanebudget/) recently estimated global and 
regional CH4 sources and sinks for the 2003 to 
2012 time period using both bottom-up and top-
down approaches (Saunois et al., 2016). For North 
America, inventory-based estimates of anthropo-
genic CH4 sources (e.g., fossil fuels, agriculture, and 
biofuels) ranged from 38 to 49 Tg CH4 per year, 
while modeling estimates of CH4 emissions from 

wetlands ranged from 23 to 80 Tg CH4 per year (see 
Figure 2.4, p. 86). Compared to these bottom-up 
estimates, the top-down CH4 emissions estimates 
based on AIM approaches generally were lower 
for natural sources (17 to 52 Tg CH4 per year) but 
similar for anthropogenic sources (25 to 61 Tg CH4 
per year). Methane sinks include the oxidation 
of CH4 either from reactions with atmospheric 
hydroxyl radicals or from methanotrophy in upland 
soils, estimated for North America to be from 5 to 
16 Tg CH4 per year (Kirschke et al., 2013). Confi-
dence in estimates of CH4 emissions typically is low 
at all spatial scales (Brandt et al., 2014; Kirschke et 
al., 2013; Miller et al., 2013). Wetland emissions 
uncertainty is dominated by inaccuracies in location, 
extent, and seasonal dynamics of the  CH4-producing 
area (Desai et al., 2015), and anthropogenic emis-
sions uncertainty is related to oil and gas production 
and distribution (Brandt et al., 2014; Frankenberg 
et al., 2016; McKain et al., 2015). Uncertainties 
from energy-related activities derive from knowing 
neither the actual extent and duration of gas flar-
ing, nor the magnitude of leakage from pipelines, 
distribution systems, and other point sources. A 
recent example is the Aliso Canyon, California, gas 
leak that released about 97 gigagrams of CH4 to the 
atmosphere (Conley et al., 2016). Although this gas 
leak was measured and monitored, it was undetected 
for a time. The number of other leaks that may have 
gone undetected or unmeasured, and for how long, 
is uncertain.

2.4 Trends in North American 
Carbon Cycling 
Most published information on carbon cycling 
across North America is focused on the United 
States and Canada; thus, there is greater uncer-
tainty about carbon dynamics for Mexico (Vargas 
et al., 2012). Data from SOCCR1 (CCSP 2007) 
suggested a large uncertainty in lands with woody 
encroachment and wetlands, so resolving whether 
these places acted as persistent carbon sources or 
sinks across North America was not possible at the 
time. SOCCR2 assessments suggest that the main 
uncertainties are in grasslands, wetlands, inland 

http://www.globalcarbonproject.org/methanebudget
http://www.globalcarbonproject.org/methanebudget
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waters, and the Arctic. Importantly, because woody 
encroachment is considered implicitly in this report 
to be within grasslands and forests, it contributes 
to the uncertainty of these two sectors. Fossil fuel 
emissions continue to be the largest source of 
carbon to the atmosphere, and current estimates 
are consistent with those from SOCCR1. Attempts 
to quantify the coastal ocean component of the 
continental carbon budget has contributed a sub-
stantial amount of uncertainty in these assessments. 
Although SOCCR1 considered the coastal ocean 
a net source of carbon, new and better informa-
tion from advances in measurement and modeling 

approaches now suggests it represents a net carbon 
uptake (see Ch. 16: Coastal Ocean and Continen-
tal Shelves, p. 649). The Arctic and boreal regions 
continue to be areas of uncertainty with large carbon 
stocks in permafrost and freshwater wetlands and 
with unknown land-atmosphere fluxes of CO2 and 
CH4 (McGuire et al., 2012; Petrescu et al., 2010; 
Schuur et al., 2015). Expanding research capabilities 
across different regions of North America will con-
tribute to reducing uncertainty in key areas such as 
grasslands, wetlands, boreal and Arctic ecosystems, 
and tropical to subtropical regions.

Figure 2.4. Sources of Methane (CH4) Emissions Estimated from Bottom-Up Methods for Three Regions of 
North America from 2003 to 2012. The Boreal North America region includes Canada and Alaska; Temperate North 
America represents the conterminous United States; and Central North America includes Mexico, Guatemala, Belize, 
Honduras, El Salvador, Nicaragua, Costa Rica, Panama, and all islands and nations of the Caribbean and Antilles as 
categorized by Saunois et al. (2016). [Data source: North American CH4 budget estimates, in teragrams (Tg) of CH4 
gas per year, compiled by Saunois et al., 2016.] 
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For the ca. 2003 time frame, SOCCR1 estimated 
that about 30% of the combined fossil fuel emissions 
from the three North American countries were 
offset by CO2 uptake in their ecosystems (Pacala 
et al., 2007). Based entirely on inventory estimates, 
carbon sinks in that analysis were attributed mostly 
to the forest sector, including tree growth, vegeta-
tion regeneration after agricultural land abandon-
ment, fire suppression, and storage in wood prod-
ucts (Pacala et al., 2007). Estimates for fossil fuel 
emissions from 2000 to 2014 average approximately 
1.8 ± 0.5 Pg C per year, with about 40% being offset 
by the land carbon sink (see Ch. 8: Observations of 
Atmospheric Carbon Dioxide and Methane, p. 337). 
Several studies support forests remaining as the 
key sector with a persistent sink globally (Pan et al., 
2011) and across the United States (Woodall et al., 
2015) and Canada (Kurz et al., 2013; Stinson et al., 
2011). The SOCCR2 assessment presented here 
suggests that forests across North America offset 
fossil fuel emissions by about 12%, with U.S. forests 
accounting for most of that sink (i.e., 11%; see Table 
2.2, p. 80). When these estimates are divided by fos-
sil fuel emissions per country, the country-specific 
offset by forests suggests a slightly higher potential 
for Mexico (i.e., offsetting approximately 25% of 
in-country emissions), followed by the United 
States (about 13%). However, Canada’s forests 
act as an additional source (about 11%) on top of 
the country’s fossil fuel emissions. There is addi-
tional uncertainty surrounding boreal forests and 
tundra ecosystems in the northern high latitudes 
of North America (see Ch. 11: Arctic and Boreal 
Carbon, p. 428), particularly since these remote 
areas of unmanaged land in Canada and Alaska 
are not included in either of their country’s formal 
carbon inventories and reporting programs (Kurz 
et al., 2009). In studies based on time series, optical 
satellite data have shown both “greening” in Arctic 
tundra and “browning” in boreal forests (e.g., Beck 
and Goetz 2011), suggesting regional variability in 
vegetation photosynthetic dynamics that could lead 
to carbon gains and losses, respectively (e.g., Epstein 
et al., 2012). Large carbon stocks stored in the 
frozen soils of North American landscapes underlain 

by permafrost are vulnerable to thaw under a warm-
ing climate, leading to carbon decomposition and 
subsequent release to the atmosphere as CO2 or 
CH4 (Hayes et al., 2014; Schuur et al., 2015). The 
increasing frequency and severity of disturbances in 
these regions, particularly wildfire, have the poten-
tial to impact vegetation and soil carbon stocks and 
fluxes in complicated feedback mechanisms (e.g., 
Abbott et al., 2016).

