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Federal Lands Greenhouse Gas Emissions and 
Sequestration in the United States—Estimates 
for 2005–22

By Matthew D. Merrill, Benjamin M. Sleeter, and Philip A. Freeman

Abstract
In 2016, the Secretary of the U.S. Department of the 

Interior requested that the U.S. Geological Survey (USGS) 
produce a publicly available and annually updated database 
of estimated greenhouse gas emissions associated with the 
extraction and use of fossil fuels from Federal lands. The first 
report in this series included emissions estimates from 2005 
to 2014 and were reported for 29 States and two offshore 
areas. Native American and Tribal lands were not included 
in that analysis. This report recalculates those previous years 
(2005–14) with updated data and methods and extends the 
estimates to 2022. Nationwide emissions from fossil fuels 
produced on Federal lands in 2022 were 1,081.2 million 
metric tons of carbon dioxide equivalent (MMT CO2 Eq.) 
for CO2, 33.4 MMT CO2 Eq. for methane (CH4), and 
4.3 MMT CO2 Eq. for nitrous oxide (N2O). Compared to 2005, 
the 2022 totals represent decreases in emissions for all three 
greenhouse gases (by 17 percent for CO2, 37 percent for CH4, 
and 30 percent for N2O). Emissions from fossil fuels produced 
on Federal lands represent, on average, 21.8 percent of U.S. 
emissions for CO2, 6.1 percent for CH4, and 1.3 percent for 
N2O over the 18 years included in this estimate. The trends 
and relative magnitudes of the greenhouse gas emissions 
estimated are roughly parallel to the Federal lands fossil fuel 
production volumes.

In 2021, Federal lands of the conterminous United States 
stored 70,424 MMT CO2 Eq. in terrestrial ecosystems. Soils 
stored most of the terrestrial ecosystem carbon (66 percent), 
followed by live vegetation (25 percent), deadwood 
(5 percent), and litter (4 percent). Carbon sequestration 
on Federal lands was highly variable over time, owing 
primarily to interannual variability in climate and weather, 
and variability in land use and land cover (LULC) change 
and disturbances, among these are wildfires and logging. 
Between 2005 and 2021, Federal lands sequestered an average 
of 83 MMT CO2 Eq./yr. By subtracting the cumulative 
effects of LULC and disturbance-related CO2 losses to the 
atmosphere from the total, we estimate that ecosystems at 
the national level sequestered CO2 at an annual mean rate 
of 17 MMT CO2 Eq./yr in a term called the net ecosystem 

exchange (NEE). This annual NEE sequestration value 
represents about 1.4 percent of average fossil fuel emissions 
over the same period.

The USGS estimates presented in this report represent 
an accounting for the emissions resulting from fossil fuel 
extraction on Federal lands and the end-use combustion 
of those fuels, as well as for the sequestration of carbon in 
terrestrial ecosystems on Federal lands. A combined net 
CO2 emissions estimate, which is the difference between the 
emitted and sequestered CO2 from both the fossil fuel and 
ecosystems estimates, provides context for evaluating the 
greenhouse gas contributions of activities on these lands. 
The estimates included in this report can provide context for 
future energy decisions, as well as a basis to track change in 
the future.

Introduction
In January 2016, the Secretary of the U.S. Department 

of the Interior tasked the U.S. Geological Survey (USGS) 
with producing a publicly available and annually updated 
database of estimated greenhouse gas emissions associated 
with the extraction and use (predominantly some form 
of combustion) of fossil fuels from Federal lands (fig. 1). 
In response, the USGS began a study of greenhouse gas 
emissions and carbon sequestration on Federal lands in the 
United States; that study produced the requested estimates 
for 2005–14 in 2018 (Merrill and others, 2018). This report is 
an update, with new data and methods, to that original report 
with estimates covering 2005–22. This report supersedes 
the report by Merrill and others (2018); some text from that 
original report is included here unchanged. National estimates 
of greenhouse gas emissions and sequestration are published 
by the U.S. Environmental Protection Agency (2024a) 
without reporting emissions from Federal lands specifically.

Two main types of Federal lands are included in 
this report. Federal mineral rights lands are relevant to 
fossil fuel-associated emissions estimates. Federal surface 
lands are relevant to ecosystems emissions and sequestration. 
These two land classes exist because they are often not one 
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and the same. In the United States, the owner of the subsurface 
mineral rights is not necessarily the same as the surface 
landowner. Surface ownership is not a factor in mineral leases 
or the royalties paid to the Federal government. Results 
in this report are aggregated to the State level to avoid the 
complex distribution of these two Federal land types within 
some States. Federal lands, in this report, is a catch-all term 
encompassing both Federally administered mineral rights 
lands and Federally administered surface lands; it is used here 
for brevity in the text where the type of land is clear or does 
not require differentiation.

This report is separated into two sections: “Fossil 
Fuel-Associated Emissions of Greenhouse Gases from Federal 
Lands” and “Terrestrial Ecosystem-Associated Carbon 
Emissions and Sequestration on Federal Lands.” Both sections 
include general descriptions of the data sources, methodology, 
and results specific to the estimates. The report concludes 
with a discussion of the combined net emissions attributed to 
Federal lands; these are the estimates produced by summing 
the emissions and sequestration results from both sections. 
Appendixes 1 and 2 supply additional detail regarding the data 
sources and methodology. For ease of comparison between 
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Figure 1.  Map showing the onshore Federal surface lands (excluding Native American and Tribal lands) and offshore Federal Outer 
Continental Shelf (OCS) planning areas (offshore Pacific and offshore Gulf of Mexico) included in the emissions and sequestration 
estimates. The Federal Atlantic and Alaska OCS planning areas were excluded because they did not have fossil fuel production 
during the study period. Federal lands were modified from the U.S. Geological Survey Protected Areas Database of the United States 
(U.S. Geological Survey, 2016), and are not intended to represent the Federal mineral estate lands (not shown). OCS boundaries and 
platforms are from Minerals Management Service (2006a, b), Bureau of Ocean Energy Management (2011), and Bureau of Safety and 
Environmental Enforcement (2014). Map reproduced from Merrill and others (2018).
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fossil fuel-associated emissions and ecosystems flux estimates, 
the values in this report are presented in units of “equivalent 
amounts of carbon dioxide” (CO2 Eq.) gas with positive 
values meaning emissions and negative values meaning 
sequestration.

The “Fossil Fuel-Associated Emissions of Greenhouse 
Gases from Federal Lands” section covers emissions of carbon 
dioxide (CO2), methane (CH4), and nitrous oxide (N2O) from 
the extraction and eventual end-use (often combustion) of 
fossil fuels produced from Federal leases on lands referred 
to as Federal mineral rights lands. Fossil fuel extraction 
and combustion produce greenhouse gas (GHG) emissions. 
Industrial injection of GHG into the subsurface for enhanced 
hydrocarbon production or for GHG storage are forms of 
geologic sequestration, however, geologic sequestration is 
not included in the estimate owing to the small magnitude of 
current projects on Federal lands and a paucity of available 
data. This report’s fossil fuel emissions estimate relies heavily 
on the established methods used by the EPA (referenced 
specifically throughout the report).

The “Terrestrial Ecosystem-Associated Carbon Emissions 
and Sequestration on Federal Lands” section deals with the 
sequestration and emission of carbon, reported as CO2, in 
terrestrial ecosystems on Federal surface lands. Ecosystems 
can sequester or emit GHG, therefore this report discusses 
changes in both carbon stocks and fluxes using a combination 
of methods established in the scientific literature as well as 
ongoing USGS research efforts (Sleeter and others, 2022, and 
references therein).

An independent estimate of GHG emissions associated 
with the administration of Federal lands is produced by the 
Bureau of Land Management (BLM). The BLM Specialist 
Report on Annual Greenhouse Gas Emissions and Climate 
Trends (Bureau of Land Management, 2024) is a future year 
emissions projection for National Environmental Protection 
Act (NEPA) and litigation purposes. There is no overlap in the 
time period of investigation of the two emissions estimates. 
The USGS work presented here is meant to document and 
record emissions and storage of GHG in the near past. BLM’s 
goal is to project future emissions based on current and 
potential management decisions to estimate environmental 
impacts. In addition to the time of investigation, the methods 
employed are also different, with BLM using a predominantly 
life cycle assessment (LCA) based approach that is more 
fitting to their needs and not as appropriate for an emissions 
inventory.

Fossil Fuel-Associated Emissions of 
Greenhouse Gases from Federal Lands

Introduction

This study includes estimated greenhouse gas (GHG) 
emissions (CO2, CH4, and N2O) resulting from the extraction 
and end-use combustion or other use of fossil fuels derived 
from U.S. Federal mineral rights lands, including offshore 
areas. The Federal Gulf of Mexico Outer Continental Shelf 
(OCS) and Pacific OCS planning areas are included in this 
report and referred to as offshore Gulf of Mexico and offshore 
Pacific, respectively. No other Federal OCS areas are included 
in this report because they did not produce fossil fuels during 
the period of this study.

Emissions are produced through two processes: (1) the 
combustion of fuel for electricity generation, mechanical 
work, heating, or use as a feedstock; and (2) the fugitive 
emission of gases during the processes of extracting and 
moving fuel. Fugitive emissions were attributed to the areas 
where the fuels originated; the location of the eventual 
combustion of the fuel, whether on Federal, State, private, 
or international territory, was not a factor. If the fuel was 
sourced on Federal mineral rights lands (Federal leases), it 
was included in the estimate regardless of where it was used. 
All references to emissions in this section are associated with 
fossil fuels extracted from Federal lands in States and offshore 
areas. Fossil fuels produced from Native American and Tribal 
lands were not included in this analysis.

Data Sources

Four main types of data support the emissions estimates 
in this report: (1) Federal lands fuel (oil, gas, natural CO2, 
and coal) production; (2) emissions from coal mines and 
oil and gas infrastructure (fugitive emissions); (3) national- 
and State-level energy-consumption and emissions data for 
apportioning extracted fuel to end-use fuel type and economic 
sector; and (4) process and fuel-specific emission factors 
that determine the volumes of greenhouse gases emitted by 
combusted fuels. A general discussion of the data sources 
is provided here, and an in-depth listing of data sources is 
provided in appendix 1.
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Data on Federal mineral lands fuel production, 
independent of the Federal agency, are collected as part of 
royalty tracking by the Office of Natural Resources Revenue 
(ONRR) in the U.S. Department of the Interior. These data are 
the main input values to the emissions estimate calculations. 
Publicly available data provided by Office of Natural 
Resources Revenue (2024) via the Natural Resources Revenue 
Data (NRRD) website were the sole source of Federal oil and 
gas production data. State-level coal production data is also 
available via the NRRD, however, under the methodology 
employed in this study, coal mine-level data are required. 
ONRR provided mine-level coal production data to the USGS; 
these data are considered proprietary and not for release. 
ONRR also provided natural CO2 production data to the USGS 
by request, these data are not publicly available. Overall, the 
input data used in this report includes coal, oil, natural gas, 
and natural CO2 production from Federal mineral lands in 
29 States and the Federal offshore Pacific and offshore Gulf 
of Mexico from 2005 to 2022. No fossil fuels were produced 
on Federal lands in the remaining 22 States or the Atlantic and 
Alaska offshore areas during the study period.

Fugitive emissions include measured or estimated 
releases of CH4 from underground and surface coal mines 
(both active and abandoned) and CO2, CH4, and N2O 
emissions from oil and gas infrastructure such as wells, 
pipelines, compressors, and storage tanks. Coal mine data 
were provided by the EPA but compiled by the Mine Safety 
and Health Administration (MSHA). The MSHA or operator 
measures emissions from underground coal mines, and mines 
exceeding a certain emissions threshold also submit emissions 
estimates and measurements to the EPA’s Greenhouse Gas 
Reporting Program (GHGRP).

National- and State-level energy production, sector 
usage, and refining statistics are also required to complete the 
emissions estimate. The source of these statistics is often the 
U.S. Energy Information Administration (EIA), which is part 
of the U.S. Department of Energy. The exception is the natural 
CO2 production usage, which is provided by the EPA GHGRP. 
These published statistics (refer to references in appendix 1) 
were used to generate ratios for apportioning the Federal 
production volumes to end-use fuel types and economic 
sectors. This allocation was necessary because it is often 
impossible to track coal, oil, or gas from a specific Federal 
source as it moves through the fuel supply chain, including 
contributions from private and State lands in pipelines, 
containers, or shipments, to its eventual endpoint where 
emissions are generated. Ratio-based scaling of Federal fuel 
volumes to end uses and economic sections based on national- 
or State-level production volumes was used throughout the 
estimate calculation for amounts of products refined from 
crude oil, industrial uses of natural gas, sector usage for coal 
combustion, and natural CO2 uses.

Emission factors are the values used to convert volumes 
of fuel combusted or extracted into amounts of greenhouse 
gases emitted. These conversions differ by the input fuel 
and the sector of the economy where that fuel is consumed. 
The EPA’s Inventory of U.S. Greenhouse Gas Emissions and 
Sinks (hereinafter U.S. GHG Inventory; U.S. Environmental 
Protection Agency, 2024a), an annual publication of total 
U.S. GHG emissions to meet U.S. Government annual 
commitments under the United Nations Framework 
Convention on Climate Change (UNFCCC), is the source 
of all emission factors used in this report (unless otherwise 
indicated). In addition, the EPA’s U.S. GHG Inventory’s 
calculation methodology is the basis for the methods used in 
this report.

General Methodology

The methods used in this report to estimate GHG 
emissions from fossil fuels produced on Federal lands are 
described in general in this section and in detail in appendix 1. 
The USGS methods are adapted from the more exhaustive 
methodology described in the EPA’s U.S. GHG Inventory 
and its associated annexes (U.S. Environmental Protection 
Agency, 2024a, b). The general procedure for all emissions 
estimates includes (1) apportioning the input data (fuel 
volumes or activity information) to the proper sector for 
emissions tabulation, and (2) employing a sector or fuel 
specific emissions factor to convert that input/activity data 
into GHG emissions. The process explained in this iteration of 
the report is similar to what is described in the initial 2005–14 
report (Merrill and others, 2018). While most calculations are 
the same as in the prior publication, they are still described 
here with the methodological changes specifically noted in the 
following text.

The main methodological changes from the previous 
emissions report involve bringing methods more in line 
with those included in the most recent U.S. GHG Inventory 
(U.S. Environmental Protection Agency, 2024a) and the 
inclusion of new GHG estimates. For example, a report-wide 
change is that the integration of U.S. GHG Inventory sourced 
uncertainty estimates are now sector specific and inclusive 
of both activity data and emissions factor uncertainty. The 
previous version of this report only discussed the uncertainty 
of the whole study. Emissions associated with natural CO2 use 
have been added to these estimates. Federal-lease plugged oil- 
and gas-well fugitive emissions are also now included in the 
report. Inclusion of unplugged idle wells is planned for future 
versions of the estimate. Refer to appendix 1 for a detailed list 
of data sources and steps for the GHG emissions estimates 
included in this report.
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Stationary Combustion Emissions
In 2022, Federal lease oil production totaled 1.056 billion 

barrels, natural gas production totaled 3.790 trillion cubic feet, 
and coal production totaled 262.694 million short tons (Office 
of Natural Resources Revenue, 2024; Office of Natural 
Resources Revenue, written communication, 2024). Emissions 
from these fuels are included in either the stationary or mobile 
combustion estimates.

Stationary emissions encompass greenhouse gas 
emissions from the combustion of fossil fuels in nonmobile 
(nontransportation) sectors. These sectors include the 
combustion of coal for electricity generation, commercial 
and residential use, industrial use, and coke production for 
metallurgical applications. Burning natural gas for electricity 
generation and the use of natural gas as a feedstock in 
industrial processes and refined crude oil fuel products that are 
burned to generate heat or electricity, also represent stationary 
emissions.

Various emission factors were used to convert the 
amounts of fuel combusted into estimates of emissions. 
Emission factors available in the literature are generally fuel 
or end-use sector specific. Because of their various uses, the 
emission factors for stationary combustion of liquid fuels are 
fuel specific. Emission factors for natural gas are based on the 
sectors of the economy where it is used. Coal combustion also 
uses sector specific emissions factors based on energy content, 
rather than coal volumes, therefore accurate coal rank data 
(a measure of the coal’s carbon content) is an important input 
to make the conversions.