An analysis by King et al. (2015) demonstrates 
an 11% increase in the total magnitude of average 
annual continental emissions during 2000 to 2010 
compared with 1990 to 2000. Since inventory data 
first became available in the 1960s, there has been 
a mostly uninterrupted increasing trend in overall 
fossil fuel emissions (Pacala et al., 2007). However, 
over the last decade, the combined fossil fuel emis-
sions from Canada, the United States, and Mexico 
have been flat or declining. Combined annual 
emissions ranged from 1.7 to 1.8 Pg C between 2008 
and 2013 and have not exceeded the approximately 
1.9 Pg C peaks during 2005 and 2007 (see Figure 
2.2, p. 81). The lower emissions total resulted from 
the 2007 to 2009 global economic recession and 
subsequent decline in energy consumption by the 
industrial and transportation sectors (see Ch. 3: 
Energy Systems, p. 110). From 2000 to 2009, annual 
per capita emissions were an estimated 20 tons (t) 
CO2 in the United States, 18 t CO2 in Canada, and 
4 t CO2 in Mexico. These estimates compare with a 
substantial decrease in per capita emissions by 2015 
for the United States and Canada (about 17 t CO2 
and 16 t CO2, respectively) and a stabilization in 
emissions for Mexico (about 4 t CO2 per person; 
Le Quéré et al., 2016).

The trends in CH4 emissions have been variable 
in recent decades, showing a renewed growth rate 
in global atmospheric concentrations since 2007 
following a period of stabilization (Nisbet et al., 
2016). However, the most recent budget by Saunois 
et al. (2016) compares CH4 emissions from two 
decades: 2000 to 2009 and 2003 to 2012. This study 
found no significant increase in total natural and 
anthropogenic emissions for boreal North America 
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(20 Tg CH4 per year) and central North America 
(11 Tg CH4 per year), and even a slight decrease 
for the conterminous United States (from 43 to 
41 Tg CH4 per year). Although shortwave infrared 
measurements of CH4 from the Greenhouse Gases 
Observing Satellite (GOSAT) indicate a 30% 
increase from 2002 to 2014 in central United States, 
the U.S. Environmental Protection Agency’s (EPA) 
GHG inventory shows no such increase in anthro-
pogenic emissions, despite a 20% increase in oil and 
gas production (Turner et al., 2016a). Changes in 
CH4 emissions from high-latitude regions thus far 
appear to be fairly insensitive to warming (Sweeney 
et al., 2016), suggesting that changes in agriculture 
and livestock management are the key drivers in the 
recent increase in global CH4 emissions (Schae-
fer et al., 2016). Using a one-box isotopic model, 
Schaefer et al. (2016) suggest that, outside the Arctic, 
activities related to food production are most likely 
responsible for the increasing CH4 concentration 
in the atmosphere since 2007. Some research also 
considered a decrease in the hydroxyl sink for CH4 
as a driver of the renewed growth rate (Rigby et al., 
2008); however, more recent multitracer assessments 
do not support this theory (Nisbet et al., 2016).

Monitoring networks suggest that the coastal mar-
gins of North America currently act as a net CO2 
sink, where the net uptake of CO2 from the atmo-
sphere is driven by high-latitude regions; however, 
the net flux from coastal margins is not  well con-
strained (see Figure 2.4, p. 86, and Ch. 16: Coastal 
Ocean and Continental Shelves, p. 649). Ocean 
acidification trends are difficult to identify in coastal 
waters because highly variable carbonate chemistry 
is influenced by seawater temperature and transport, 
primary production, respiration, and inputs from 
land, in addition to the uptake of anthropogenic 
CO2 from the atmosphere. In coastal ocean areas, 
major concerns for marine organisms, particularly 
calcifiers, are the increasing partial pressure of CO2 
(pCO2) in seawater and reductions in pH that reflect 
greater acidity associated with increasing dissolved 
CO2 concentrations in equilibrium with rising 
atmospheric CO2—processes that could trigger eco-
system-scale effects. Ocean acidification also affects 

commercial shellfish stocks (mainly in the north-
western United States) and other environmental ser-
vices (e.g., coastal protection by reefs) that ultimately 
may affect the carbon storage capacity of coastal 
ocean areas (see Ch. 17: Biogeochemical Effects of 
Rising Atmospheric Carbon Dioxide, p. 690).

SOCCR2 assessments provide high confidence that 
human activities (e.g., urban emissions, land man-
agement, and land-use change) will continue to be 
important drivers of carbon cycle changes across 
North America into the future. Current land use 
and land-use change result in net CO2 emissions 
for Canada and Mexico, but future land use and 
land-use management potentially could result in net 
carbon sequestration (e.g., 661 to 1,090 Tg of CO2 
equivalent1 by 2030; see Ch. 19: Future of the North 
American Carbon Cycle, p. 760). However, there are 
large uncertainties in predicting future land-use tra-
jectories. In addition, fossil fuel emissions from the 
energy sector may continue to be a large source of 
carbon, but future projections are uncertain because 
of changes in technologies (see Ch. 1: Overview of 
the Global Carbon Cycle, p. 42, and Ch. 3: Energy 
Systems, p. 110) and efforts to reduce fossil fuel 
emissions. By 2040, estimates project that North 
American fossil fuel emissions will range from 1.6 to 
1.9 Pg C per year, representing either a 9% decrease 
or a 6% increase in absolute emissions compared to 
2015 levels (see Ch. 19, p. 760).

2.5 Regional Context
2.5.1 Canada, the United States, 
and Mexico
Efforts to understand the North American carbon 
cycle—including its stock and flux changes and 
socioecological implications—cross sociopolitical 
and economic boundaries. This report shows that 
regional efforts have measured, modeled, and scaled 
carbon sources and sinks across North America and 
quantified the uncertainties associated with those 

1 Carbon dioxide equivalent (CO2e): Amount of CO2 that would produce 
the same effect on the radiative balance of Earth’s climate system as another 
greenhouse gas, such as methane (CH4) or nitrous oxide (N2O), on a 
100-year timescale. For comparison to units of carbon, each kg CO2e is 
equivalent to 0.273 kg C (0.273 = 1/3.67). See Preface for details.
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estimates. Arguably, the most carbon cycle informa-
tion is available for the United States, followed by 
Canada and Mexico. This information availability 
translates into higher confidence for estimates of 
carbon dynamics across the conterminous United 
States and Canada but lower confidence for Mexi-
can estimates.

In general, SOCCR1 and subsequent publications 
(see sections above) suggest that terrestrial ecosys-
tems in Mexico act as net sources of carbon to the 
atmosphere (due to land use and agricultural prac-
tices), while those in the United States and Canada 
tend to be net sinks of carbon from the atmosphere. 
In contrast, the United States is the highest emitter 
of fossil fuel emissions, followed by Canada and 
Mexico. These dynamics are related to differences in 
socioecological drivers that regulate carbon dynam-
ics among the three countries, influencing the 
 continental-scale carbon cycle.

The United States is characterized by a stable for-
estland, whose area gains and losses have roughly 
balanced over the last century (see Ch. 9: Forests, 
p. 365), enhancing the terrestrial carbon sink. In 
contrast, the large U.S. economy and population 
have high energy demands that contribute to the 
largest carbon emissions in North America. U.S. 
fossil fuel emissions were 1.5 Pg C per year (±6%) 
from 2004 to 2013 (see Table 2.2, p. 80), or approx-
imately 4,700 kilograms (kg) C per person. Canada 
is characterized by an extensive natural resource 
base, where forests represent the largest ecosystem 
carbon pool. These forests have high disturbance 
rates and low productivity, resulting in an overall 
nearly neutral carbon balance. Although Canada’s 
per capita emissions rate of 4,100 kg C is similar 
to the U.S. rate, its lower population resulted in 
substantially smaller fossil fuel emissions (148 Tg 
C per year ± 2%) from 2004 to 2013. In contrast, 
Mexico is characterized by higher-productivity 
forests (particularly its tropical forests), but also by 
more frequent natural disturbances (e.g., droughts, 
hurricanes, and fires) and high pressure on the use 
of natural resources that drives land-use change. 
Mexico contributed 130 Tg C per year (±15%) in 

fossil fuel emissions from 2004 to 2013, and its per 
capita emissions rate (1,000 kg C) is much lower 
than that of the United States and Canada because 
of its relatively large population with lower energy 
consumption.

Fully understanding differences in carbon dynamics 
across North America requires identifying the size 
of its carbon pools and the influence of climate feed-
backs (e.g., changes in temperature or precipitation 
patterns) on the capacity of the pools to sequester or 
release carbon. In addition, differences in population 
migration patterns (e.g., changes between rural and 
urban populations), along with economic energy 
demands, determine anthropogenic drivers and 
feedback mechanisms of carbon exchange across the 
three countries of North America.

2.5.2 National Climate Assessment 
Regions of the United States
Terrestrial ecosystems in the eastern United 
States—located roughly within the Northeast, 
Midwest, Southeast, and Caribbean National 
Climate Assessment regions—together have acted 
as a substantial carbon sink in recent decades (Xiao 
et al., 2014; Zhu and Reed 2014), largely because 
of carbon accumulation in forests recovering from 
past disturbances (Williams et al., 2012). Most of 
the carbon sink in the eastern United States is in the 
Northeast and Southeast regions; the carbon sink 
in the Midwest region is relatively small in compar-
ison. This regional difference is influenced mainly 
by the dominance of forests in the Northeast and 
Southeast regions and of agricultural lands in the 
Midwest. Projected carbon uptake in the Northeast 
and Southeast regions between 2006 and 2050 is 
expected to decrease from the current level, pri-
marily because of forest aging in these regions (Liu 
et al., 2014). A better understanding of forest carbon 
dynamics is needed to quantify the impacts of 
1) forest management, including the locations and 
intensity of widespread partial cutting in the North-
east region (Zhou et al., 2013); 2) disturbances 
such as windstorms (Dahal et al., 2014); 3) climate 
and atmospheric changes including CO2 fertiliza-
tion (Norby and Zak 2011); and 4) wildland fires 
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(Turetsky et al., 2014). Forest land uses including 
harvesting (i.e., clear-cutting and partial cutting, 
with forests remaining as forests) and conversion to 
other land uses are important driving forces of car-
bon cycling, not only for direct immediate carbon 
removal from these activities, but also for subse-
quent activity-dependent paths of changes in carbon 
storage. Although wildland fires have contributed 
only a small source effect on the total U.S. net car-
bon balance in recent decades (Chen et al., 2017), 
the area burned by wildland fires and the associated 
GHG emissions are projected to increase in the 
future (Hawbaker and Zhu 2014). Carbon stored in 
the Atlantic coastal wetlands is particularly vulner-
able to wildland fires because of land-use activities 
(Flores et al., 2011).

Terrestrial ecosystems in the Great Plains region 
acted as a carbon sink from 2001 to 2005 (Zhu et al., 
2011). Their current rate of uptake is expected to 
remain steady or decrease slightly until 2050 as a 
result of climate change and projected increases in 
land use. Methane emissions from wetlands and 
N2O emissions from agricultural lands are high for 
the region and expected to increase. The amount 
of area burned in the Great Plains and the region’s 
GHG emissions are highly variable, both spatially 
and temporally. Although estimates for the amount 
of area burned are not expected to increase substan-
tially over time, fire-resultant GHG emissions are 
expected to increase slightly for a range of climate 
projections. Land-use and land-cover changes are 
major drivers of shifts in the region’s carbon storage. 
Consequently, future carbon storage in the Great 
Plains region will be driven largely by the demand 
for agricultural commodities, including biofuels, 
which might result in substantial expansion of agri-
cultural land at the expense of grasslands, shrub-
lands, and forests. Converting these areas to agri-
cultural lands, among other land-use changes, may 
lead to considerable loss of carbon stocks from Great 
Plains ecosystems. Moreover, studies have not fully 
examined the important regional effects of climate 
variability and change, such as droughts, floods, and 
fluctuations in temperature and moisture availability.