Mobile Combustion Emissions
Calculations of mobile emissions are complicated by 

the changing technology, efficiency, and total mileage of 
vehicles driven, flown, and piloted in the United States in 
any given year. Therefore, the USGS method leans heavily 
on the national emissions calculations included in the U.S. 
GHG Inventory and associated annexes (U.S. Environmental 
Protection Agency, 2024a, b). The national-level data from 
the EPA were devolved to ratios of GHG emissions per gallon 
of fuel. The ratios were then multiplied by the gallons of 
fuels that were estimated to have been refined from crude oil 
produced from Federal lands. The USGS estimate therefore 
provides emissions estimates for only the fuels that the EPA 
has estimates for—motor gasoline, aviation gasoline, jet 
kerosene, diesel oil, residual fuel oil, and liquefied petroleum 
gas—fuels that account for nearly all mobile emissions.

Petroleum and Natural Gas Systems Emissions
This category covers fugitive (noncombustion) 

emissions calculations for greenhouse gases released during 
the extraction, processing, and transportation (for example, 
through pipelines) of natural gas and oil from Federal leases, 
as well as platforms in Federal offshore areas. In 2022, Federal 
leases included 26,861 active oil and 42,933 active gas wells, 
19,157 known plugged and abandoned (P&A) oil wells, and 
10,763 P&A gas wells (Bureau of Land Management, National 
Oil and Gas Program, written communication, 2024). In the 
Gulf of Mexico Federal waters, there were 1,096 oil platforms 
and 113 gas platforms (U.S. Environmental Protection Agency, 
2024c, d). Emissions from these infrastructure elements are 
generally referred to as fugitive emissions. All active oil 
and gas production fugitive emissions estimates made by 
the USGS follow a national ratio-based method similar to 
that used for mobile emissions. Because of the complexity 
involved in determining the emissions from natural gas and 
oil infrastructure, the USGS produced a per-well ratio of 
emissions, from the U.S. GHG Inventory’s national emissions 
estimates (U.S. Environmental Protection Agency, 2024b). 
The ratio includes fugitive emissions from production through 
distribution for gas and from production through refining 
for oil. This ratio was multiplied by the number of wells 
producing oil and gas from Federal lands (Bureau of Land 
Management, written communication, 2024) to estimate 
the emissions associated with oil and gas infrastructure on 
those lands.

Oil and gas wells that have been plugged and abandoned 
are included in this report for the first time and are included 
with other fugitive emissions in this section. Refer to 
appendix 1 for more details on the emissions calculation. 
Orphaned wells, those that are unplugged and inactive 
and without a responsible party are uncommon on Federal 
mineral lands owing to the structure of the lease agreements. 
Therefore, these wells were not included in the emissions 
estimate though they would fall under an idle well category 
planned for future inclusion.

For offshore platforms, the EPA has produced emissions 
factors that are per platform, per volume produced, and 
per energy content of fuel flared. These rates were used 
to determine the emissions associated with platforms 
producing in the Federal offshore Pacific and offshore Gulf of 
Mexico areas.
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Natural Carbon Dioxide Production Emissions
Emissions associated with natural CO2 production and 

use are included for the first time in this iteration of the USGS 
Federal lands GHG emissions estimates. These emissions are 
estimated over the full 2005–22 time series of investigation. 
Natural CO2 production data, based on sales royalties from 
the ONRR, are the main input to the calculation. Production 
of natural CO2 from Federal leases ranged from 336 to 
626 billion cubic feet (bcf) or 9.52 to 17.7 billion cubic meters 
(bcm) between 2005 and 2022. Production totaled 364 bcf 
(10.3 bcm) in 2022 (Office of Natural Resources Revenue, 
written communication, 2024). Enhanced oil recovery using 
CO2 (CO2-EOR) accounted for 93 percent of U.S. natural 
CO2 usage in 2022 and was as high as 99.7 percent in 
Colorado (U.S. Environmental Protection Agency, 2024e). 
During CO2-EOR activities, the CO2 is eventually left in the 
subsurface, possibly after multiple rounds of CO2 injection 
and subsequent oil production. Therefore, CO2 volumes used 
in CO2-EOR are not considered as emissions here. In this 
method, as in the EPA’s U.S. GHG Inventory, other industrial 
end uses of natural CO2, such as food and beverage, chemical 
production, greenhouse operation, and fire suppression 
products are considered an eventual GHG emission to the 
atmosphere.

Active Coal Mine Emissions
Methane emissions from active underground and surface 

coal mines were estimated using methods outlined in the U.S. 
GHG Inventory (U.S. Environmental Protection Agency, 
2024b). In 2022, there were 35 active mines producing coal 
from Federal leases; of these, 24 were surface mines and 11 
were underground (Office of Natural Resources Revenue, 
written communication, 2024). Methane gas is released 
both during mining and after mining as coal degasses while 
in transport and processing. Emissions data for active 
underground coal mines are measured in the mine by the 
MSHA or the operators themselves, which then are provided 
to the EPA. For large emitters (>17,579 metric tons of 
CO2 Eq. per year), underground mines also report to the EPA 
Greenhouse Gas Reporting Program. Active surface mine 
emissions and also postmining emissions from surface and 
underground mines cannot be directly measured. Therefore, 
their emission rates are based on the amount of coal produced 
from the mine, as well as a basin-specific emission factors. 
A significant change in the methodology for estimating 
emissions from underground mines with this iteration of the 
report was apportioning the reported emissions for the whole 
mine by the proportion of total coal production that was from 
Federal leases. The previous methodology considered the 
entire mine’s active underground mine emissions as Federal, if 
there was any coal production from Federal leases regardless 
of the proportion.

Abandoned Underground Coal Mine Emissions
Even after an underground mine has stopped actively 

producing coal, the remaining coal releases CH4 gas for 
some time. When permanently closed, an underground 
mine is sealed, vented, or flooded with groundwater, or 
a combination of the three. The method of abandonment 
will affect the amount and rate of CH4 released. In general, 
mines will release the most CH4 immediately after being 
permanently closed, and the rate will decrease over time. The 
rate of decline and the effects of the geology and method of 
abandonment are explained in the EPA’s methodology for 
estimating abandoned mine emissions (Franklin and others, 
2004; U.S. Environmental Protection Agency, 2004). We used 
a slightly simplified nonprobabilistic version of the method 
used by the EPA. In the 2022 year, abandoned underground 
coal mine emissions were estimated for eight mines that 
had produced from Federal coal leases. A methodological 
change similar to that described in the active underground 
mines section was also applied here where abandoned 
mine emissions are assigned based on the average Federal 
proportion of whole mine coal production. Abandoned mine 
methane is an active area of research at the USGS (Karacan 
and Warwick, 2019) and this methodology may be modified 
for future estimates.

Uncertainty of Emissions Estimates
In this report, emissions uncertainty is represented as a 

low, central, and high bound value for each calculation. The 
low and high bounds are percentages of the central value. 
We employ the sector- and total-specific uncertainty bounds 
provided in the U.S. GHG Inventory (U.S. Environmental 
Protection Agency, 2024a). Uncertainties produced by 
the EPA follow the Intergovernmental Panel on Climate 
Change (IPCC)-recommended Tier 2 uncertainty estimation 
methodology, a Monte Carlo stochastic simulation technique 
(Intergovernmental Panel on Climate Change, 2000; 
U.S. Environmental Protection Agency, 2024a). We believe 
the EPA’s method of quantifying uncertainty is applicable to 
the methodology used here because the USGS uses a slightly 
modified and simplified version of the EPA methodology in 
the U.S. GHG Inventory.

The EPA reported uncertainty on GHG emissions 
estimates is generally smaller for combustion calculations 
than for fugitive emissions from extractive activities. This 
difference in uncertainty is intuitive because combusted 
materials are measured for sale and therefore are well 
constrained in their quantities, whereas the amounts of gases 
emitted during extraction and transport (fugitive emissions) 
are often estimated or scaled up from smaller sampling 
efforts, resulting in higher uncertainty. For example, the 
U.S. GHG Inventory cited uncertainty with a 95-percent 
confidence interval ranging from −2 to 4 percent of the 
mean CO2 emissions from stationary fossil fuel combustion 
in 2022 (U.S. Environmental Protection Agency, 2024a). 
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Conversely, fugitive emissions estimates exhibit wider 
ranges of uncertainty, with petroleum systems emissions 
(active and plugged wells, offshore platforms) ranging from 
−19 to 25 percent for CO2, and −18 to 23 percent for CH4. 
The EPA reported natural gas systems uncertainties have 
similar ranges of −12 to 15 percent for CO2 and −18 to 17 
percent for CH4. Owing to the significantly larger proportion 
of emissions tied to the combustion of fossil fuels (lower 
uncertainty), the total estimated low and high bounds show 
less range than in individual section uncertainties. The total 
uncertainties of the U.S. GHG Inventory estimates were 
between −2 and 4 percent, −14 to 14 percent, and −17 to 26 
percent for CO2, CH4 and N2O, respectively. Because totals 
have lower uncertainty ranges than their constituent sector 
level uncertainty ranges, low and high bound totals cannot be 
produced through their summation. This is discussed further 
in the appendix 1 section “Precision, Rounding, Totals, and 
Uncertainty of Emissions Estimates.”

Results

The USGS estimates of emissions from the combustion 
of fossil fuels produced on Federal lands include output values 
for CO2, CH4, and N2O gases in 29 States, the offshore Pacific, 
and offshore Gulf of Mexico for the years 2005 through 
2022. Results from this estimate are presented by sector and 
by gas; the total number of output estimates are 19 for CO2, 
21 for CH4, and 18 for N2O, plus a number of sector totals. 
These results, as well as their low and high bound values are 
available in the data release for this report (Merrill and others, 
2024). Table 1 contains a summary of fossil fuel-associated 
sector emissions estimates for Federal lands in 2022. All 
results are reported in million metric tons of CO2 equivalent 
(MMT CO2 Eq.) to enable direct comparison of the different 
gases. To make the conversion, the amounts of gases are 
multiplied by their global warming potential (GWP), a factor 
that accounts for the effect a specific gas has in warming the 
atmosphere relative to the effect of CO2. GWPs are specific 
to different time spans of consideration, commonly 100 or 
20 years, and are updated regularly as research progresses. 
The values for the three gases in this report are based on 
100-year GWP from the IPCC’s 5th assessment report (AR5) 
(Intergovernmental Panel on Climate Change, 2013). While 
updated GWP values were released more recently (AR6) 
(Intergovernmental Panel on Climate Change, 2021), the EPA 
still uses AR5 GWP values to satisfy United Nations reporting 
requirements. Because this report commonly compares results 
with the U.S. GHG Inventory, we use the AR5 GWP values as 
well. Those values are 1 for CO2, 28 for CH4, and 265 for N2O 
(Intergovernmental Panel on Climate Change, 2013).

Nationwide emissions from fuels extracted from 
Federal lands in 2022 were 1,081.2 MMT CO2 Eq. for CO2, 
33.4 MMT CO2 Eq. for CH4, and 4.3 MMT CO2 Eq. for 
N2O. The total uncertainty ranges on these 2022 estimates 
are 1,059.5 to 1,124.4 MMT CO2 Eq. for CO2, 28.8 to 

38.1 MMT CO2 Eq. for CH4, and 3.5 to 5.4 MMT CO2 Eq. 
for N2O (appendix 1, table 1.8). Total emissions from the 
production and combustion of fossil fuels produced on Federal 
lands for the years 2005–22, as well as comparisons to U.S. 
fossil fuel and U.S. total emissions (U.S. Environmental 
Protection Agency, 2024a), are presented in table 2. Calculated 
average values from table 2 show that Federal lands fuels 
emissions from 2005 to 2022 accounted for 21.8 percent of 
U.S. total CO2 emissions, 6.1 percent for CH4, and 1.3 percent 
for N2O. Relative to total U.S. fossil fuel emissions, the same 
Federal lands fuels emissions accounted for 22.6 percent of 
CO2 emissions, 13.6 percent for CH4, and 5.3 percent for N2O.

In 2022, Wyoming, offshore Gulf of Mexico, New 
Mexico, Colorado, and Utah had the highest CO2 emissions 
from fuels produced on Federal lands (fig. 2). The CO2 
emissions attributed to Federal lands in Wyoming are 
41 percent of the total from Federal lands in all States and 
offshore areas combined. Emissions estimates for the release 
of CH4 are also highest for Federal lands in Wyoming 
(36 percent), followed by New Mexico, offshore Gulf of 
Mexico, Colorado, and Utah (fig. 3). The figures and tables 
in this report only summarize the results and are not intended 
to be a complete presentation of all results. The full dataset is 
available online (Merrill and others, 2024).

Discussion

The results demonstrate that the trends and relative 
magnitudes of the GHG emissions estimated are roughly 
parallel to the Federal lands production volumes (Office 
of Natural Resources Revenue, 2024). Figure 4 shows the 
correlated declining trends in combined (oil, gas, coal) fossil 
fuel production, represented in total energy content units 
(U.S. Energy Information Administration, 2024a) and the 
emissions associated with those fuels for the nation as well 
as the top three places of origin for emissions. States that 
produced the most fuel from Federal lands resulted in the 
highest estimated emissions for CO2, CH4, and N2O when 
those fuels were produced and combusted. Trends in emissions 
over the 18-year timeframe reflect changes in production 
volumes; however, in States where multiple fuels were 
produced, these relationships may not be evident or direct. 
Although emission factors, numbers of producing wells, 
vehicle efficiency, and sector usage rates all change from 
year to year, they have minimal effect on the final emissions 
results compared to the amount of fossil fuel production. 
Any significant changes in production will result in a similar 
change in the attributed emissions.

Emissions from fossil-fuel activities on Federal lands 
have declined over time. Figure 5 depicts the emissions for 
each year relative to the emissions from 2005, the first year 
of this estimate. After increasing from 2005 to a peak in 
2008–2010, Federal emissions generally declined until 2022. 
The 2022 totals represent decreases in emissions for all three 
greenhouse gases relative to 2005 values, with reductions of 
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Table 1.  National totals and subtotals for several categories of greenhouse gas emissions associated with the combustion and 
extraction of fossil fuels from U.S. Federal lands in 2022.

[The full dataset associated with this report (Merrill and others, 2024) contains similar data for 29 States and two offshore areas for 2005–22. All nonbold values 
are sector subtotals; the number of significant figures indicates the precision in the underlying State-level estimates. Values are in million metric tons of carbon 
dioxide equivalent (MMT CO2 Eq.). The emission category totals are reported to 2 decimal places and total Federal lands values are reported to 1 decimal place. 
CO2, carbon dioxide; CO2-EOR, enhanced oil recovery using CO2; CH4, methane; N2O, nitrous oxide; –, value not calculated]

Emission category Sector/fuel
CO2 emissions 
(MMT CO2 Eq.)

CH4 emissions 
(MMT CO2 Eq.)

N2O emissions 
(MMT CO2 Eq.)

Combustion emissions

Stationary

Coal: electricity generation, 
commercial and residential

423.80 1.27 1.84

Coal: industrial 16.95 0.053 0.076
Coal: industrial coking 0.065 0.00023 0.00032
Petroleum products 83.32 0.092 0.17
Natural gas 208.23 0.11 0.10
Stationary total: 732.4 1.5 2.2

Mobile

Motor gasoline 177.55 0.123 0.928
Aviation gasoline 0.35 – –
Jet kerosene 50.63 – 0.30
Diesel oil 102.74 0.019 0.74
Residual fuel oil 11.93 0.13 0.068
Liquefied petroleum gas 0.021 – –
Mobile total: 343.2 0.27 2.0

Extraction emissions
Petroleum systems Wells, equipment, and platforms 1.56 6.43 0.0043
Natural gas systems Wells, equipment, and platforms 4.04 19.57 0.017
CO2 production Non-CO2-EOR uses 0.00046 – –

Coal mining

Surface mines – 4.77 –
Underground mines – 0.78 –
Abandoned mines – 0.10 –
Coal mining total: – 5.7 –

Total emissions
Total Federal lands 1,081.2 33.4 4.3

Wyoming, 448.0 (41%)

Offshore Gulf of Mexico, 283.4 (26%)

New Mexico, 224.4 (21%)

Utah, 31.5 (3%)

Colorado, 29.5 (3%)

North Dakota, 27.8 (3%)

Montana, 22.4 (2%)
California, 3.8 (<1%)

Louisiana, 3.1 (<1%)

Texas, 2.4 (<1%)

Other, 5.1 (1%) Wyoming

EXPLANATION

Offshore Gulf of Mexico

New Mexico

Utah

Colorado

North Dakota

Montana

California

Louisiana

Texas

Other

Figure 2.  Pie chart showing 
carbon dioxide emissions 
associated with the extraction 
and combustion of fossil fuels 
produced from Federal lands 
in the 10 States or offshore 
regions with the highest 
emissions in 2022. Emissions 
are reported in million metric 
tons of carbon dioxide 
equivalent (MMT CO2 Eq.). 
%, percent.
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Table 2.  National totals for greenhouse gas emissions associated with the combustion and extraction of fossil fuels from U.S. Federal 
lands, 2005–22.