The western United States, consisting roughly of 
the Northwest and Southwest climate regions, 
acted as a net terrestrial carbon sink from 2001 to 
2005 (Zhu and Reed 2012). The carbon density 
in these regions demonstrated high spatial variabil-
ity in relation to variation along a climate gradient 
from the Marine West Coast to Warm Desert 
ecoregions. Furthermore, drought is recognizably 
important in the interannual variability of carbon 
dynamics in water-limited ecosystems across the 
southwestern United States (Schwalm et al., 2012; 
Biederment et al., 2016). Compared to the region’s 
contemporary rate of uptake, future carbon sinks in 
the western United States are projected to decline, 
mainly in ecosystems of the Northwest region in 
response to future climate warming and associated 
drought effects (Liu et al., 2012). Influenced by 
both climate and land-use changes, wildland fires 
have been major ecosystem disturbances in the 
Northwest and Southwest regions (Hawbaker and 
Zhu 2012), resulting in considerable interannual 
and regional variability in GHG emissions, mostly in 
the semiarid and arid Western Cordillera and Cold 
Desert ecoregions. From 2001 to 2005, average 
annual GHG emissions from the fires equaled 11.6% 
of the estimated average rate of carbon uptake by 
terrestrial ecosystems in the western United States. 
Under future climates scenarios, areas burned by 
wildland fires and the associated GHG emissions are 
projected to increase substantially from the levels 
of 2001 to 2005. Other ecosystem disturbances, 
such as climate- and insect-caused forest mortalities, 
are important drivers of carbon cycling in these 
regions, but incorporating these processes into 
regional carbon cycle assessments remains a major 
challenge (Adams et al., 2013; Anderegg et al., 2013; 
Hartmann et al., 2015).

Although forestlands of southeastern Alaska are 
included in national GHG reports, other regions of 
Alaska are not because field data for them is insuffi-
cient to support a formal inventory program and many 
areas are classified as “unmanaged” according to the 
Intergovernmental Panel on Climate Change. How-
ever, Alaska’s high-latitude ecosystems are potentially 
more vulnerable to future climate change than regions 
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in the temperate zone because increasing temperatures 
may expose the substantial stores of carbon in the 
region to loss from increasing wildfire and permafrost 
thaw. To better understand these potential effects, 
researchers conducted a more comprehensive assess-
ment of carbon stocks and fluxes of CO2 and CH4 
across all ecosystems in Alaska by combining field 
observations and modeling (McGuire et al., 2016). 
The assessment found that temperate forests in south-
eastern Alaska store approximately 1,600 Tg C across 
the major pools, with about twice as much in live and 
dead tree biomass (1,000 Tg C) than in the SOC pool 
(540 Tg C). In contrast, the vast majority of carbon 
stocks in Alaska’s northern boreal forest and Arctic 
tundra ecosystems occur in SOC (31 to 72 Pg C), 
much of which is stored in frozen ground (see Ch. 11: 
Arctic and Boreal Carbon, p. 428). Despite the average 
annual source of 5.1 Tg C from the boreal region due 
to wildfire, Alaskan upland ecosystems overall were 
estimated to be, on average, a net sink of 5 Tg C per 
year over recent decades (1950 to 2009). During 
the same period, this sink was offset partially by the 
state’s wetland ecosystems that acted as a net source 
of 1.3 Tg C per year, including 0.93 Tg C per year in 
biogenic CH4 emissions since 2000. Finally, the total 
net flux from inland waters across Alaska is estimated 
at approximately 41.2 ± 20 Tg C per year, where total 
net flux equals coastal export plus CO2 emissions from 
rivers and lakes minus burial in lake sediments. How-
ever, projections from the Alaska assessment indicate 
that increased uptake in upland and wetland ecosys-
tems over this century will more than compensate for 
sources resulting from wildfire, permafrost thaw, and 
wetland emissions. Carbon sinks in Alaska’s upland 
and wetland ecosystems are projected to increase 
substantially (18.2 to 34.4 Tg C per year) from 2010 
to 2099, primarily because of a 12% to 30% increase 
in net primary production associated with responses 
to rising atmospheric CO2, increased nitrogen cycling, 
and longer growing seasons.

2.6 Societal Drivers, Impacts, 
and Carbon Management
Changes from local to global carbon dynamics in 
natural and anthropogenic systems have imminent 

consequences for humans because carbon is embed-
ded in almost all social activities (see Ch. 6: Social 
Science Perspectives on Carbon, p. 264). The resul-
tant social reliance on carbon by North American 
societies causes dependence on ecological, eco-
nomical, and technological networks and systems 
that have carbon embedded in them (e.g., forestry, 
energy generation, transportation, fisheries, and 
agriculture). Thus, management decisions have to 
consider social drivers if the goal is to transition to 
low-carbon systems and make a substantial impact 
on the carbon cycle.

Social lifestyles and cultural backgrounds have 
been constrained historically by available resources, 
energy sources, and costs that have influenced the 
North American carbon cycle. For example, the 
proportional share of total continental fossil fuel 
emissions differs among the three North American 
countries (i.e., Canada, 11.9%; Mexico, 6.5%; and 
the United States, 81.6%); together these countries 
contribute 20% of global energy-related emissions 
(see Ch. 3: Energy Systems, p. 110). Urban develop-
ment has resulted in spatially concentrated sources 
of energy demand and consequently high anthropo-
genic carbon emissions (see Ch. 4: Understanding 
Urban Carbon Fluxes, p. 189). Although the area of 
agricultural land for North America has remained 
constant in the last decade, regional carbon dynam-
ics can be influenced by trends in food production 
and agricultural management (see Ch. 5: Agricul-
ture, p. 229). Differences between cultural back-
grounds and current policies are evident in tribal 
lands. Ideologies, local practices, government land 
tenure, and agricultural and water policies create 
challenges for defining carbon management prac-
tices (see Ch. 7: Tribal Lands, p. 303). Despite 
socioeconomic differences across North America, 
increasing demand for easily available energy has 
implications for the continental carbon cycle.