[U.S. fossil fuels and U.S. total emissions are from the U.S. Environmental Protection Agency (2024a). All values are in million metric tons of carbon dioxide 
equivalent (MMT CO2 Eq.). CO2, carbon dioxide; CH4, methane; N2O, nitrous oxide]

Year

CO2 emissions CH4 emissions N2O emissions

Federal lands 
fossil fuels

U.S. fossil 
fuels

U.S. total
Federal lands 

fossil fuels
U.S. fossil 

fuels
U.S. total

Federal lands 
fossil fuels

U.S. fossil 
fuels

U.S. total

2005 1,308.7 5,909.8 6,126.9 53.4 358.5 795.4 6.1 67.5 419.2

2006 1,321.7 5,822.2 6,045.3 60.1 371.6 806.6 6.2 67.7 420.6

2007 1,332.7 5,896.0 6,121.5 61.1 369.0 810.3 6.2 65.1 431.6

2008 1,356.0 5,708.7 5,919.2 62.5 387.3 821.6 6.2 62.2 416.5

2009 1,365.5 5,320.0 5,486.1 58.9 374.5 806.8 6.5 58.4 410.1

2010 1,352.7 5,474.1 5,668.7 57.6 372.5 807.6 6.3 59.7 418.3

2011 1,286.6 5,342.3 5,540.3 53.3 356.7 778.3 5.9 57.4 419.9

2012 1,222.6 5,134.7 5,332.8 50.5 342.4 764.1 5.5 53.1 392.8

2013 1,156.2 5,275.9 5,473.7 47.0 351.8 766.2 5.2 53.6 434.0

2014 1,221.0 5,327.5 5,529.9 45.5 351.2 762.4 5.5 51.9 439.6

2015 1,200.9 5,172.3 5,368.3 43.4 345.2 764.4 5.1 47.9 427.0

2016 1,021.8 5,059.2 5,246.4 37.0 320.7 744.6 4.2 46.5 413.4

2017 1,084.1 5,010.3 5,196.5 38.3 332.7 759.5 4.5 44.0 417.8

2018 1,093.5 5,177.3 5,362.2 38.2 336.1 771.5 4.5 42.8 439.5

2019 1,105.5 5,046.1 5,234.5 37.3 321.7 754.3 4.6 41.3 416.4

2020 961.9 4,507.3 4,689.0 34.6 305.3 735.3 3.9 36.6 391.2

2021 1,040.0 4,828.3 5,017.2 34.6 293.4 720.5 4.2 38.8 398.2

2022 1,081.2 4,863.2 5,053.0 33.4 282.3 702.4 4.3 41.4 389.7

Wyoming, 12.1 (36%)

New Mexico, 8.1 (24%)

Offshore Gulf of Mexico, 
5.2 (15%)

Colorado, 3.1 (9%)

Utah, 
2.3 (7%)

Montana, 0.9 (3%)
California, 0.3 (1%)

North Dakota, 0.3 (1%)
Texas, 0.2 (1%) Ohio, 0.2 (<1%)

Other, 0.9 (3%)

Wyoming

EXPLANATION

Offshore Gulf of Mexico

New Mexico

Utah

Colorado

North Dakota

Montana

California

Ohio

Texas

Other

Figure 3.  Pie chart showing 
methane emissions associated 
with the extraction and 
combustion of fossil fuels 
produced from Federal lands in 
the 10 States or offshore regions 
with the highest emissions in 
2022. Emissions are reported 
in million metric tons of carbon 
dioxide equivalent (MMT CO2 Eq.). 
%, percent.
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17 percent for CO2, 37 percent for CH4, and 30 percent for 
N2O. The main driving factor of this trend is reduced fossil 
fuel production and fuel switching. However, although not 
explicit in the data, the effects of emissions reductions through 
engineering improvements and other mitigations may have 
driven this trend as well. The decrease in CH4 emissions from 
2020–2022, while CO2 and N2O emissions have increased, 
is mostly due to changes in emissions factors used in the 
petroleum systems fugitive emissions calculations. Those 
factors are based on U.S. Environmental Protection Agency 

(2024a) reported 2022 CH4 emissions from production 
activities and pneumatic controllers, which are significantly 
lower than previous years. Methane emissions reductions were 
also present in natural gas systems, and underground coal 
mines, but to a lesser extent.

The reduction in estimated fossil fuel-associated Federal 
lands emissions from 2005 to 2022 is also observed in both 
United States fossil fuel and total emissions reported by the 
EPA (table 2), however, the reduction in Federal emissions is 
marginally greater. This is evident in the slight declining slope 
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Figure 4.  Graph of combined (oil, gas, and coal) Federal lease fossil fuel production in petajoules of energy content compared to 
estimated greenhouse gas emissions in million metric tons of CO2 equivalent (MMT CO2 Eq.), 2005–22. Data presented is Federal 
emissions for total United States, as well as Wyoming, New Mexico, and offshore Gulf of Mexico. Note that 1 petajoule = 278 gigawatt 
hours, or roughly the amount of energy needed to power 12,000 U.S. homes for a year (U.S. Energy Information Administration, 2024b).
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of the lines in figure 6, with Federal lands emissions plotted 
as a percentage of U.S. fossil fuel and total emissions. For 
CO2, Federal emissions, as a share of the U.S. fossil fuel and 
total emissions, have declined from a 2009 peak of nearly 25 
percent to around 21 percent in 2022, despite a slight increase 
in recent years (fig. 6). Similar declining trends were seen 
in both CH4 and N2O. Significant CH4 and N2O emissions 
are also produced through noncombustion activities like 
agriculture, livestock, landfills, and wastewater treatment, 
therefore the Federal fossil fuel percentage of these gases 
compared to total U.S. emissions is lower. When comparing 
Federal fossil fuel to U.S. fossil fuel emissions, the relatively 
lower percentages for CH4 and N2O compared to CO2 are due 
to the different mix of oil, gas, and coal production between 
Federal and non-federal lands as well as differences in fugitive 
emissions. Overall, while U.S. total, U.S. fossil fuel, and 
Federal lease fossil fuel emissions are all decreasing, the latter 
is decreasing by a slightly larger amount.

Terrestrial Ecosystem-Associated 
Carbon Emissions and Sequestration 
on Federal Lands

Introduction

For the ecosystems emissions and sequestration part of 
this report, we estimated the annual amount of CO2 that was 
stored and emitted by terrestrial ecosystems, including forests, 
grasslands, shrublands, and wetlands. Plants convert CO2 to 
carbon through photosynthesis, which is expressed as gross 
primary productivity (GPP). Refer to table 3 for a summary of 
the terms introduced in this section. The terms include stocks, 
the amount of carbon present in a carbon reservoir, and fluxes, 

annual changes to those stocks. Autotrophic respiration (Ra) 
is the release of CO2 back to the atmosphere by plants through 
respiration. The difference between GPP and Ra is referred to 
as net primary productivity (NPP), or the amount of CO2 fixed 
or stored in new vegetation each year. Ecosystems also respire 
CO2 through the decay and decomposition of dead organic 
matter (deadwood and litter), referred to as heterotrophic 
respiration (Rh). The total net ecosystem productivity (NEP) 
can thus be estimated as GPP + (Ra + Rh).

Changes to ecosystems, typically caused by urbanization, 
expansion and contraction of agricultural land, afforestation, 
wildfires, and forest harvest are considered forms of land use 
and land use and land cover (LULC) change. These changes 
typically result in the removal of carbon from the ecosystem 
and are therefore considered emissions or removals for the 
purpose of this report. Combustion of carbon associated with 
land use and land-use change and disturbance are subtracted 
from NEP to estimate net ecosystem exchange (NEE), which 
reflects the exchange of carbon stored within ecosystems and 
the atmosphere on an annual basis. NEE is an appropriate 
value for comparison with annual fossil fuel-associated 
emissions and is used again in this report where the concept 
of net emissions is introduced. Additionally, we report 
net biome productivity (NBP), which includes carbon 
removed from ecosystems but not necessarily released to the 
atmosphere. When forests are harvested, carbon enters the 
harvest wood products (HWP) pool, where it can remain for 
decades or longer. In this report, harvested wood products 
are not considered in the calculation of net emissions to the 
atmosphere and are assumed to be lateral fluxes of carbon. 
In the full dataset associated with this report (Merrill and 
others, 2024), we provide estimates of most of the stocks and 
fluxes in table 3. Estimates are included for carbon stocks 
such as total ecosystem carbon (TEC), live, soil, deadwood, 
litter, and annual carbon fluxes such as, NPP, NEP, NBP, 
NEE, Rh, combustion, and harvest, for Federal lands of the 
conterminous United States for the period 2005–21.
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Figure 6.  Graph of estimated Federal lease-associated greenhouse gas emissions presented as a percentage relative to the U.S. fossil 
fuel and U.S. total emissions estimated in the U.S. greenhouse gas (GHG) Inventory, 2005–22 (U.S. Environmental Protection Agency, 
2024a). Results for three greenhouse gases (carbon dioxide [CO2], methane [CH4], and nitrous oxide [N2O]) are provided.
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Data Sources and Methodology

This USGS study used the Land Use and Carbon 
Scenario Simulator (LUCAS) to model changes in land 
use and land cover, natural disturbances, and climate, and 
the corresponding changes in ecosystem carbon balance. 
LUCAS is a spatially explicit simulation model used 
to forecast landscape dynamics; it uses a fully coupled 
state-and-transition simulation model (STSM) to track 
changes in land use and land cover (Daniel and others, 2016) 
along with a stock and flow model (SF) to track changes in 
ecosystem carbon balance (Daniel and others, 2018). The 
stock flow model follows a carbon gain-loss approach, where 
carbon is transferred between predefined carbon pools each 
year. The LUCAS model was run on an annual time step 
from 2001–2021 at a spatial resolution of 1-km x 1-km for 
the entire conterminous United States. To capture model 
uncertainty, we ran 20 Monte Carlo realizations of the model 
using a range of forest type growth rates.

The LUCAS model has been used for a range of 
applications including estimating LULC change and 
ecosystem carbon dynamics in Hawaii (Sleeter and others 
2017; Selmants and others, 2021), the conterminous 
United States (Sleeter and others, 2018), and in California 
to assess the effects of alternative scenarios of LULC and 
climate change (Sleeter and others, 2019) and the effect 

of natural climate solutions (Marvin and others, 2023). 
A complete description of the LUCAS approach can be found 
in Sleeter and others (2022) including the primary differences 
between the approach used in this study and efforts such 
as the EPA’s U.S. GHG Inventory and other process-based 
modeling efforts.

Initial state class maps (for example, land cover and 
land use) for the year 2001 were developed using land cover 
maps from the National Land Cover Database (NLCD; 
Homer and others, 2007), existing vegetation type (EVT) 
from the Landfire program (Rollins, 2008), location and types 
of wetlands from the National Oceanic and Atmospheric 
Administration’s (NOAA) Coastal Change and Analysis 
Program (C-CAP) (National Oceanic and Atmospheric 
Administration, 2024), and location and types of grasslands 
and shrublands from NLCD’s Rangeland Condition 
Monitoring Assessment and Projection (RCMAP) project 
(Rigge and others, 2024). In total, we identify and model 52 
unique LULC classes. Initial stand age for all forest areas was 
derived from data from Williams and others (2020).

This study utilized annual and semiannual maps of land 
cover and ecosystem disturbances to track changes over 
time. Data from the NCLD for the years 2001, 2004, 2006, 
2008, 2011, 2013, 2016, 2019, and 2021 were analyzed to 
identify areas where urbanization, agricultural expansion, and 
agricultural contraction occurred between 2001 and 2021. 

Table 3.  Explanation of carbon stock and flux terms from the terrestrial ecosystem sequestration calculations.

[Terms are grouped by carbon stock or typical flux type. This table may be useful when examining the results in tables 4 and 5. CO2, carbon dioxide; LULC, 
land use and land cover]

Term Name Explanation
Stocks: terrestrial carbon reservoirs

TEC Total ecosystem carbon Total carbon stored in an ecosystem; the combination of carbon stored in soils, dead organic matter, 
and live vegetation.

Live Live vegetation Carbon stored in live vegetation, both above and below ground.

Soil Soil organic matter Carbon stored in the organic material of soils.

Deadwood Deadwood Carbon stored in deadwood organic matter.

Litter Litter Carbon stored in surface litter organic matter.

Fluxes: carbon sequestration

GPP Gross primary productivity CO2 removed from the atmosphere and converted to carbon by plant photosynthesis.

NPP Net primary productivity GPP + Ra. Lateral fluxes from onshore to offshore may also impact this value. The amount of CO2 
fixed or stored in new vegetation each year.

NEP Net ecosystem productivity GPP + (Ra + Rh).

NBP Net biome productivity NEP + (combustion + harvest). Ecosystems carbon losses caused by land use and land cover change 
and disturbances. The absolute change in carbon stored within ecosystems, including the transfer 
of carbon to harvested wood products.

NEE Net ecosystem exchange NEP + combustion. The net exchange of greenhouse gases between ecosystems and the atmosphere.

Fluxes: carbon emissions

Ra Autotrophic respiration CO2 released to the atmosphere by plant respiration.

Rh Heterotrophic respiration CO2 released to the atmosphere from decay of dead organic matter.

Combustion Combustion carbon flux Ecosystem carbon loss as CO2 released to the atmosphere during wildfire and LULC change.

Harvest Forest harvest carbon flux Ecosystem carbon loss from forest timber harvest and LULC change.
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Areas of forest harvest were identified using annual Landfire 
Disturbance data (LANDFIRE, 2023) and areas where fire 
occurred (low, medium, and high severity) were identified 
using annual maps from the Monitoring Trends in Burn 
Severity project (Eidenshink and others, 2007).

To model the effects of climate variability and change on 
ecosystem carbon cycling we used annual maps of temperature 
and precipitation from the Parameter-elevation Regressions 
on Independent Slopes Model (PRISM) database (PRISM 
Climate Group, 2023). An external model of net primary 
productivity (NPP) was derived for forest and non-forest cells 
(Del Grosso and others, 2008) and used to modify the annual 
baseline NPP rates of the model (Sleeter and others, 2022). 
Additionally, annual temperature maps were used to scale the 
annual rate of decomposition of dead organic matter (Sleeter 
and others, 2022).

Federally administered surface lands in the conterminous 
United States (hereinafter Fed-CONUS) were identified 
from the USGS Protected Areas Database (PADUS) version 
1.4 (U.S. Geological Survey, 2016). A mask was created 
by selecting all PADUS polygons that had Federal owner 
designation. These included lands managed by the Bureau of 
Land Management, U.S. Department of Agriculture Forest 
Service, U.S. Department of Defense, U.S. Department 
of Energy, Bureau of Reclamation, U.S. Army Corps of 
Engineers, National Park Service, National Oceanic and 
Atmospheric Administration, Natural Resources Conservation 
Service, and other Federal agencies. Native American and 
Tribal lands were not included in this analysis. The Federal 
lands layer was combined with U.S. State boundaries from the 
U.S. Census Bureau (htt​ps://www.c​ensus.gov/​geographies/​
mapping-​files/​time-​series/​geo/​carto-​boundary-​file.html) to 
provide a unique State identification code for each Federal 
land cell. Although small changes in the extent of Federal 
lands may have taken place over the period of study, we 
assumed that the extent of Federal lands was unchanging 
over time.

We used the Federal lands mask described above to 
extract the 14 key LUCAS carbon stock and flux variables 
listed in table 3. The carbon stocks were total ecosystem 
carbon (TEC), live vegetation, soil, deadwood, and litter. 
Carbon sequestration fluxes included, gross primary 
productivity, net primary productivity, net ecosystem 
productivity, net biome productivity, and net ecosystem 
exchange. The carbon emission fluxes were autotrophic 
respiration, heterotrophic respiration, combustion associated 
with wildfire and LULC change, and carbon removals 
associated with forest harvest and LULC change. The 
LUCAS output data consist of tabular data summaries stored 
in a database format and annual maps of each carbon stock 
and flux variable at 1-km x 1-km resolution. Each map was 
stored as a GeoTIFF file with each layer representing a single 
year between 2001 and 2021. To facilitate comparisons 
with the fossil fuel-associated emissions estimates and 
EPA’s U.S. GHG Inventory estimates, all carbon stocks and 
sequestration are represented as negative values and all carbon 

releases, removals, or losses to the atmosphere are represented 
as positive values. Additional methodological details are 
provided in appendix 2 of this report.

Results

The carbon sequestration results were calculated for 
various timeframes depending on geographic area and 
specific output. For comparison with the fossil fuel-associated 
emissions, results were provided by State and for the years 
2005–21 only. The full dataset supporting the following 
summary of results is available in the companion data release 
to this report (Merrill and others, 2024). In 2005, lands of 
the Fed-CONUS stored 71,101 MMT CO2 Eq. in terrestrial 
ecosystems (total ecosystem carbon [TEC]). By 2021, carbon 
storage was estimated at 70,424 MMT CO2 Eq., representing 
a decrease of 0.9 percent, or 677 MMT CO2 Eq. Soils stored 
most of the TEC (66 percent), followed by live vegetation 
(25 percent), deadwood (5 percent), and litter (4 percent). 
Over the 17-year period, there was a mean net loss of 
1,177 MMT CO2 Eq. in live vegetation and a mean net loss 
of 134 MMT CO2 Eq. in litter, while 143 MMT CO2 Eq. was 
sequestered in soils, and 490 MMT CO2 Eq. was added to 
deadwood pools (table 4).

Between 2005 and 2021, Federal lands sequestered 
an average of 83 million metric tons of carbon dioxide 
equivalent per year (MMT CO2 Eq./yr) (annual NEP), 
the difference between an average gain through NPP 
of 1,534 MMT CO2 Eq./yr and an average loss through 
ecosystem Rh of 1,445 MMT CO2 Eq./yr. Additional 
losses of carbon from terrestrial ecosystems resulted from 
wildfire, logging, and other land use and land use changes. 
We estimated direct emissions to the atmosphere resulting 
from LULC and disturbances at 67 MMT CO2 Eq./yr. 
By subtracting the cumulative effects of LULC- and 
disturbance-related CO2 losses to the atmosphere from the 
NEP, we estimated that ecosystems at the national level 
sequestered CO2 at a mean rate of 17 MMT CO2 Eq./yr 
(net ecosystem exchange [NEE]) with an additional 
52 MMT CO2 Eq./yr transferred from ecosystems to HWP. 
We did not model the decay and turnover of HWP pools in 
this report.

Carbon sequestration on Federal lands was highly 
variable over time, owing primarily to interannual variability 
in climate and weather and the variability in LULC and 
disturbances. Between 2005 and 2021, mean annual 
NPP for lands in the Fed-CONUS ranged from 1,306 to 
1,734 MMT CO2 Eq./yr. Over the same period, NEE varied 
between –348 MMT CO2 Eq./yr and 376 MMT CO2 Eq./yr, 
meaning sequestering and also emitting carbon to the 
atmosphere (fig. 7). The large variation in the size of the 
land sink was due, in part, to variability in the magnitude 
of disturbances. For example, combustion emissions in the 
Fed-CONUS ranged from 15 MMT CO2 Eq./yr in 2019 to 
165 MMT CO2 Eq./yr in 2020 (fig. 7).

https://www.census.gov/geographies/mapping-files/time-series/geo/carto-boundary-file.html
https://www.census.gov/geographies/mapping-files/time-series/geo/carto-boundary-file.html
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Ten States accounted for over 70 percent of the 
carbon storage on lands in the Fed-CONUS (table 5). 
The largest amount was stored in California, followed by 
Montana, Oregon, Idaho, Colorado, Nevada, Wyoming, 
Utah, New Mexico, and Washington. California stored 
12 percent (8,259 MMT CO2 Eq.) of the total carbon 
storage on lands in the Fed-CONUS and accounted for 
12 percent of the Federal land area. Conversely, Nevada 
accounted for the largest proportion of Fed-CONUS land 
area (14 percent) but stored only 7 percent of the total 
carbon (4,720 MMT CO2 Eq.). Of the 20 States with 
the largest Federal land area, the largest carbon storage 
densities were in Florida (921 metric tons of carbon dioxide 
equivalent per hectare [MT CO2 Eq./ha]), Minnesota 
(806 MT CO2 Eq./ha), Virginia (756 MT CO2 Eq./ha), and 
Michigan (751 MT CO2 Eq./ha), owing primarily to the 
formation of deep, organically rich peat soils.

California had the highest rate of NPP, averaging 
171 MMT CO2 Eq./yr. Nevada, which has the largest land 
area in the Fed-CONUS, averaged 108 MMT CO2 Eq./yr in 
NPP. The difference in mean annual carbon uptake can be 
attributed primarily to the proportion of forest lands found 
in California compared with Nevada. Forests remove carbon 

from the atmosphere at a much higher rate than regions 
dominated by grasslands and shrublands. Of the States 
with more than 5 million hectares of Federal land area, 
Washington had the highest rate of carbon uptake, averaging 
11 metric tons of carbon dioxide equivalent per hectare per 
year (MT CO2 Eq./ha/yr). The highest uptake rate overall for 
States with more than 1 million hectares of Federal lands was 
found in Florida, which averaged 37 MT CO2 Eq./ha/yr.

When ecosystem respiration, LULC, and emissions 
from disturbances were considered, Florida was the 
largest net sink (most negative NEE) of carbon on 
Federal lands at a rate of –2.9 MMT CO2 Eq./yr. Missouri 
sequestered (negative NEE) 2.8 MMT CO2 Eq./yr, 
Minnesota sequestered 2.5 MMT CO2 Eq./yr, Michigan 
sequestered 2.2 MMT CO2 Eq./yr, and Virginia sequestered 
1.9 MMT CO2 Eq./yr.

California had the largest mean annual carbon 
emissions from wildfire and LULC change at 
21.7 MMT CO2 Eq./yr, followed by Idaho and Oregon, 
which averaged 8.3 and 6.7 MMT CO2 Eq./yr, respectively. 
The largest forest harvest-related carbon losses were 
found in California and Oregon, which averaged 8.2 and 
7.5 MMT CO2 Eq./yr, respectively.

Table 4.  Carbon stocks and fluxes for Federal lands in the conterminous United States, 2005–21.

[Units are in million metric tons of carbon dioxide equivalent (MMT CO2 Eq.) for stocks and million metric tons of carbon dioxide equivalent per year (MMT 
CO2 Eq./yr) for fluxes. Because of rounding, averages may not add to totals shown. Negative values indicate a net carbon sink or sequestration, and positive 
values indicate a net carbon source to the atmosphere or emissions. TEC, total ecosystem carbon; Live, carbon storage in live vegetation; Deadwood, carbon 
storage in dead organic matter; Litter, carbon storage in litter; Soil, carbon storage in soils; NPP, net primary productivity; Rh, heterotrophic respiration; NEP, 
net ecosystem productivity; NBP, net biome productivity; NEE, net ecosystem exchange; Harvest, carbon loss from forest harvest; Combustion, carbon loss 
from combustion including wildfire. Refer to table 3 and the text for further explanation of carbon stocks and fluxes]

Carbon stocks, in MMT CO2 Eq. Carbon fluxes, in MMT CO2 Eq./yr

Year TEC Live Deadwood Litter Soil NPP NEP NBP NEE Rh Harvest Combustion

2005 −71,100.9 −18,630.2 −2,792.3 −3,130.0 −46,548.5 −1,691.9 −251.9 −188.5 −216.5 1,434.3 28.1 35.4

2006 −71,096.7 −18,586.4 −2,823.9 −3,119.7 −46,566.8 −1,555.6 −86.8 10.5 −17.4 1,463.2 27.9 69.5

2007 −70,920.5 −18,383.1 −2,872.6 −3,089.8 −46,575.1 −1,415.2 55.4 186.3 153.9 1,465.1 32.5 98.5

2008 −70,929.9 −18,289.2 −2,916.1 −3,135.9 −46,588.8 −1,495.4 −129.7 −2.7 −75.3 1,360.2 72.6 54.4

2009 −70,914.3 −18,224.6 −2,921.8 −3,167.5 −46,600.4 −1,471.1 −74.0 19.0 −45.8 1,391.5 64.9 28.2

2010 −71,158.5 −18,448.8 −2,923.1 −3,177.2 −46,609.3 −1,729.4 −322.1 −240.9 −298.8 1,401.7 58.0 23.3

2011 −71,153.1 −18,335.3 −2,942.5 −3,232.3 −46,643.0 −1,505.9 −87.7 10.0 −40.9 1,412.6 51.0 46.8

2012 −70,875.2 −18,129.2 −2,973.0 −3,138.7 −46,634.2 −1,413.3 145.2 286.4 235.2 1,553.0 51.3 90.0

2013 −70,790.8 −18,001.5 −2,993.6 −3,154.9 −46,640.8 −1,419.7 −28.8 90.2 20.7 1,385.5 69.6 49.4

2014 −70,827.8 −18,082.8 −2,999.9 −3,109.4 −46,635.8 −1,555.5 −115.5 −32.1 −73.5 1,434.5 41.4 42.1

2015 −70,811.2 −18,124.4 −3,012.6 −3,043.6 −46,630.8 −1,606.5 −92.3 22.8 −30.7 1,508.6 53.6 61.6

2016 −70,837.3 −18,149.0 −3,015.8 −3,028.6 −46,644.1 −1,601.3 −119.9 −21.7 −77.5 1,475.9 55.9 42.4

2017 −70,808.0 −18,058.2 −3,062.2 −3,029.0 −46,658.5 −1,596.4 −125.5 38.6 −30.9 1,465.5 69.5 94.6

2018 −70,729.3 −17,906.4 −3,098.2 −3,048.1 −46,676.7 −1,501.6 −55.9 87.6 28.8 1,440.3 58.9 84.7

2019 −71,021.7 −18,112.5 −3,090.0 −3,116.0 −46,703.2 −1,734.4 −362.5 −289.1 −347.7 1,366.5 58.8 14.9

2020 −70,611.2 −17,597.4 −3,203.3 −3,094.3 −46,716.3 −1,306.2 211.6 426.2 376.2 1,512.4 50.0 164.6

2021 −70,423.5 −17,452.9 −3,282.9 −2,995.9 −46,691.8 −1,477.4 16.5 200.8 156.5 1,488.5 44.3 140.1

Average −70,882.9 −18,147.8 −2,995.5 −3,106.5 −46,633.2 −1,533.9 −83.8 35.5 −16.7 1,444.7 52.2 67.1
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Discussion

Collectively, lands in the Fed-CONUS sequestered 
carbon at a rate of –16.7 MMT CO2 Eq./yr. From 2005 to 
2021, this resulted in the cumulative sequestration of 283.8 
MMT CO2 Eq. An additional 888.1 MMT CO2 Eq. (52.4 
MMT CO2 Eq./yr) was transferred from ecosystems to 
harvested wood products pools. For this report, we did not 
account for the decay and decomposition harvested wood 
products. Ecosystems were a net sink of carbon in 11 of 
the 17 years analyzed in this study. Of the six years where 
ecosystems were a net source of emissions to the atmosphere 
(NEE was positive), poor climate conditions (such as drought) 
resulting in reductions in NPP, and wildfire were the primary 
drivers. In four of the years included in this analysis (2007, 
2012, 2020, 2021), NEP was estimated to be positive (a 

net source of emissions to the atmosphere) indicating poor 
growing conditions due to climate conditions. Those same 
years included four of the six largest fire emission years. From 
2005 to 2019, fire resulted in the direct combustion of 55.7 
MMT CO2 Eq./yr, whereas in 2020 and 2021, combustion was 
nearly three times the historical average at 165 MMT CO2 Eq./
yr and 140 MMT CO2 Eq./yr, respectively.

This study reveals a declining trend over time in 
vegetation productivity (NPP) and an increasing trend in 
ecosystem heterotrophic respiration (Rh) resulting from 
climate variability and change. Combined, the effects of 
climate conditions have resulted in a decline in the sink 
strength of ecosystems on Federal lands. While harvest 
removals have remained relatively stable over time, 
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Figure 7.  Graph of carbon fluxes on Federally administered surface lands in the conterminous United States (Fed-CONUS), 2005–21. 
Combustion (including fires), harvested wood products (Harvest), and net ecosystem productivity (NEP) are shown as bars. Net 
ecosystem exchange (NEE), the result of combustion added to NEP, which can be either net CO2 storage (–) or net CO2 emissions (+), is 
represented by a dot on a black line. MMT CO2 Eq./yr, million metric tons of carbon dioxide equivalent per year.
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Table 5.  Average annual carbon stocks and fluxes for Federal lands in the conterminous United States, 2005–21. 

[Units are in million metric tons of carbon dioxide equivalent (MMT CO2 Eq.) for stocks and million metric tons of carbon dioxide equivalent per year 
(MMT CO2 Eq./yr) for fluxes. Because of rounding, averages may not add to totals shown. Negative values indicate a net carbon sink or sequestration, and 
positive values indicate a net carbon source to the atmosphere or emissions. TEC, total ecosystem carbon; Live, carbon storage in live vegetation; Deadwood, 
carbon storage in dead organic matter; Litter, carbon storage in litter; Soil, carbon storage in soils; NPP, net primary productivity; NEP, net ecosystem 
productivity; NBP, net biome productivity; NEE, net ecosystem exchange; Rh, heterotrophic respiration; Harvest, carbon loss from forest harvest; Combustion, 
carbon loss from combustion including wildfire. Refer to table 3 and the text for further explanation of carbon stocks and fluxes]

Carbon stocks, in MMT CO2 Eq. Carbon fluxes, in MMT CO2 Eq./yr

State TEC Live Deadwood Litter Soil NPP NEP NBP NEE Rh Harvest Combustion

Alabama −323.1 −117.4 −15.5 −9.0 −181.2 −8.9 −1.4 0.0 −0.9 7.5 0.9 0.5

Arizona −3,183.9 −604.8 −108.7 −131.8 −2,338.5 −71.5 0.1 5.1 3.9 71.5 1.3 3.8

Arkansas −960.0 −369.1 −45.6 −26.5 −518.8 −24.8 −3.4 −0.3 −2.6 21.4 2.2 0.8

California −8,258.8 −2,261.9 −451.4 −331.5 −5,214.0 −171.4 1.5 31.5 23.2 172.7 8.2 21.7

Colorado −4,851.2 −1,281.6 −200.8 −255.3 −3,113.4 −95.1 −2.6 1.4 −0.3 92.4 1.7 2.3

Connecticut −1.2 −0.3 0.0 0.0 −0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Delaware −11.0 −0.7 −0.1 −0.1 −10.2 −0.6 −0.1 −0.1 −0.1 0.4 0.0 0.0

District of Columbia −0.8 −0.3 0.0 0.0 −0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Florida −1,437.4 −169.3 −34.2 −12.7 −1,221.2 −58.6 −6.3 −3.3 −4.4 50.8 1.2 1.8