Regional carbon management decisions to mitigate 
CO2 emissions could benefit from sector-specific 
accounting, focusing efforts on reducing atmo-
spheric GHG concentrations and identifying 
options for carbon sinks. Compiled from the 
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chapters in this report, Table 18.1, p. 737, sum-
marizes a set of management activities and their 
relative contributions to potential reductions in 
GHG emissions across the various sectors of the 
North American carbon budget. For example, North 
American forests have significant potential as a 
carbon sink, so mitigation options for this sector 
could use a systems approach to assess large uncer-
tainties in future land use and predict subsequent 
impacts on forests (see Ch. 17: Biogeochemical 
Effects of Rising Atmospheric Carbon Dioxide, 
p. 690). These assessments will require quantifying 
changes in emissions associated with 1) forest eco-
systems (e.g., changes in rates of land-use change), 
2) harvested wood products and their substitution 
by high-emission products (e.g., steel and concrete), 
and 3) fossil fuels through the use of wood prod-
ucts (Kurz et al., 2016; Lemprière et al., 2013). The 
potential for changes to the carbon balance in the 
forest sector also will depend on societal drivers 
related to increases in urbanization and reduction of 
forested lands via land-use change. These processes 
could result in a loss of forest industrial capacity 
across North America that ultimately will limit the 
potential carbon sink of the forest sector. Therefore, 
socioecological factors could influence changes in 
emissions from different sectors, potentially requir-
ing alternative practices to maintain the productivity 
of sector products (e.g., long-lived forest products) 
and ecosystems (i.e., carbon sequestration potential 
in long-term pools such as SOC). 

Since SOCCR1, North American observational 
networks related to the carbon cycle (e.g., CO2 
and CH4 stocks and fluxes from aquatic and terres-
trial ecosystems) have increased (see Appendix C: 
Selected Carbon Cycle Research Observations and 
Measurement Programs, p. 821). Thus, carbon man-
agement decisions could benefit from a high degree 
of interoperability among government, research, and 
civil sectors within the countries and across North 
America. Interoperability in this context is defined as 
an organized collective effort needed to foster devel-
opment and implementation of carbon management 
decisions and actions. Furthermore, interoperability 
has the ultimate goal to maximize sharing and use 

of information by removing conceptual, technolog-
ical, organizational, and cultural barriers (Vargas 
et al., 2017). For example, interoperability could be 
increased by defining inventory protocols (i.e., a con-
ceptual barrier), using standardized instrumentation 
(i.e., a technological barrier), defining the specific 
roles of participants (e.g., researchers and govern-
mental agencies), and being sensitive to cultural 
expectations (e.g., perception of data ownership). 
Although sector- and country-specific barriers exist, 
moving toward a high degree of interoperability will 
facilitate anticipation, recognition, and adaptation of 
management decisions to make a positive impact on 
the continental carbon cycle.

2.7 Synthesis, Knowledge Gaps, 
and Outlook
SOCCR1 (CCSP 2007) concluded that North 
America was a net source of carbon to the atmo-
sphere ca. 2003, with the magnitude of fossil fuel 
emissions outpacing the rate of carbon uptake by 
land sinks. The synthesis of carbon flux estimates in 
SOCCR2 suggests that North America has remained 
a carbon source in the decade since SOCCR1, con-
tinuing to contribute to the global rise in atmospheric 
CO2 and CH4 concentrations from 2004 to 2013. 
Synthesizing across the major continental-scale bud-
get components, SOCCR2 assessments suggest that 
approximately 57% of the total fossil fuel emissions 
from Canada, the United States, and Mexico remains 
in the atmosphere after the offsetting portion is 
taken up by a net sink across North American land 
ecosystems, inland waters, and adjacent coastal ocean 
areas. This overall estimate of the “airborne fraction” 
of fossil fuel emissions is less than the estimated 70% 
reported in SOCCR1, a decrease that is a function 
of both a reduction in the total emissions estimate 
coupled with an increase in the net continental sink 
estimate for 2004 to 2013. The values in SOCCR2 
also reflect additional information and improved 
understanding of components and sectors influenc-
ing the continental carbon budget, but large uncer-
tainties in some components must be addressed to 
achieve a better understanding of the trends.
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This report estimates that the total fossil fuel carbon 
source in North America from 2004 to 2013 was 
1.8 Pg C per year, representing an approximately 
5% reduction in annual emissions compared to 
the ca. 2003 estimate of 1.9 Pg C per year. The 
lower current emissions estimate is likely a result 
of changing technology, policy, and market factors 
(see Ch. 3: Energy Systems, p. 110). Despite the 
modest reduction in emissions, the fossil fuel source 
still represents the largest single component in 
the continental-scale carbon budget. The relative 
contributions from each of the three countries have 
remained constant since SOCCR1, with the United 
States continuing to contribute the vast majority 
(85%) of total continental emissions. The total 
fossil fuel emissions from energy and transportation 
systems across North America likely will remain the 
dominant source category and continue to outpace 
the ability of the continental land ecosystems, inland 
waters, and adjacent coastal ocean areas to take up 
this carbon in the future.

North America’s natural and managed land eco-
systems, inland waters, and adjacent coastal ocean 
areas likely will remain a net carbon sink, thereby 
partially constraining the airborne fraction of 
fossil fuel emissions and further mitigating climate 
impacts from rising atmospheric CO2. Bottom-up, 
 inventory-based analyses have confirmed the exis-
tence of the continental carbon sink, but the uncer-
tainty associated with these approaches provides 
less confidence in estimates of the sink’s magnitude 
than in the better-constrained estimates of fossil fuel 
emissions. The “best estimate” of the continental 
sink from 2004 to 2013 in SOCCR2 is 766 Tg C per 
year, compared to 505 Tg C per year estimated in 
SOCCR1. The difference in these two bottom-up 
estimates can be explained by the additional com-
ponents considered in SOCCR2 that were not 
accounted for in SOCCR1. These components 
include Arctic and boreal ecosystems; estuaries; and 
updated information and accounting for grasslands, 
inland water fluxes, terrestrial and tidal wetlands, 
and the coastal ocean. Still, both the SOCCR1 
and SOCCR2 estimates fall within the uncertainty 

bounds of the other and thus are not considered a 
trend nor significantly different from each other.