Georgia −654.7 −231.5 −31.9 −16.9 −374.4 −16.7 −1.4 0.6 −0.5 15.1 1.1 0.8

Idaho −5,432.7 −1,299.5 −259.3 −273.4 −3,600.5 −107.7 −8.5 2.0 −0.3 99.1 2.3 8.3

Illinois −244.6 −87.2 −10.8 −9.1 −137.4 −6.0 −0.9 −0.8 −0.9 5.1 0.1 0.0

Indiana −227.8 −83.3 −11.0 −9.9 −123.7 −5.4 −0.8 −0.6 −0.8 4.5 0.1 0.1

Iowa −34.4 −5.8 −0.5 −0.5 −27.7 −1.3 −0.2 −0.2 −0.2 1.1 0.0 0.0

Kansas −80.4 −10.0 −2.9 −3.0 −64.5 −2.0 −0.1 0.3 0.1 1.9 0.3 0.2

Kentucky −734.1 −275.9 −38.4 −30.2 −389.5 −17.2 −2.0 −1.3 −1.8 15.2 0.6 0.1

Louisiana −436.8 −106.6 −11.8 −6.5 −311.9 −16.1 −1.8 −0.3 −1.5 13.5 1.2 0.3

Maine −43.6 −14.0 −2.1 −2.1 −25.5 −1.0 −0.1 −0.1 −0.1 0.9 0.0 0.0

Maryland −40.0 −10.8 −1.1 −0.8 −27.3 −1.5 −0.2 −0.2 −0.2 1.2 0.0 0.0

Massachusetts −14.6 −4.7 −0.5 −0.3 −9.2 −0.5 0.0 0.0 0.0 0.4 0.0 0.0

Michigan −1,482.0 −527.5 −73.9 −66.8 −813.8 −32.6 −4.5 −2.7 −4.4 28.2 1.7 0.1

Minnesota −1,334.1 −366.8 −54.4 −49.3 −863.7 −29.8 −4.5 −3.4 −4.2 25.3 0.8 0.3

Mississippi −481.2 −181.9 −22.1 −10.0 −267.3 −13.6 −2.2 −0.1 −1.5 11.4 1.4 0.6

Missouri −782.3 −291.5 −33.2 −25.0 −432.7 −21.2 −3.2 −1.9 −3.0 17.9 1.1 0.2

Montana −6,260.5 −1,638.3 −282.0 −313.0 −4,027.1 −114.4 −5.7 1.8 −0.7 108.7 2.5 5.0

Nebraska −162.2 −13.9 −1.6 −5.4 −141.3 −4.3 −0.3 −0.1 −0.2 4.0 0.2 0.1

Nevada −4,719.6 −701.7 −107.8 −217.7 −3,692.5 −107.8 0.9 4.0 3.3 108.6 0.8 2.4

New Hampshire −264.6 −92.6 −14.7 −15.9 −141.4 −5.3 −0.6 −0.5 −0.6 4.7 0.1 0.0

New Jersey −56.8 −13.9 −1.8 −1.2 −39.9 −2.2 −0.2 −0.1 −0.2 1.7 0.1 0.0

New Mexico −3,541.5 −681.0 −106.3 −156.6 −2,597.6 −72.1 0.8 3.9 2.9 72.9 1.1 2.1

New York −61.4 −19.1 −2.7 −2.6 −37.1 −1.5 −0.2 −0.1 −0.2 1.3 0.1 0.0

North Carolina −1,062.0 −398.9 −49.4 −29.8 −583.9 −26.5 −2.1 −0.9 −1.8 24.0 0.9 0.3

North Dakota −424.9 −35.5 −3.6 −16.3 −369.5 −10.7 −0.5 −0.1 −0.4 10.2 0.3 0.1

Ohio −289.2 −109.2 −15.1 −13.7 −151.2 −6.6 −0.6 −0.3 −0.6 6.0 0.3 0.0

Oklahoma −213.5 −55.6 −7.1 −6.5 −144.3 −5.2 −0.5 0.1 −0.4 4.7 0.4 0.1

Oregon −6,134.9 −1,722.9 −307.3 −297.8 −3,806.8 −118.4 −9.1 5.0 −2.4 109.2 7.5 6.7

Pennsylvania −303.5 −108.2 −17.6 −16.9 −160.8 −6.1 −0.4 0.0 −0.4 5.7 0.4 0.0

Rhode Island −0.4 −0.1 0.0 0.0 −0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0

South Carolina −371.7 −121.6 −14.9 −8.0 −227.1 −11.5 −1.6 −0.2 −1.3 9.5 1.1 0.3

South Dakota −605.5 −86.6 −12.7 −26.0 −480.3 −12.6 −0.5 0.9 −0.4 12.1 1.3 0.1

Tennessee −532.9 −214.0 −26.7 −16.6 −275.6 −12.2 −0.8 −0.4 −0.6 11.4 0.3 0.2

Texas −778.0 −162.4 −20.1 −17.7 −577.8 −25.3 −2.6 −0.4 −2.1 21.7 1.7 0.5

Utah −3,892.6 −861.9 −137.0 −198.0 −2,695.7 −82.9 −0.8 3.0 1.1 82.1 1.9 1.9
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combustion from severe fire has not. Since 2020, primarily 
due to fires, ecosystems on Federal lands have contributed to 
the net accumulation of greenhouse gases in the atmosphere.

Combined Net Emissions and 
Sequestration Results

Combining the fossil fuel extraction and combustion 
emissions with the ecosystems emissions and sequestration 
estimates provides an informative summary result that 
includes both anthropogenic emissions and sequestration by 
ecosystems on Federal lands. This results in the combined 
net emissions value, which is negative if carbon is stored and 
positive if carbon is emitted. It is the sum of the total fossil 
fuel CO2 emission value and the NEE, the net exchange of 
greenhouse gases between ecosystems and the atmosphere. 
A positive combined net emission result indicates that 
emissions are greater than sequestration, whereas a negative 
value indicates that sequestration is greater than emissions. 
Ecosystems data, calculated for the period 2005 to 2021, 
are provided in this report for comparison with fossil 
fuel-associated emissions estimates. In addition, sequestration 
data were not available for the Federal offshore areas, Alaska, 
or Hawaii, so net emissions values are not available for those 
areas. The combined net emissions results for 2005–21 are for 
the conterminous onshore United States Federal lands only 
and are provided in table 6.

Annual combined net emissions data for the United States 
show variations that reflect the variation in the ecosystems 
NEE data. These variations are described in the terrestrial 
ecosystem-associated carbon emissions and sequestration 
“Results” section. In general, fossil fuel-associated emissions 
data show increasing or decreasing long-term trends but 
not significant annual variation. Whereas most major fossil 

fuel-producing States have positive combined net emissions, 
some States with lesser production alternate between 
positive and negative combined net emissions because 
ecosystem NEE (sequestration) values may be larger than the 
State’s fossil fuel-associated emissions. The average fossil 
fuel-associated emissions for CO2 over the period 2005–21 
was 1,201.9 MMT CO2 Eq., the average ecosystems NEE 
during that period was –16.7 MMT CO2 Eq.; this suggests that 
over this time ecosystems offset roughly 1.4 percent of fossil 
fuel activity CO2 emissions. In specific years, owing to NEE 
variability, the offset is as high as 31.5 percent, as seen in 2019 
(a low fire year on Fed-CONUS), but can also be additive to 
the fossil fuel associated total emissions. In 2020, a year with 
high emissions on Federal lands from forest fires, ecosystems 
contributed CO2 emissions to the atmosphere equivalent to 
40 percent of the Federal lands-sourced fossil fuel emissions 
for the year.

Table 5.  Average annual carbon stocks and fluxes for Federal lands in the conterminous United States, 2005–21. —Continued

[Units are in million metric tons of carbon dioxide equivalent (MMT CO2 Eq.) for stocks and million metric tons of carbon dioxide equivalent per year 
(MMT CO2 Eq./yr) for fluxes. Because of rounding, averages may not add to totals shown. Negative values indicate a net carbon sink or sequestration, and 
positive values indicate a net carbon source to the atmosphere or emissions. TEC, total ecosystem carbon; Live, carbon storage in live vegetation; Deadwood, 
carbon storage in dead organic matter; Litter, carbon storage in litter; Soil, carbon storage in soils; NPP, net primary productivity; NEP, net ecosystem 
productivity; NBP, net biome productivity; NEE, net ecosystem exchange; Rh, heterotrophic respiration; Harvest, carbon loss from forest harvest; Combustion, 
carbon loss from combustion including wildfire. Refer to table 3 and the text for further explanation of carbon stocks and fluxes]

Carbon stocks, in MMT CO2 Eq. Carbon fluxes, in MMT CO2 Eq./yr

State TEC Live Deadwood Litter Soil NPP NEP NBP NEE Rh Harvest Combustion

Vermont −236.6 −85.8 −12.5 −13.3 −125.1 −5.0 −0.7 −0.6 −0.7 4.3 0.1 0.0

Virginia −1,057.5 −414.3 −49.8 −33.5 −559.8 −26.8 −2.9 −1.9 −2.7 23.8 0.8 0.2

Washington −3,271.7 −1,066.5 −190.5 −169.6 −1,845.1 −56.0 −6.6 −1.4 −3.4 49.4 2.0 3.2

West Virginia −635.1 −240.7 −33.5 −29.2 −331.7 −14.1 −1.2 −0.7 −1.1 12.9 0.4 0.0

Wisconsin −689.2 −222.0 −29.7 −28.3 −409.2 −16.6 −2.4 −1.8 −2.4 14.1 0.6 0.0

Wyoming −4,266.3 −778.7 −140.7 −202.4 −3,144.6 −86.6 −2.6 0.4 −0.9 83.9 1.3 1.7

Conterminous 
United States −70,882.9 −18,147.8 −2,995.5 −3,106.5 −46,633.2 −1,533.9 −83.8 35.5 −16.7 1,444.7 52.2 67.1
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Table 6.  Combined net emissions for Federal lands in the United States, 2005–21.

[All units are in million metric tons of carbon dioxide equivalent per year. Positive values indicate a net carbon emission, and negative values indicate a net 
carbon sequestration. Annual net ecosystem exchange was not available for Alaska, Hawaii, and the offshore areas; therefore, totals are for the conterminous 
U.S. For net emissions results from 2006–2009 and 2011–2014, refer to the associated data release (Merrill and others, 2024). Note that the “State total” for 
each State is for all years combined from 2005 to 2021. —, values were not calculated owing to unavailability of annual terrestrial ecosystem-associated carbon 
emissions and sequestration]

State 2005 2010 2015 2016 2017 2018 2019 2020 2021 State total

Alaska — — — — — — — — — —
Alabama 0.47 6.29 0.55 2.08 −0.72 −0.83 0.31 −0.99 −0.21 24.75
Arkansas 2.36 3.03 −5.35 3.52 0.24 −5.08 −5.36 −3.64 1.63 −32.47
Arizona −8.12 −26.64 −13.72 −1.09 20.48 2.13 −23.60 42.70 −1.76 65.46
California −61.21 −78.16 48.29 −18.77 −15.17 47.50 −68.90 156.41 90.53 496.68
Colorado 50.64 49.53 40.84 41.83 40.79 61.00 22.52 76.18 36.87 872.35
Connecticut 0.00 0.00 0.00 0.00 0.00 −0.01 −0.01 0.00 0.00 −0.04
District of 

Columbia 0.00 0.00 0.00 0.00 0.00 −0.01 0.00 0.00 0.00 −0.01
Delaware −0.06 −0.05 −0.05 −0.04 −0.05 −0.08 −0.06 −0.06 −0.06 −1.03
Florida −7.52 −4.82 −2.07 −5.57 −5.70 −5.31 −4.61 −5.39 −5.93 −75.53
Georgia −2.34 −0.44 −0.99 3.28 −1.17 −3.16 −1.24 −3.31 −2.76 −9.20
Hawaii — — — — — — — — — —
Iowa −0.07 −0.18 −0.13 −0.08 −0.12 −0.31 −0.27 −0.05 −0.08 −2.89
Idaho −12.17 −18.47 10.18 −5.62 −17.28 3.37 −13.66 4.17 12.13 −4.45
Illinois −0.13 0.20 −1.46 −0.48 0.05 −1.66 −1.55 −0.86 −0.29 −14.67
Indiana −0.35 0.13 −0.93 −0.38 −0.27 −1.21 −1.11 −0.61 −0.48 −12.93
Kansas 0.52 0.77 0.15 0.55 0.19 0.05 0.18 0.80 0.69 8.37
Kentucky 1.32 −1.71 −2.25 0.36 −0.36 −3.33 −2.71 −2.76 −1.49 −24.31
Louisiana 1.12 2.66 −0.28 −0.38 −0.32 −1.71 −1.25 −1.30 −0.71 −3.47
Massachusetts −0.06 −0.04 −0.02 0.02 −0.06 −0.06 −0.06 0.02 −0.05 −0.72
Maryland −0.15 −0.10 −0.17 −0.10 −0.11 −0.31 −0.12 −0.21 −0.12 −2.90
Maine −0.13 −0.09 −0.13 −0.07 −0.11 −0.12 −0.13 −0.05 −0.07 −2.00
Michigan −1.44 −0.24 −3.29 −3.04 −6.91 −5.88 −7.13 −3.07 1.04 −72.67
Minnesota −4.07 −2.76 −3.01 −5.07 −5.84 −6.50 −7.48 −1.07 1.18 −71.40
Missouri −0.61 0.38 −5.94 0.76 −1.40 −4.74 −5.68 −4.03 −1.49 −50.96
Mississippi −0.60 1.35 −0.42 0.31 −1.52 −1.99 −2.61 −2.13 −2.30 −22.92
Montana 37.09 26.26 56.35 17.21 53.91 20.01 4.41 29.74 49.95 605.25
North Carolina −2.30 −2.28 −1.88 2.09 −1.75 −4.27 −1.54 −3.19 −1.94 −31.03
North Dakota 3.71 2.33 22.10 18.04 22.89 22.55 22.85 26.63 33.39 243.93
Nebraska −0.60 −0.54 −0.65 0.00 −0.02 −1.01 −1.38 1.04 0.89 −3.80
New 

Hampshire −0.70 −0.47 −0.65 −0.48 −0.58 −0.59 −0.63 −0.43 −0.45 −10.34
New Jersey −0.26 −0.05 −0.11 0.00 −0.19 −0.31 −0.23 −0.14 −0.17 −3.16
New Mexico 79.39 55.66 71.52 86.33 98.04 110.89 134.03 171.22 186.99 1,610.95
Nevada −31.37 −43.76 −9.25 −11.15 −6.93 13.74 −49.04 60.54 5.79 58.24
New York −0.24 −0.20 −0.13 −0.05 −0.24 −0.25 −0.27 −0.03 −0.16 −3.28
Offshore Gulf 

of Mexico — — — — — — — — — —
Ohio 0.06 −0.43 −0.55 0.61 −0.33 −1.35 −0.88 −0.14 0.29 −7.69
Oklahoma 2.14 1.44 0.44 2.93 1.86 1.07 0.70 0.54 1.08 24.59
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Conclusions
The USGS has produced estimates of fossil 

fuel-associated greenhouse gas emissions (2005–22) and 
terrestrial ecosystem-associated carbon emissions and 
sequestration (2005–21) for the Federal lands of the United 
States. Emissions associated with fossil fuel extraction 
and end-use combustion parallel production levels. States 
with significant fossil fuel production from Federal lands 
generally have higher estimated greenhouse gas emissions. 
Some States are significant producers of fossil fuels from 
non-Federal lands (such as State and private lands), and 
have similar magnitude emissions associated with those 
activities, but those non-Federal lands emissions are not 
estimated here. Nationwide emissions from fuels extracted 
from Federal lands in 2022 were 1,081.2 MMT CO2 Eq. for 
CO2, 33.4 MMT CO2 Eq. for CH4, and 4.3 MMT CO2 Eq. 
for N2O. The 2022 Federal lands fossil fuel emissions 
represent decreases in emissions for all three greenhouse 
gases relative to 2005 values, with reductions of 17 percent 
for CO2, 38 percent for CH4, and 30 percent for N2O (table 2, 
fig. 5). While total U.S. emissions are also down over the 
same period (U.S. Environmental Protection Agency, 2024a), 
the Federal portion of those total emission has declined at a 
slightly greater rate. Emissions from fossil fuels produced on 

Federal lands represent, on average, 21.8 percent of total U.S. 
emissions for CO2, 6.1 percent for CH4, and 1.3 percent for 
N2O over the 18 years included in this estimate.

Estimates of ecosystem carbon sequestration on Federal 
surface lands show that the amounts are highly variable 
owing to climate and weather, wildfire, land use and land 
use changes, and other factors. States with the largest forests 
or Federal land holdings do not necessarily have the most 
significant ecosystem sequestration because soils retain more 
carbon than living matter does and ecosystems release carbon 
as well as store it. Of note, owing to LULC and disturbance 
such as wildfires, some years result in net emissions of CO2 to 
the atmosphere from Federal lands ecosystems, therefore not 
offsetting any fossil-fuel associated emissions. These factors 
highlight the complexity of the ecosystem sequestration 
calculation that is accounted for in the estimated results. 
The combined net emission values included in this report 
are an informative, though simplistic, way of combining the 
two estimates.