Given the large uncertainty in the bottom-up analy-
sis, comparing it with top-down estimates is import-
ant to collectively provide an additional constraint 
on the overall continental sink estimate. Previous 
comparisons typically have shown mean estimates 
of the continental CO2 sink from top-down atmo-
spheric models to be much greater than those 
from bottom-up inventory and biosphere models, 
although within the large range of uncertainty in 
these estimates (King et al., 2012; Pacala et al., 
2001). In a progression of studies over time, mean 
land sink estimates based on atmospheric models 
have decreased from 1,700 ± 500 Tg C per year (Fan 
et al., 1998) to 890 ± 409 Tg C per year (King et al., 
2015). Meanwhile, best estimates for the sum of sink 
components from inventory-based methods will 
increase as additional components are included in 
the calculation. For example, including estimates of 
highly uncertain components (e.g., woody encroach-
ment, wetlands, and the net flux in inland waters) 
increased the sink estimate to 564 Tg C per year 
from the 325 Tg C per year that only considered 
reported inventory estimates for forests and agricul-
ture (Hayes et al., 2012). In conclusion, the larger 
bottom-up sink estimates approach the lower end of 
the uncertainty in the atmospheric model estimates 
as these additional components are added, though 
they also greatly increase the uncertainty of the 
estimates (King et al., 2012).

SOCCR2 shows further convergence between the 
top-down, continental-scale carbon sink estimate 
from atmospheric modeling and the synthesis 
of estimates from bottom-up approaches across 
the major components of North America (see 
Figure 2.5, p. 94). This convergence partly results 
from a series of operational, conceptual, and tech-
nological improvements. The analysis of a growing 
network of atmospheric measurements of CO2 
and CH4 using inverse modeling techniques has 
increased significantly since SOCCR1. Several flux 
modeling systems produce regular continental-scale 
estimates on an operational basis, and regional 
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inverse modeling studies are now focused on specific 
land areas and individual megacities (see Ch. 8: 
Observations of Atmospheric Carbon Dioxide and 
Methane, p. 337). Furthermore, recent atmospheric 
inverse model analyses estimate the continental land 
sink to be 699 ± 82 Tg C per year, which includes 
all continental carbon fluxes from land and water 
but not the coastal ocean sink (see Ch. 8). These 
estimates are only slightly higher than the bottom-up 
estimate of 606 Tg C per year that is calculated by 
removing the coastal ocean sink from the conti-
nental total (see Table 2.2, p. 80). Considering the 
uncertainty ranges of the two approaches, there is an 
apparent agreement in the magnitude of the conti-
nental carbon sink over the last decade between the 
top-down and bottom-up estimates in this report. 
The inverse model analysis of atmospheric CO2 
data suggests that there is substantial variability in 
land-atmosphere carbon fluxes over North Amer-
ica from year to year, though a comparable analysis 
reported from bottom-up estimates is not possible 
here because of averaged stock change estimates 
over the longer time periods between inventories. 

Additionally, the atmospheric estimates show at least 
moderate evidence of an increasing rate of carbon 
uptake in the continental land sink from 2000 to 
2014, but any such trend is difficult to ascertain from 
the bottom-up estimates between SOCCR1 and 
SOCCR2 because of differences in the components 
that are included and how they are calculated.

Given the general convergence with the current 
atmosphere-based estimates, the bottom-up esti-
mates synthesized in this report are unlikely to be 
missing any major source or sink components in the 
budget (see Table 2.2, p. 80). Similar to the con-
tinental sink estimates reported in SOCCR1, the 
forest sector is among the largest sinks (217 Tg C 
per year), along with smaller but persistent sinks in 
agricultural soils (15 Tg C per year) and terrestrial 
wetlands (58 Tg C per year) in SOCCR2. To reit-
erate, additional small-sink components for Arctic 
and boreal ecosystems (14 Tg C per year) and tidal 
wetlands and estuaries (17 Tg C per year) in this 
report were not considered in SOCCR1. The most 
significant components now included in SOCCR2 
are the net uptakes by inland waters (260 Tg C per 

Figure 2.5. Estimates of the North American Carbon Sink in this Century. These estimates, in teragrams of 
carbon (Tg C) per year, are derived from inventory analysis, atmospheric inversion models (AIMs), and terrestrial bio-
sphere models (TBMs). [Data sources: First State of the Carbon Cycle Report (SOCCR1; CCSP 2007), North Amer-
ican Carbon Program (NACP; Hayes et al., 2012), REgional Carbon Cycle Assessment and Processes (RECCAP) 
initative (King et al., 2015), and this report (SOCCR2). Publication year of each estimate is given in parenthesis.]
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year) and by coastal ocean areas (160 Tg C per 
year). However, a large sink component associated 
with woody encroachment (120 Tg C per year) was 
included in SOCCR1 but is not explicitly separated 
in SOCCR2 because this potential sink mechanism 
is considered to be included within the forest and 
grassland estimates. The flux estimates from inland 
waters, the coastal ocean, and woody encroachment 
remain highly uncertain and should be prioritized 
for further study, given their potentially large contri-
bution to the continental carbon budget.

Confidence in estimates of the overall, continental-
scale carbon budget is expected to increase in the 
near future with more observations, improved data, 
and better understanding of the processes. More 
accurate, consistent, and highly resolved estimates 
among the various budget components likely will 
be helpful in informing management-scale decisions 
(see Ch. 18: Carbon Cycle Science in Support of 
Decision Making, p. 728). Though atmospheric 
measurements provide an integrated constraint 
on the overall budget and can detect variability 
and trends over short time frames, they currently 
offer limited attribution capability with respect to 
the various individual components. Bottom-up 
measurements and inventory estimates are needed 
to make projections for specific sectors and at the 
finer spatial scales at which the sectors are managed. 

These inventories, however, are often expensive 
and difficult to undertake. Moreover, they do not 
always obtain all the required measurements with 
consistent precision and, in many cases, cannot 
resolve key trends in sources and sinks or attribute 
their causes. Results from terrestrial biosphere model 
simulations offer the potential for  process-based 
attribution of  regional-scale carbon cycle dynamics 
(Turner et al., 2016b), but variability in response 
across the ensemble of model results leads to uncer-
tainty in the predictions (Huntzinger et al., 2012, 
2017). The move toward more  regional-scale and 
sector-targeted atmospheric analyses should offer 
substantial help with these efforts, but advancements 
in bottom-up biosphere modeling frameworks will 
be necessary to improve confidence in future pro-
jections of the North American carbon budget (see 
Ch. 19: Future of the North American Carbon Cycle, 
p. 760). These estimates also will continue to benefit 
from the increasing availability of remote-sensing 
data provided by multiple platforms (Goetz and 
Dubayah 2014; Masek et al., 2015; Williams et al., 
2014). Although there is value in retaining indepen-
dence among the various top-down and bottom-up 
approaches for estimating and comparing carbon 
fluxes, the most significant progress likely will be 
made by increasing the formal integration of these 
approaches in future assessment and prediction frame-
works that are more comprehensive and consistent.
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SUPPORTING EVIDENCE

KEY FINDING 1
North America—including its energy systems, land base, and coastal ocean—was a net source 
of carbon dioxide to the atmosphere from 2004 to 2013, contributing on average about 1,008 
teragrams of carbon (Tg C) annually (±50%) (very high confidence).

Description of evidence base 
Key Finding 1 is supported by fossil fuel emissions data (Boden et al., 2015), forest inventories 
in the United States (Woodall et al., 2015; see Ch. 9: Forests, p. 365) and Canada (Stinson et al., 
2011), atmospheric inverse modeling ensembles (see Ch. 6: Social Science Perspectives on Car-
bon, p. 264), terrestrial biosphere model ensembles (Huntzinger et al., 2012), synthesis studies 
from previous work (Hayes et al., 2012; King et al., 2012, 2015), and a compilation of estimates 
across the various chapters of this report.

Major uncertainties 
Regional- to continental-scale estimates of the magnitude and variability of the terrestrial carbon 
sink differ substantially among assessments, depending on the measurement or scaling approach 
used and the budget components considered (Hayes and Turner 2012; King et al., 2015).

Assessment of confidence based on evidence and agreement, including short 
description of nature of evidence and level of agreement
There is very high confidence that the North American continent is a net source of carbon to the 
atmosphere given the convergence of evidence across multiple inventory, scaling, and modeling 
approaches. This evidence suggests that current levels of fossil fuel emissions far outpace the 
ability of terrestrial ecosystems to take up and store that carbon.

Estimated likelihood of impact or consequence, including short description of basis 
of estimate
The carbon source from North America very likely contributed to the global rise of carbon diox-
ide (CO2) concentrations in the atmosphere from 2004 to 2013.

Summary sentence or paragraph that integrates the above information
The North American continent is very likely a net source of carbon to the atmosphere. Key 
Finding 1 is supported by the convergence in evidence across multiple inventory, scaling, and 
modeling approaches. The finding is corroborated by several other continental-scale synthesis 
studies from the First State of the Carbon Cycle Report (SOCCR1; CCSP 2007), the North Amer-
ican Carbon Program (e.g., Hayes et al., 2012), and the REgional Carbon Cycle Assessment and 
Processes (RECCAP; King et al., 2015). While the estimated source from fossil fuel emissions is 
relatively well constrained (within ±1%), the key uncertainty is the magnitude of the sink in land 
ecosystems, inland waters, and adjacent coastal ocean areas. The larger uncertainty of the sink 
estimate is reflected in differences in the results between inventory and modeling approaches, 
stemming primarily from measurement gaps in the inventories and many uncertain processes in 
model representations of ecosystems.
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KEY FINDING 2
Fossil fuel emissions were the largest carbon source from North America from 2004 to 2013, averag-
ing 1,774 Tg C per year (±5.5%). Emissions during this time showed a decreasing trend of 23 Tg C 
per year, a notable shift from the increasing trend over the previous decade. The continental propor-
tion of the global total fossil fuel emissions decreased from 24% in 2004 to 17% in 2013 (very high 
confidence).

Description of evidence base 
Key Finding 2 is supported by fossil fuel inventories collected by the Carbon Dioxide Infor-
mation and Analysis Center (CDIAC) and made available in the territorial fossil fuel carbon 
emissions dataset (Boden et al., 2017). Among the various sources of emissions data (see 
Appendix E: Fossil Fuel Emissions Estimates for North America, p. 839), the CDIAC dataset 
was chosen for its consistency and length of record. However, to represent the data uncertainty, 
the SOCCR2 assessment used the fractional range of estimates from five different inventories, 
averaged over time.

Major uncertainties 
The absolute values of greenhouse gas (GHG) emissions levels from energy consumption and 
production vary significantly due to differences in system definitions, inclusion of industrial pro-
cess emissions, emissions factors applied, and other issues (see Ch. 3: Energy Systems, p. 110). 
Accuracy of the fossil fuel emissions estimates is less certain at finer spatial and temporal scales, 
and uncertainty at the scale of individual cities is not well constrained (Gurney et al., 2015; 
Hutyra et al., 2014; Rayner et al., 2010). Furthermore, the magnitude of methane (CH4) leakage 
from fossil fuel production and use has a high degree of uncertainty in the inventories (Brandt 
et al., 2014).

Assessment of confidence based on evidence and agreement, including short 
description of nature of evidence and level of agreement 
There is very high confidence that fossil fuel emissions are the dominant source of carbon from 
the North American continent.

Estimated likelihood of impact or consequence, including short description of basis 
of estimate 
Fossil fuel emissions from North America very likely will continue to contribute substantially to 
the rise in global atmospheric CO2 concentration.

Summary sentence or paragraph that integrates the above information
Total fossil fuel emissions from the Canadian, U.S., and Mexican energy and transportation 
systems very likely are and will continue to be substantially greater in magnitude than any other 
source category, including agriculture and livestock, land-use change, and natural disturbance.
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KEY FINDING 3
Approximately 43% of the continent’s total fossil fuel emissions from 2004 to 2013 were offset by 
natural carbon sinks on North American land and the adjacent coastal ocean (medium confidence).

Description of evidence base 
Key Finding 3 is supported by fossil fuel emissions data (Boden et al., 2015), forest invento-
ries in the United States (Woodall et al., 2015; see Ch. 9: Forests, p. 365) and Canada (Stinson 
et al., 2011), atmospheric inverse modeling ensembles (see Ch. 8: Observations of Atmospheric 
Carbon Dioxide and Methane, p. 337), terrestrial biosphere model ensembles (Huntzinger et al., 
2012), and synthesis studies (Hayes et al., 2012; King et al., 2012, 2015).