These results are not intended or appropriate for 
ranking or comparing the States for many reasons. Firstly, 
the proportion of Federal mineral and surface lands to total 
lands varies considerably across each State. Secondly, these 
estimates report fossil fuel-associated emissions by the State 
of origin rather than the State where the emissions occurred. 
The data required to track all fossil fuels to their location 

Table 6.  Combined net emissions for Federal lands in the United States, 2005–21.—Continued

[All units are in million metric tons of carbon dioxide equivalent per year. Positive values indicate a net carbon emission, and negative values indicate a net 
carbon sequestration. Annual net ecosystem exchange was not available for Alaska, Hawaii, and the offshore areas; therefore, totals are for the conterminous 
U.S. For net emissions results from 2006–2009 and 2011–2014, refer to the associated data release (Merrill and others, 2024). Note that the “State total” for 
each State is for all years combined from 2005 to 2021. —, values were not calculated owing to unavailability of annual terrestrial ecosystem-associated carbon 
emissions and sequestration]

State 2005 2010 2015 2016 2017 2018 2019 2020 2021 State total

Offshore 
Pacific — — — — — — — — — —

Oregon −23.15 −26.76 5.29 −11.71 0.74 14.37 −23.14 23.89 20.17 −41.36
Pennsylvania −0.56 −0.28 −0.31 0.11 −0.22 −0.37 −0.35 −0.01 −0.09 −6.05
Rhode Island 0.00 0.00 0.00 0.00 0.03 0.03 0.03 0.00 0.00 0.09
South Carolina −2.41 −0.54 −1.92 0.47 −0.43 −2.40 −0.85 −2.45 −1.28 −22.00
South Dakota 0.31 −1.71 −0.91 2.97 2.46 −3.24 −6.38 4.31 2.50 −5.73
Tennessee 0.50 −0.38 −0.73 1.89 −0.87 −2.05 −1.20 −1.69 −0.79 −11.03
Texas 1.07 1.44 −4.45 −0.35 −0.59 −3.70 −0.87 1.18 −0.18 −5.57
Utah 41.89 8.77 36.75 43.67 56.71 56.66 16.13 78.86 33.34 809.63
Virginia −1.25 −1.79 −3.38 −0.85 −0.44 −7.25 −2.08 −5.63 0.15 −45.26
Vermont −0.74 −0.59 −0.73 −0.58 −0.62 −0.63 −0.65 −0.43 −0.51 −11.38
Washington −4.66 −8.98 7.54 −8.80 −2.44 −1.60 −4.71 −5.46 6.60 −57.38
Wisconsin −1.13 −3.46 −2.03 −2.55 −3.56 −3.53 −3.57 −2.21 0.03 −40.79
West Virginia −0.99 −1.01 −0.86 −0.52 −0.23 −1.74 −0.47 −1.10 0.07 −18.64
Wyoming 673.20 761.24 614.93 484.21 521.28 526.46 466.61 428.34 453.27 10,633.04
Annual total 726.42 694.56 846.18 635.52 743.12 803.23 421.99 1,054.14 915.22 14,724.27
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of eventual end-use combustion are not available because 
of the structure of the United States’ energy and industrial 
infrastructure. Thirdly, this report addresses the Federal 
lands-based scope that was given to the USGS; it was not 
designed to produce results for comparing States.

These USGS estimates provide an accounting for the 
emissions associated with fossil fuel extraction on Federal 
lands, the end-use combustion of those fuels, and the 
ecosystems sequestration and emissions of carbon on Federal 
lands. Emissions estimates presented here for 2005–22, were 
produced with updated methodologies and input data, and 
therefore replace estimates for 2005–14 made in a previous 
report (Merrill and others, 2018). This information may 
provide context for future energy decisions, as well as serve 
as a reference to compare future changes in greenhouse gas 
emissions and carbon sequestration on Federal lands.
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Glossary
[Also refer to table 3, “Explanation of carbon stock  
and flux terms from the terrestrial ecosystem  
sequestration calculations”]

abandoned coal mine emissions  Emissions 
of methane, such as from offgassing or 
desorption, occurring after the cessation 
of extraction activities at a surface or 
underground coal mine.

active coal mine emissions  Emissions of 
methane from ongoing extraction activities at 
a surface or underground coal mine.

combustion  The process of burning fossil 
fuels to release energy.

emission factor  A value that describes 
the greenhouse gas content of a fuel used 
in a particular sector of the economy or that 
indicates the amount of greenhouse gas 
emitted by a particular extraction activity.

estimated emissions  Calculated estimates 
of greenhouse gases released by activities in 
various sectors of the economy.

Federal lands  Context dependent catch-all 
term for various classes of land administered 
by various agencies of the U.S. Federal 
Government.

Federal mineral rights land  Subsurface 
lands with mineral (and fossil fuel) rights 
administered by various agencies of the 
U.S. Federal Government.

Federal surface lands  Surface land 
administered by various agencies of the 
U.S. Federal Government, may or may not 
have same footprint as underlying Federal 
mineral lands.

fossil fuel  A natural hydrocarbon material 
that is extracted and then combusted to 
release energy. Examples include coal, natural 
gas, crude oil, and various liquid petroleum 
products.

greenhouse gas  Gases that cause the 
amount of solar thermal energy retained by 
the Earth’s atmosphere to increase when their 
concentrations increase. The greenhouse 
gases discussed in this report are carbon 
dioxide (CO2), methane (CH4), and nitrous 
oxide (N2O).

method of abandonment  The process 
by which an underground coal mine is 
closed. Examples include sealing, venting, 
and flooding. The abandonment process 
determines the emission factor used to 
calculate the amount of methane gas released 
from the abandoned mine over time.

mobile combustion emissions  Emissions of 
greenhouse gases from fossil fuel combustion 
in the transportation sector.

offshore  Areas seaward of State waters 
boundaries that are under the administration 
of the Bureau of Ocean Energy Management. 
Examples include the offshore Pacific and 
offshore Gulf of Mexico

petroleum and natural gas systems 
emissions  Emissions of greenhouse gases 
from ongoing extraction activities and product 
transportation in the petroleum and natural 
gas industries. 

stationary combustion emissions  Emissions 
of greenhouse gases produced during 
the combustion of fossil fuels in all 
nontransportation sectors, including 
electricity generation, industrial feedstocks, 
and residential and commercial heating.
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Appendix 1.  Detailed Methods: Fossil Fuel-Associated Emissions of 
Greenhouse Gases from Federal Lands

Introduction
The methods described in this appendix are either similar 

to those described in, or are dependent on, outputs from the 
U.S. Environmental Protection Agency (EPA) Inventory 
of U.S. Greenhouse Gas Emissions and Sinks (hereinafter 
U.S. GHG Inventory; U.S. Environmental Protection Agency, 
2024a). The methods were modified where necessary in terms 
of complexity, scope, and outputs to suit the goals of this 
U.S. Geological Survey (USGS) study. Therefore, the U.S. 
GHG Inventory and associated annexes (U.S. Environmental 
Protection Agency, 2024a, b) are the best detailed sources for 
the general methods described here. This section highlights 
general steps, sources for inputs, and areas where the USGS 
method differs from that of the U.S. GHG Inventory. Tables 
1.1 through 1.7 include summary information on the sources 
for all input data used.

Input Data
Oil, gas, coal, and natural carbon dioxide production 

data were downloaded or provided by the Office of Natural 
Resources Revenue (ONRR). Oil and gas data, along with 
State-level coal data are available for public download 
from the ONRR Natural Resources Revenue Data (NRRD) 
website (Office of Natural Resources Revenue, 2024). For oil 
and gas production data, ONRR “production disposition by 
month” datasets, were filtered using specific disposition codes 
(table 1.1) to limit the volumes included in the estimate to 
those that were eventually combusted as a fuel. The codes not 
included were for volumes that were reinjected, or disposed 
of, and volumes accounted for elsewhere using emissions 
factors, such as flaring and venting. Including the disposition 
codes with flared and vented volumes would double count 
those volumes in the current method but could lead to a 
more accurate estimate in a modified future methodology. 
The disposition codes included from the NRRD are presented 
in table 1.1. A full description of the codes is available from 
the Office of Natural Resources Revenue (2023).

Table 1.1.  Office of Natural Resources Revenue disposition codes included in this report.

[Codes are from the Office of Natural Resources Revenue (2023)]

Code Name

1 Sales — Royalty Due — MEASURED
4 Sales — Royalty Due — NOT MEASURED
7 Condensate Sales — Royalty Due — MEASURED
9 Sales — Royalty Not Due — MEASURED

10 Produced into Inventory Prior to Sales
11 Transferred to Facility
16 Pipeline Drip/ Retrograde/ Scrubber Condensate Production
20 Used on Lease/Agreement – Native Production Only
24 Theft
42 Differences/ Adjustments
43 Sales – Royalty Not Due – Facility Measurement Point Not Assigned
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Stationary Combustion Emissions
Stationary combustion emissions estimates are based 

on coal, oil, and natural gas production data. Mine-level 
coal production data were obtained from the ONRR via 
direct request. This propriety data is not publicly available, 
but State-level data is available from ONRR’s Natural 
Resources Revenue Data (NRRD) system (Office of Natural 
Resources Revenue, 2024). The end use of Federal lease 
specific coal is not available; therefore State-level data is 
the closest approximation of sector usage. Federal lease coal 
production was apportioned to coal use sectors (electricity 
generation, commercial and residential, industrial, and 
coking coal production) based on State-level sector coal 
end-use proportions in compiled data from the 2005–2022 
editions of the U.S. Energy Information Administration (EIA) 
Annual Coal Distribution Report (U.S. Energy Information 
Administration, 2022). For example, in 2022, 76 percent of 
Colorado State coal was reported to be used in electricity 
generation, and 98 percent in Wyoming (U.S. Energy 
Information Administration, 2022); therefore, 76 and 
98 percent respectively of the Federal lease coal from those 
States would have an electrical power generation emissions 
factor applied to them.

In the final step, the sector coal amounts were multiplied 
by carbon dioxide (CO2), methane (CH4), and nitrous oxide 
(N2O) emission factors to estimate the amounts of gases 
emitted. The emission factors used are specific to each sector 
and were reported by the EPA (U.S. Environmental Protection 
Agency, 2024b) and references therein. One change made to 
the stationary coal usage methodology was the incorporation 
of mine-specific coal rank for energy content, versus assumed 
rank blends based on economic sector.

The method used to estimate emissions for natural 
gas follows the same general method described above for 
coal. Publicly available ONRR production data from the 

NRRD were the starting point. Data covering natural gas 
consumption by sector are from the U.S. Energy Information 
Administration (2024a). Sector proportions specific to 
noncombustion industrial natural-gas feedstock use ranged 
from 1.6 to 2.9 percent and are from the EIA Manufacturing 
Energy Consumption Survey (U.S. Energy Information 
Administration, 2021), which is released every 4–5 years. 
Data for years between surveys were estimated using a 
linear-fit trendline with an r2 correlation of 0.88. Emission 
factors for the stationary combustion of natural gas were 
from the EPA (U.S. Environmental Protection Agency, 2023). 
The amount of carbon stored in products made using industrial 
nonfuel natural gas was accounted for using a storage factor 
(U.S. Environmental Protection Agency, 2024b, table A–41).

Estimation of emissions from the stationary combustion 
of various petroleum products started with State-level crude 
oil production data from the ONRR (Office of Natural 
Resources Revenue, 2024). The crude oil volumes were 
assigned to State production volumes of refined products using 
compiled annual national-level refining data (U.S. Energy 
Information Administration, 2023a, Petroleum Supply 
Annual table 23). State of origin-based crude oil refining 
information is not available for liquid fuels owing to the 
comingled nature of liquid fuel transportation in pipelines. 
The resulting volumes were apportioned to end-use sectors by 
using sector proportion data obtained from the EIA Monthly 
Energy Review (U.S. Energy Information Administration, 
2023b, Monthly Energy Review tables 3.5 and 3.7). Lastly, 
the estimated sector-specific petroleum product volumes 
were multiplied by the CO2, CH4, and N2O emission factors 
for each refined product from the EPA (U.S. Environmental 
Protection Agency, 2023). Refer to table 1.2 for the inputs and 
sources mentioned in this section.

Table 1.2.  Inputs and sources for the stationary combustion greenhouse gas emissions estimate.

Input Source
Coal production volumes from Federal lands Office of Natural Resources Revenue, direct request
Crude oil, and natural gas production volumes from 

Federal lands
Office of Natural Resources Revenue (2024), Natural Resources Revenue data

Coal: sector use proportions U.S. Energy Information Administration (2022), Annual Coal Distribution Report
Coal: sector-specific emission factors U.S. Environmental Protection Agency (2024a, b)
Natural gas: sector use proportions U.S. Energy Information Administration (2024a, Monthly Energy Review 

table 4.3)
Natural gas: emission factors U.S. Environmental Protection Agency (2023)
Natural gas: nonenergy storage factor U.S. Environmental Protection Agency (2024b, table A–41)
Petroleum products: refining data U.S. Energy Information Administration (2023a, Petroleum Supply Annual 

table 23)
Petroleum products: sector use proportions U.S. Energy Information Administration (2023b, Monthly Energy Review tables 

3.5 and 3.7)
Petroleum products: sector-specific emission factors U.S. Environmental Protection Agency (2023)
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Mobile Sector Combustion Emissions
Estimates of emissions associated with combustion 

from mobile (transportation) uses were generated from ratios 
of emissions to fuel volumes combusted as reported by the 
U.S. GHG Inventory (U.S. Environmental Protection Agency, 
2024a). Crude oil production volumes from the Federal 
lands in each State were obtained from the ONRR NRRD. 
The crude oil data were partitioned into estimated petroleum 
products (for example, gasoline, diesel oil, jet fuel, lubricants) 
on the basis of national refining products data (U.S. Energy 
Information Administration, 2023a, Petroleum Supply Annual 
table 23). Sector use information for each fuel was used to 
determine the proportions that were consumed in mobile uses 
(U.S. Energy Information Administration, 2023b).

The ratios of the U.S. annual mobile emissions of CO2, 
CH4, and N2O (U.S. Environmental Protection Agency, 2024a) 
to the annual mobile fuel consumption (U.S. Environmental 
Protection Agency, 2024b) provided values of emissions 
per gallon of fuel consumed (by gas and type of fuel). 
These values were multiplied by the volumes of combusted 
fuels sourced from Federal lands to estimate the emissions 
attributed to each fuel. This method reasonably assumes 
that the national emissions ratios are representative of the 
emissions ratios expected for fuels from Federal lands. No 
major changes were made to the methodology in this section 
compared to the previous report. Refer to table 1.3 for the 
inputs and sources mentioned in this section.

Table 1.3.  Inputs and sources for the mobile sector combustion greenhouse gas emissions estimate.

Input Source

Crude oil production volumes from Federal lands Office of Natural Resources Revenue (2024), Natural Resources Revenue data
Petroleum products: refining data U.S. Energy Information Administration (2023a, Petroleum Supply Annual table 23)
Petroleum products: sector use proportions U.S. Energy Information Administration (2023b, Monthly Energy Review tables 3.5 

and 3.7)
Annual mobile fuel consumption U.S. Environmental Protection Agency (2024b, table A–68)
Annual carbon dioxide mobile emissions U.S. Environmental Protection Agency (2024a, table 3–13)
Annual methane mobile emissions U.S. Environmental Protection Agency (2024a, table 3–14)
Annual nitrous oxide mobile emissions U.S. Environmental Protection Agency (2024a, table 3–15)
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Petroleum and Natural Gas Systems 
Emissions

The emissions in this section are calculated for known 
Federal lease active wells, plugged wells, offshore platforms, 
and their associated infrastructure. For active wells, total 
national emissions from petroleum and natural gas systems, 
excluding offshore platform emissions (U.S. Environmental 
Protection Agency, 2024a) were divided by the national active 
oil and natural gas well counts (U.S. Environmental Protection 
Agency, 2024c, d), resulting in ratios of CO2, CH4, and N2O 
emissions per well for petroleum and natural gas systems. 
These national ratios were then multiplied by the numbers 
of Federal producing oil and gas wells in a State to estimate 
emissions. For the years included in this report (2005–22), 
State-level Federal lands well counts were available for 2014, 
2016, 2019, 2020, and 2022 (Bureau of Land Management, 
written communication, 2014, 2016, 2019, 2020, 2022). To 
generate Federal lands well counts for years prior to 2014, 
the 2014 State-level Federal lands wells were divided by the 
2014 total U.S. State well counts (U.S. Energy Information 
Administration, 2024b), to produce a State-specific 
Federal lands to total well ratio. This ratio was then used to 
approximate Federal lands well counts for each State from 
available annual State well totals in 2005–13). In some cases, 
this method resulted in active well count estimates of zero in 
years where some minimal production was reported, therefore 
a well count of zero was impossible. In these cases, the active 
well count was manually adjusted to one well. For the years 
2015, 2017, 2018, and 2021 (years without data requested 
from Bureau of Land Management [BLM], due to system 
upgrades and USGS or BLM staff unavailability), the missing 
well counts were calculated as the average of the prior and 
following years with data.

State-level counts for documented plugged and 
abandoned (P&A) Federal lease oil and gas wells, a new 
addition to this emissions estimate, were provided by BLM by 
request for the year 2021. These total P&A well counts are not 
available retroactively, however, annual changes to P&A status 
for wells are available. The 2021 year served as a base year 
from which changes were made based on annual new P&A 
well status data from 2005 to 2022, also received from BLM 
by request. To make up for the unavailable P&A State-level 
well counts, the complete input dataset was built starting with 
the 2021 count and subtracting the new 2021 P&A wells to get 
a new 2020 total. This was repeated back to 2005, and forward 
to 2022. This sometimes would yield subzero values in the 
earlier years of the time series. In these cases, the count of 
documented P&A wells was set to zero. Unplugged idle, shut 
in, and orphaned well emissions estimates are not included 
in this report owing to well count unavailability, but this is 
targeted as a future addition to the estimate.

Total offshore oil-and-gas platform counts and emissions 
factors were obtained from the EPA (U.S. Environmental 
Protection Agency, 2024c, d). Production data for Federal 
platforms, though also available from EPA, is sourced from 
ONRR to be consistent with all other production data in this 
report. Following the EPA methodology, offshore Gulf of 
Mexico Outer Continental Shelf (OCS) vent/leak emissions 
are based on the size of the platform, and flaring emissions 
are based on the reported total fuel content flared. In the 
offshore Pacific, OCS oil emissions from vent/leak and flaring 
are based on the total barrels of oil produced. Pacific OCS 
gas production emissions factors are not provided by U.S. 
Environmental Protection Agency (2024d); therefore, Alaska 
State waters emissions factors have been used as an analog 
emissions factor. Refer to table 1.4 for the inputs and sources 
mentioned in this section.

Table 1.4.  Inputs and sources for the petroleum and natural gas systems greenhouse gas emissions estimate.

[CO2, carbon dioxide; CH4, methane; N2O, nitrous oxide]

Input Source

CO2, CH4, and N2O natural gas systems emissions U.S. Environmental Protection Agency (2024a, tables 3–66, 3–75, and 3–77)
CO2, CH4, and N2O petroleum systems emissions U.S. Environmental Protection Agency (2024a, tables 3–46, 3–44, and 3–48)
National producing oil well counts U.S. Environmental Protection Agency (2024c, table 3.5–5)
U.S. producing gas well counts U.S. Environmental Protection Agency (2024d, table 3.6–7)
State producing oil well counts U.S. Energy Information Administration (2024b, appendix C)
State producing gas well counts U.S. Energy Information Administration (2024b, appendix C)
Federal lands producing oil and gas well counts Bureau of Land Management (written communication, 2014, 2016, 2019, 2020, 2022).
Federal plugged and abandoned well count Bureau of Land Management (written communication, 2014, 2016, 2018, 2019, 2020, 

2022)
Offshore platform counts and emission factors U.S. Environmental Protection Agency (2024c, d, tables 3.5–3, 3.5–5, 3.5–8, 3.5–11, 

3.6–2, 3.6–7, 3.6–12, 3.6–15)
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Natural Carbon Dioxide Production 
Emissions

Natural CO2 end uses include CO2-enhanced oil recovery 
(CO2-EOR), food and beverage production, chemical 
production, greenhouse operations, water treatment, research, 
and other purposes. All uses except for CO2-EOR result in 
the eventual release of the CO2 to the atmosphere and are 
therefore sources of emissions. Based on this assumption, the 
method to determine emitted GHG from the total produced 
is simply to remove the amount used for CO2-EOR. Fugitive 
CO2 emissions (leaking from infrastructure) are accounted 
for in the fugitive emissions section and are therefore not also 
included here as it would be double counted.

Annual CO2 production volumes were provided 
by the Office of Natural Resources Revenues (written 
communication, 2024). Data for the end use of CO2 from 
large production facilities from 2010–22 was available in the 
EPA Facility Level Information on GreenHouse gases Tool 
(FLIGHT) (U.S. Environmental Protection Agency, 2024e). 
Because data availability begins in 2010, the calculation 
inputs for 2005–09 in this estimate are replaced with the 
average of EPA facility data from 2010–12. Annual national 
and State CO2-EOR usage ratios were produced with data 
from the States of Colorado, Mississippi, New Mexico, and 
West Virginia. Texas, Utah, and Wyoming, States with Federal 
lease CO2 production (but no facility data), use national CO2-
EOR usage averages in this calculation. Refer to table 1.5 for 
the inputs and sources mentioned in this section

Table 1.5.  Inputs and sources for the natural CO2 greenhouse gas emissions estimate.

[CO2, carbon dioxide]

Input Source

Natural CO2 production from Federal leases Office of Natural Resources Revenues (written communication, 2024)
Facility level CO2 end usage U.S. Environmental Protection Agency (2024e), Facility Level Information on Green-

House gases Tool (FLIGHT), Subpart pp, Greenhouse Gas Reporting Program data
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Active Coal Mine Emissions
Fugitive emissions of CH4 from active underground coal 

mining were calculated as the sum of four kinds of emissions: 
ventilation, degasification, recovered/used (a negative 
value), and postmining. Emissions of CH4 from ventilation 
are measured directly by the Mine Safety and Health 
Administration (MSHA) or reported by mine operators to 
MSHA, then compiled by EPA and eventually provided to the 
USGS. Degasification, as well as amounts of CH4 recovered is 
reported directly to the EPA. Reports of emissions are whole 
mine values, therefore they are apportioned in each year 
by the percentage of total mine production associated with 
Federal leases (a ratio based on proprietary mine-level ONRR 
production data); this is a change from overestimates in the 
previous report (Merrill and others, 2018) where whole mine 
data was used regardless of the Federal production portion. 
Some active mines are not included in the EPA data provided 

to the USGS and some mines have noncontinuous or mostly 
missing data. These data are based on direct measurements 
and are preferred over emissions factor-based estimates, 
though the methodology may be modified in future estimates 
to use emissions factors when data are missing or atypical. For 
underground mines, postmining CH4 emissions are the product 
of (1) annual production, (2) the basin-specific in situ coal 
CH4 content, and (3) a fixed postmining emission factor of 
0.325 (U.S. Environmental Protection Agency, 2024b).

Active surface mine emissions of CH4 are the product 
of (1) annual production, (2) basin-specific in situ coal CH4 
content, and (3) a fixed surface mining emission factor of 1.5 
(U.S. Environmental Protection Agency, 2024b). The method 
for estimating postmining emissions for active surface mines 
is the same as that described above for post-mining emissions 
for active underground mines. Refer to table 1.6 for the inputs 
and sources mentioned in this section.

Table 1.6.  Inputs and sources for the active coal mining greenhouse gas emissions estimate.

[CH4, methane; MSHA, Mine Safety and Health Administration]

Input Source

Production, fuel type, and basin information Office of Natural Resources Revenue (written communication, 2024)
Basin-specific in situ coal CH4 content U.S. Environmental Protection Agency (2024b, table A–98)
Annual ventilation CH4 volumes U.S. Environmental Protection Agency (written communication, 2024), Inventory of U.S. 

Greenhouse Gas Emissions and Sinks project team (data reported by MSHA)
Annual degasification CH4 volumes U.S. Environmental Protection Agency (written communication, 2024), Inventory of U.S. 

Greenhouse Gas Emissions and Sinks project team (data reported by MSHA)
Annual recovered/used CH4 volumes U.S. Environmental Protection Agency (written communication, 2024), Inventory of U.S. 

Greenhouse Gas Emissions and Sinks project team (data reported by MSHA)
Postmining emission factors U.S. Environmental Protection Agency (2024b, table A–98)
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Abandoned Coal Mine Emissions
The CH4 emissions from abandoned underground 

coal mines were calculated with emissions decline curves 
that used the active emissions on the day of abandonment 
as the initial point of decline in time. The variables that 
control the type of decline curve are specific to the method 
of abandonment (sealing, venting, or flooding). Emissions 
from mines with an unknown abandonment method were 
determined by calculating the emissions for all three methods 
of abandonment and then using a weighted average of the 
outputs based on region-specific abandonment-method 

statistics. The EPA’s methodology (Franklin and others, 
2004; U.S. Environmental Protection Agency, 2004) for 
abandoned mines was the general method applied. However, 
unlike the EPA’s probabilistic approach, this USGS estimate 
is deterministic and was obtained by using region-specific 
median inputs in the decline curve calculations rather than 
a range of potential values. This simplification does not 
significantly affect the results and is in line with the simplified 
approach used in the USGS estimate. Refer to table 1.7 for the 
inputs and sources mentioned in this section.

Table 1.7.  Inputs and sources for the abandoned coal mine greenhouse gas emissions estimate.

[MSHA, Mine Safety and Health Administration]

Input Source

Abandoned Federal lease mines U.S. Environmental Protection Agency (written communication, 2024), Inventory of U.S. 
Greenhouse Gas Emissions and Sinks project team (some data reported by MSHA)

Date of abandonment U.S. Environmental Protection Agency (written communication, 2024), Inventory of U.S. 
Greenhouse Gas Emissions and Sinks project team (some data reported by MSHA)

Average emissions at abandonment U.S. Environmental Protection Agency (written communication, 2024), Inventory of U.S. 
Greenhouse Gas Emissions and Sinks project team (some data reported by MSHA)

Abandonment method U.S. Environmental Protection Agency (written communication, 2024), Inventory of U.S. 
Greenhouse Gas Emissions and Sinks project team (some data reported by MSHA)

Decline curve values Franklin and others (2004); U.S. Environmental Protection Agency (2004)
Abandonment method by basin Franklin and others (2004); U.S. Environmental Protection Agency (2004)
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Exported Fuels Emissions
A line-item emissions estimate for exported fuels 

provided in the previous report (Merrill and others, 2018) is no 
longer included in the current study, but those fuels and their 
emissions are still accounted for in other sections. Estimating 
the emissions within a geographic area is not the goal of this 
emissions estimate. This estimate looks at the fuels originating 
within the Federal lands and then determines their end use 
emissions regardless of location. Therefore, the previous and 
current version of this estimate included exported fuels, but 
not imported fuels. This conceptual framework allows the 
estimates within this report to generally reflect the emissions 
associated with the energy production and management 
practices applied on U.S. Federal lands.

Oil or gas from specific Federal lease wells or even 
fields cannot be traced through the U.S. energy system. Coal 
from some mines may be traceable because of the method of 
transportation, but those data are not available to the USGS. 
A review of previous exported fuels emissions methods 
indicates that the assumptions required for the inclusion 
of export specific emissions estimates have too high an 
uncertainty for inclusion as a line-item output. Instead, the 
emissions associated with those exports are included within 
the other emissions totals.

Exported and imported fuel combustion and use is 
the main area where the USGS GHG emissions estimates 
depart from the U.S. GHG Inventory (U.S. Environmental 
Protection Agency, 2024a). The Intergovernmental Panel 
on Climate Change’s “2006 IPCC Guidelines for National 
Greenhouse Gas Inventories” (Intergovernmental Panel on 
Climate Change, 2006) specified that emissions are counted in 
the nation where they were emitted; therefore, the U.S. GHG 
Inventory includes combustion emissions from imported fuel, 
but not exported fuel. The USGS includes exported fuels, but 
not as a line item and excludes imported fuels.

Results Comparison to Previous 
2005–14 Estimate

The emissions estimates in this report span from 2005 to 
2022; this provides a 10-year overlap with the 2005 to 2014 
time series of the previous report by Merrill and others (2018). 
When comparing the overlapping values from the two reports 
for total 2005–14 average emissions, CO2 emissions were 4.6 
percent lower in this report; CH4 emissions were 4.6 percent 
higher in this report; and N2O emissions were 5.3 percent 
lower in this report. These are significant and inconsistent 
differences worth investigation. Differences in the emissions 
estimates from those common years are discussed below in 
terms of the impact of input data, methodological factors, 
and errors.

Input data, generally the production volumes of various 
extracted fuels are, as expected, the most important predictor 
of estimated emissions. In this report, the specific version of 
the input data (but not the source) has changed, as described 
in the “Data Sources” and “Input Data” sections. The change 
in total fuels used for the overlapping years of the time series 
is quite small. Owing to the requirement for proprietary coal 
mine specific data in this estimate, the publicly available coal 
production data was not used; however, at the State level, the 
public dataset was nearly identical to that used in this study. 
For oil and gas, the new dataset had 0.019 percent less total oil 
production and 0.14 percent less gas production over the same 
2005 to 2014 time period relative to the original. Overall, 
these fuel production differences are negligible compared 
to the magnitude of the emissions estimate differences. 
Therefore, input data is not the source of any emissions 
estimate differences between the original (2005–2014) and 
current study for 2005 to 2022.

This leaves methodology and miscalculations as the 
remaining factors causing the reported differences. Also 
of note, is that while production totals show insignificant 
differences, the allotment of oil and gas between Federal 
offshore (Gulf of Mexico and Pacific) and the Federal leases of 
the coastal States have changed in the source data. Therefore, 
some State and offshore specific input volumes have changed, 
changes that are evident in State-level emissions totals.

Methodological changes between this report and the 
previous report by Merrill and others (2018) have resulted in 
most of the observed differences between the two time-series 
estimates. These changes include constant values such as 
emissions factors and conversion rates, but also the methods 
themselves, such as new processes or the inclusion of new 
emissions estimates. Starting with CO2, a process change 
using mine-specific coal rank in this report for energy content, 
versus assumed rank blends based on economic sector, has 
resulted in the most significant difference between the two 
time-series’ CO2 estimates. This is due to the large role of 
Wyoming coal production in the emissions estimates. Most 
Federal leases in Wyoming produce subbituminous coal; the 
previous method used assumed rank mixes based on end use 
with coal energy content (in million British thermal units per 
short ton of coal) that were an overestimate for the rank of 
Wyoming coal. This 13 percent decline combined with the 
85 percent Federal coal share from Wyoming led to the lower 
overall CO2 emissions estimates in this report.

Unlike the relative decrease in CO2 emissions, CH4 
emissions were approximately 4.6 percent higher on average 
in the updated estimate; though most of this increase is from 
2005 to 2010. Some of the increase is due to a change in 
100-year Global Warming Potential (GWP) for CH4 used 
in the studies from a value of 25 to 28. The previous report 
used GWP values from IPCC’s fourth assessment report 
(AR4) (Intergovernmental Panel on Climate Change, 2007). 
This 12 percent increase in GWP accounts for most of the 
increase in estimated emissions on a CO2 equivalent basis. 
A clerical error in the previous estimate for active surface 



32    Federal Lands Greenhouse Gas Emissions and Sequestration in the United States—Estimates for 2005–22

coal-mining fugitive emissions in Wyoming was discovered 
when producing the current estimate. This resulted in 
an under-reporting of 2–3 million metric tons of carbon 
dioxide equivalent (MMT CO2 Eq.) of CH4 emissions per 
annum in the previous report by Merrill and others (2018). 
That error has been rectified in this report and is part of the 
higher emissions now reported in the overlapped time series. 
Balancing out some of these increases are decreases in the 
EPA-reported underground active and abandoned coal-mine 
emissions. Additionally, the previous methodology included 
whole mine emissions regardless of the non-zero portion of 
production that was Federal. This resulted in over attributing 
emissions to Federal leases. The current method apportions 
emissions by the percentage of Federal lease production in a 
mine per year.

An average five percent decline in estimated N2O 
emissions in this report is the result of multiple factors. 
A decrease in the GWP for N2O from a value of 298 in the 
original study to 265 would yield an 11 percent decrease; 
however, increases in reported EPA mobile N2O emissions, 
which are used as a scaling factor, reduce the impact of the 
GWP change. Additional smaller increases are the result 
of the addition of N2O emissions in the fugitive emission 
calculations for both petroleum and natural gas systems, these 
changes were modifications to the EPA’s U.S. GHG Inventory 
methodology since the previous report.