Major uncertainties 
The land sink is uncertain due to a lack of measurement precision in inventories, along with gaps 
in spatial coverage and uncertainty in specific components such as the soil carbon pool. The 
overall land sink is inferred from reconciling a number of estimates from different components, 
themselves often highly uncertain. In particular, the component with the largest estimate of the 
inferred ecosystem flux—the lateral transfer to the aquatic system—is also one of the least certain 
(see Table 2.2, p. 80).

Assessment of confidence based on evidence and agreement, including short 
description of nature of evidence and level of agreement 
At least some portion of anthropogenic carbon emissions to the atmosphere is very likely offset 
by vegetation uptake and storage in North American land ecosystems. There is medium confi-
dence in the “best estimate” of 43% as the proportion of total fossil fuel emissions taken up by 
North American land and coastal ocean areas. 

Estimated likelihood of impact or consequence, including short description of basis 
of estimate 
The natural ecosystems of the North American continent likely have represented a net carbon 
sink over the recent decade, thereby constraining the airborne fraction of anthropogenic emis-
sions from fossil fuel carbon consumption and thus mitigating further climate impacts from rising 
atmospheric CO2.

Summary sentence or paragraph that integrates the above information
For Key Finding 3, North America’s natural and managed ecosystems and its adjacent coastal 
ocean likely will continue to take up some of the total fossil fuel carbon emitted to the atmo-
sphere from anthropogenic activities. However, the fraction of emissions taken up by the 
ecosystem in the future is uncertain and will depend on energy use, the response of natural 
ecosystems to climate change and other disturbances, and human management of the land and 
the coastal ocean.
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KEY FINDING 4
Using bottom-up, inventory-based calculations, the Second State of the Carbon Cycle Report 
(SOCCR2) estimates that the average annual strength of the land-based carbon sink in North 
America was 606 Tg C per year (±75%) during the 2004 to 2013 time period, compared with 
the estimated 505 Tg C per year (±50%) in ca. 2003, as reported in the First State of the Carbon 
Cycle Report (CCSP 2007). There is apparent consistency in the two estimates, given their ranges 
of uncertainty, with SOCCR2 calculations including additional information on the continental 
carbon budget. However, large uncertainties remain in some components (very high confidence). 

Description of evidence base 
Key Finding 4 is supported by observational evidence from forest inventories in the United States 
(Woodall et al., 2015) and Canada (Stinson et al., 2011), atmospheric inverse modeling ensem-
bles (see Ch. 8: Observations of Atmospheric Carbon Dioxide and Methane, p. 337), terrestrial 
biosphere model ensembles (Huntzinger et al., 2012), and synthesis studies (Hayes et al., 2012; 
King et al., 2012, 2015). The U.S. forest sink is maintained because of the net accretion of forest 
land use in combination with continued forest growth (i.e., forests remaining forests; Woodall 
et al., 2015, 2016).

Major uncertainties 
Components of the North American carbon cycle measured as part of formal inventory pro-
grams, such as the forest and agricultural sectors, are estimated with a high level of certainty. 
However, other components potentially contribute significantly to the magnitude of the conti-
nental carbon sink (see Table 2.2, p. 80). The largest of these comprises the net emissions from 
inland waters, which at the continental scale are poorly constrained (i.e., uncertainty is effectively 
100% of the estimate). Also contributing substantially to the overall uncertainty are other import-
ant components of the land base in regions where measurement gaps exist over large areas, such 
as in Mexico and the remote northern areas of Canada and Alaska. 

Assessment of confidence based on evidence and agreement, including short 
description of nature of evidence and level of agreement 
There is very high confidence that the North American land base has maintained an overall car-
bon sink over the past decade, with net carbon uptake and storage in the vegetation and soils of 
natural and managed ecosystems.

Estimated likelihood of impact or consequence, including short description of basis 
of estimate 
North America’s natural ecosystems likely have maintained a net carbon sink over recent decades, 
thereby constraining the airborne fraction of fossil fuel carbon and mitigating further climate 
impacts from rising atmospheric CO2.

Summary sentence or paragraph that integrates the above information
For Key Finding 4, the sink is likely to maintain its approximate current magnitude because of 
carbon uptake and storage in the forest sector (i.e., the land base and wood products).
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KEY FINDING 5
The magnitude of the continental carbon sink over the last decade is estimated at 699 Tg C per 
year (±12%) using a top-down approach and 606 Tg C per year (±75%) using a bottom-up 
approach, indicating an apparent agreement between the two estimates considering their uncer-
tainty ranges.

Description of evidence base 
The integrated, continental-scale estimates of the overall carbon sink comprise compilations 
from 1) recent top-down, atmospheric approaches (see Ch. 8: Observations of Atmospheric Car-
bon Dioxide and Methane, p. 337); 2) comparisons of bottom-up, inventory-, and model-based 
estimates from the various sector-focused chapters in this report; and 3) data and estimates syn-
thesized in Table 2.2, p. 80, and Figure 2.3, p. 83, and discussed in the context of the results from 
previous continental carbon cycle synthesis efforts (e.g., CCSP 2007; Hayes et al., 2012; King 
et al., 2015).

Major uncertainties 
The bottom-up estimate of the overall continental-scale carbon sink presented here is inferred 
from reconciling a number of estimates from different components, themselves often highly 
uncertain. Even components estimated in formal inventories (e.g., the forest sector) have pools 
and fluxes that are less well quantified (e.g., forest soils) and regional and temporal gaps in mea-
surements. A large component of the uncertainty stems from limited information about the mag-
nitude, spatial distribution, and temporal variability of carbon sources and sinks in inland, tidal, 
and coastal waters. Uncertainty in the top-down, atmospheric-based estimates is primarily from 
sparse observational networks and often poorly constrained models of atmospheric transport.

Summary sentence or paragraph that integrates the above information
In previous studies over the past decade, the larger bottom-up sink estimates have approached the 
lower end of the uncertainty in atmospheric model estimates (King et al., 2012). For Key Finding 5, 
the results presented here show further convergence between the top-down,  continental-scale 
carbon sink estimate from atmospheric modeling and the synthesis of estimates from bottom-up 
approaches across the major components of North America (see Figure 2.5, p. 94).
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