Precision, Rounding, Totals, and 
Uncertainty of Emissions Estimates

The emissions estimates summarized in this report and 
provided in the associated dataset (Merrill and others, 2024) 
were formatted to indicate their precision. For all non-total 
values, meaning those estimates that represent a single sector, 
gas, State, and year combination, the number of significant 
figures indicates the level of precision inherent in the 
calculations that generated that number. In the calculations 
used to generate the estimates, less precise sector ratios or 
emission factors are commonly the parameters with the least 
precision, and they limit the estimate’s precision.

For the convenience of the reader, this report and the 
associated dataset include totals for grouped sectors, or 
emissions categories, such as stationary combustion, mobile 
combustion, coal mine fugitive emissions, and grand totals. 
Unlike the individual sector values, the totals in this report 

and associated dataset do not intend to represent a level 
of precision; these totals are rounded values. These totals 
are formatted in a specific way to capture the 12 orders of 
magnitude in range that are present in the various estimates of 
this dataset. Totals greater than or equal to 1.0 MMT CO2 Eq. 
are rounded to the first decimal place, whereas values less than 
1.0 MMT CO2 Eq. are shown with two significant figures. 
Applying either criteria to both large and small values will 
result in over rounded or unreported values. This method of 
representing the estimates, used only for totals, facilitates the 
comparison of a wide range of emissions totals.

Emissions category totals and U.S. Federal lands totals 
are provided in table 1.8 by greenhouse gas (GHG) and 
with uncertainty bounds (low, most likely, and high). Note 
that summing individual values in this report’s data release 
(Merrill and others, 2024) without exercising care can produce 
incorrect totals. There are two main reasons that incorrect 
totals can be produced: (1) small compounding errors from 
summing rounded totals, and (2) if summing low and high 
bound values, a significant error is introduced by incorrectly 
representing uncertainty at the totals level. The following text 
further explains these two reasons.

Performing calculations on the rounded total values, 
such as summing all stationary combustion totals rather than 
all individual combustion sector emissions, to obtain national 
combustion emissions, may incur compound rounding errors. 
These errors are small in the “most likely” estimates, but can 
be larger in the low or high bound totals, as explained below. 
Users of the dataset are advised to perform calculations on the 
individual values rather than the rounded totals when working 
on most likely emissions estimates.

Summing any low or high uncertainty bound values or 
subtotals to produce totals may greatly over and underestimate 
the actual low and high totals reported. Therefore, this is not 
recommended. Individual values have uncertainty bounds that 
are specific to that sector. The uncertainty bounds for totals are 
generally much narrower in range, which is due to some of the 
largest sources of emissions having low uncertainty driving 
the uncertainty of the total. Therefore, for those who wish 
to produce their own totals, it is recommended to perform 
summations on most likely values and then apply the proper, 
or best fitting, uncertainty bounds available from the EPA’s 
U.S. GHG Inventory (U.S. Environmental Protection Agency, 
2024a). All totals in this report were calculated to avoid 
compound rounding errors and use the appropriate uncertainty 
for low and high bound totals.
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Table 1.8.  Total greenhouse gas estimates for the stationary, mobile, and coal mine emission categories in addition to a grand total from this report. 

[Values are in million metric tons of carbon dioxide equivalent (MMT CO2 Eq.). Totals are presented by greenhouse gas (carbon dioxide [CO2], methane [CH4], and nitrous oxide [N2O]) and by low bound 
(Low), most likely (not symbolized), and high bound (High) estimates. These totals are produced from unrounded values. Similar totals produced from the data release (Merrill and others, 2024) may deviate at 
the decimal level due to compounding of rounding errors]

Year
Stationary, 
total CO2

Low, 
stationary, 
total CO2

High, 
stationary, 
total CO2

Stationary, 
total CH4

Low, 
stationary, 
total CH4

High, 
stationary, 
total CH4

Stationary, 
total N2O

Low, 
stationary, 
total N2O

High, 
stationary, 
total N2O

Mobile, 
total CO2

Low, 
mobile, 

total CO2

High, 
mobile, 

total CO2

Mobile, 
total CH4

Low, 
mobile, 

total CH4

High, 
mobile, 

total CH4

Mobile, 
total N2O

Low, 
mobile, 

total N2O

High, 
mobile, 

total N2O

2005 1,125.8 1,103.3 1,170.9 2.5 1.8 5.6 3.5 2.3 4.7 178.7 168.0 189.4 0.31 0.30 0.41 2.6 2.4 3.1

2006 1,131.2 1,108.6 1,176.4 2.5 1.7 5.6 3.6 2.4 4.8 186.3 175.1 197.4 0.33 0.31 0.42 2.6 2.4 3.1

2007 1,143.9 1,121.0 1,189.7 2.6 1.8 5.7 3.6 2.4 4.9 184.4 173.4 195.5 0.31 0.30 0.41 2.6 2.3 3.1

2008 1,176.0 1,152.4 1,223.0 2.8 1.9 6.2 3.9 2.6 5.2 175.5 164.9 186.0 0.29 0.28 0.37 2.3 2.1 2.8

2009 1,126.0 1,103.4 1,171.0 2.5 1.7 5.6 3.6 2.4 4.9 235.2 221.1 249.4 0.44 0.42 0.57 2.9 2.6 3.4

2010 1,120.7 1,098.3 1,165.5 2.6 1.8 5.7 3.6 2.4 4.9 227.6 213.9 241.2 0.31 0.30 0.41 2.7 2.4 3.2

2011 1,081.6 1,060.0 1,124.8 2.5 1.7 5.5 3.6 2.4 4.9 200.4 188.4 212.5 0.30 0.29 0.40 2.3 2.1 2.7

2012 1,017.5 997.2 1,058.2 2.4 1.7 5.4 3.4 2.2 4.5 200.3 188.3 212.3 0.28 0.27 0.37 2.2 2.0 2.6

2013 952.0 933.0 990.1 2.3 1.6 5.1 3.1 2.1 4.2 199.1 187.2 211.1 0.28 0.27 0.36 2.0 1.9 2.4

2014 974.9 955.4 1,013.9 2.3 1.6 5.2 3.3 2.2 4.4 240.6 226.2 255.1 0.55 0.52 0.71 2.2 2.0 2.6

2015 919.2 900.8 956.0 2.2 1.5 4.8 3.0 2.0 4.0 276.4 259.8 293.0 0.94 0.90 1.22 2.1 1.9 2.5

2016 762.9 747.7 793.5 1.7 1.2 3.7 2.4 1.6 3.2 254.2 239.0 269.5 0.40 0.38 0.51 1.9 1.7 2.2

2017 812.6 796.3 845.1 1.9 1.3 4.3 2.6 1.7 3.5 266.6 250.6 282.6 0.39 0.37 0.51 1.9 1.7 2.2

2018 791.2 775.4 822.9 1.8 1.2 3.9 2.5 1.7 3.4 296.4 278.6 314.2 0.40 0.38 0.52 1.9 1.8 2.3

2019 770.4 755.0 801.2 1.7 1.2 3.8 2.4 1.6 3.2 328.2 308.5 347.9 0.32 0.31 0.42 2.2 2.0 2.7

2020 663.9 650.6 690.4 1.4 1.0 3.1 2.0 1.3 2.7 292.0 274.5 309.5 0.42 0.40 0.55 1.9 1.7 2.2

2021 720.5 706.1 749.3 1.6 1.1 3.4 2.2 1.5 3.0 314.0 295.2 332.8 0.26 0.25 0.34 1.9 1.8 2.3

2022 732.4 717.7 761.6 1.5 1.1 3.4 2.2 1.5 3.0 343.2 322.6 363.8 0.27 0.26 0.35 2.0 1.9 2.4
Emissions 
category 
total 17,022.6 16,682.2 17,703.5 38.8 26.8 86.2 54.4 36.4 73.4 4,399.3 4,135.4 4,663.3 6.8 6.5 8.8 40.0 36.8 48.0
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Table 1.8.  Total greenhouse gas estimates for the stationary, mobile, and coal mine emission categories in addition to a grand total from this report. —Continued

 [Values are in million metric tons of carbon dioxide equivalent (MMT CO2 Eq.). Totals are presented by greenhouse gas (carbon dioxide [CO2], methane [CH4], and nitrous oxide [N2O]) and by low bound 
(Low), most likely (not symbolized), and high bound (High) estimates. These totals are produced from unrounded values. Similar totals produced from the data release (Merrill and others, 2024) may deviate at 
the decimal level due to compounding of rounding errors]

Year
Coal mine, 
total CH4

Low, coal 
mine, total CH4

High, coal 
mine, total CH4 Grand total CO2

Low, grand 
total CO2

High, grand 
total CO2 Grand total CH4

Low, grand 
total CH4

High, grand 
total CH4

Grand total 
N2O

Low, grand 
total N2O

High, grand 
total N2O

2005 13.8 11.1 15.1 1,308.7 1,282.5 1,361.0 53.4 45.9 60.9 6.1 5.0 7.6

2006 14.1 11.3 15.4 1,321.7 1,295.3 1,374.6 60.1 51.7 68.5 6.2 5.1 7.8

2007 15.2 12.1 16.5 1,332.7 1,306.0 1,386.0 61.1 52.5 69.6 6.2 5.1 7.8

2008 16.8 13.4 18.3 1,356.0 1,328.9 1,410.2 62.5 53.8 71.3 6.2 5.1 7.8

2009 16.7 13.4 18.2 1,365.5 1,338.2 1,420.2 58.9 50.6 67.1 6.5 5.4 8.2

2010 18.7 15.0 20.4 1,352.7 1,325.7 1,406.8 57.6 49.5 65.6 6.3 5.2 7.9

2011 15.7 12.6 17.1 1,286.6 1,260.9 1,338.1 53.3 45.9 60.8 5.9 4.9 7.4

2012 14.1 11.3 15.4 1,222.6 1,198.2 1,271.5 50.5 43.5 57.6 5.5 4.6 7.0

2013 11.5 9.2 12.5 1,156.2 1,133.1 1,202.5 47.0 40.4 53.5 5.2 4.3 6.5

2014 10.3 8.3 11.3 1,221.0 1,196.6 1,269.8 45.5 39.2 51.9 5.5 4.5 6.9

2015 10.1 8.0 11.0 1,200.9 1,176.8 1,248.9 43.4 37.3 49.5 5.1 4.2 6.4

2016 7.2 5.7 7.8 1,021.8 1,001.4 1,062.7 37.0 31.8 42.2 4.2 3.5 5.3

2017 7.6 6.1 8.3 1,084.1 1,062.5 1,127.5 38.3 32.9 43.6 4.5 3.7 5.6

2018 7.0 5.6 7.6 1,093.5 1,071.6 1,137.2 38.2 32.8 43.5 4.5 3.7 5.6

2019 6.9 5.5 7.5 1,105.5 1,083.4 1,149.7 37.3 32.1 42.5 4.6 3.8 5.8

2020 5.6 4.4 6.1 961.9 942.6 1,000.3 34.6 29.8 39.5 3.9 3.2 4.9

2021 6.5 5.2 7.1 1,040.0 1,019.2 1,081.6 34.6 29.8 39.5 4.2 3.5 5.3

2022 5.6 4.5 6.2 1,081.2 1,059.5 1,124.4 33.4 28.8 38.1 4.3 3.5 5.4

Emissions 
category total 203.4 162.7 221.7 21,512.5 21,082.3 22,373.0 846.8 728.2 965.3 94.5 78.4 119.1
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Introduction
For this report, we used a state-and-transition simulation 

model (STSM) with fully coupled stocks and flows (the Land 
Use and Carbon Scenario Simulator [LUCAS] model) to 
estimate changes in ecosystem carbon balance for all Federal 
land areas in the conterminous United States. Within these 
areas, we estimated the changes in carbon stocks and fluxes 
for forests, grasslands, shrublands, and wetlands resulting 
from processes associated with agricultural contraction 
and expansion, urbanization, forest harvest, and wildfire. 
Historical changes in land use and land cover (LULC) were 
estimated from a range of remote sensing-based datasets. 
Carbon dynamics within the LUCAS model were calibrated 
with growth curves derived from forest inventory and analysis 
(FIA) data from the U.S. Department of Agriculture Forest 
Service (Gray and others, 2012). A complete description of the 
methods used can be found in Sleeter and others (2022).

LULC Initial Conditions
The LUCAS model used here estimated changes in 

ecosystem carbon balance for the period 2001–21. The model 
was initialized for the year 2001 using the following approach. 
The 2001 National Land Cover Database (NLCD) (Homer 
and others, 2007) was used to define the LULC class for each 
pixel. To identify forest land use, we assumed that if a cell was 
ever classified as forest in any of the NLCD time periods, then 
it was assumed to be forest in 2001. This approach accounts 
for cells that were recently harvested or disturbed, and 
therefore likely classified as either shrubland or herbaceous 
cover, to be correctly identified as forest. Forest cells were 
then assigned a forest type-group using Landfire’s Existing 
Vegetation Type (Rollins, 2008), and stand age was derived 
from Williams and others (2020). For cells classified as either 
shrubland or herbaceous cover, we assigned a grassland/
shrubland type based on data from the Rangeland Condition 
Monitoring Assessment and Projection (RCMAP) project 
(Rigge and others, 2024), while cells mapped as wetlands in 
NLCD were assigned a wetland type from NOAA’s Coastal 
Change and Analysis Program (C-CAP) data (National 
Oceanic and Atmospheric Administration, 2024). Wetlands are 
subdivided into four classes: estuarine herbaceous, estuarine 
forested, palustrine herbaceous, and palustrine forested. 
Wetlands not included within the NOAA C-CAP data extent 

that were classified as herbaceous wetlands in NLCD were 
assumed to be palustrine herbaceous wetlands. In areas where 
C-CAP had coverage, we used C-CAP to distinguish between 
palustrine and estuarine categories. All other LULC classes 
remained the same as their 2001 NLCD classification.

LULC Change and Disturbance
We modeled the following LULC conversions for this 

report: urbanization, agricultural expansion, agricultural 
contraction, and intensification of development areas. 
The NLCD time series of maps was used to identify areas 
experiencing LULC changes and the rates of change were 
annualized and stochastically selected within each time 
step. Forest harvest was modeled using an annual time 
series of maps from Landfire Disturbance (LANDFIRE, 
2023). We identified both clearcut harvest and selection 
harvest transitions from the Landfire Disturbance product 
and produced annual maps of these areas as inputs into the 
model. The same approach was used for fire, where areas of 
high, moderate, and low severity fires were mapped from the 
Monitoring Trends in Burn Severity database (Eidenshink 
and others, 2007). For both fire and harvest transitions, 
we assumed the original land-cover class returned post 
disturbance. For clearcut harvest and high severity fire, the 
stand age was reset to zero.

Carbon Model
This study followed the same approach and methods as 

that described in detail in Sleeter and others (2022). LUCAS 
defines 14 carbon pools, including 5 live pools and 9 pools 
characterizing dead organic matter such as deadwood and 
litter. Carbon is transferred between pools on an annual 
timestep based on coefficients derived from the Carbon 
Budget Model of the Canadian Forest Sector (CBM-CFS3; 
Kurz and others, 2009). The LUCAS model does not have 
an explicit depth limitation to tracking soil carbon pools. 
Rather, the model follows the same general approach as the 
CBM-CFS3 model (Kurz and others, 2009) and works to find 
an equilibrium with the whole system, but it does not infer 
any specific depth. Rates of net primary productivity (NPP) 
are further modified on an annual timestep for each grid cell 
based on an external model of NPP (Del Grosso and others, 
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2008; Sleeter and others, 2022). Additionally, we included 
uncertainty in baseline NPP as derived from an analysis of 
plot data from the U.S. Department of Agriculture (Gray 
and others, 2012). As such, each Monte Carlo iteration of 
the LUCAS model samples from a predefined distribution of 
NPP for each forest type-group. Annual maps of temperature 
are used to scale the rate of decomposition in deadwood 
and litter pools for each timestep and grid cell (Sleeter and 
others, 2022). We did not include the effects of changes in 
precipitation on decomposition other than the base rates, 
which were described in Kurz and others (2009) and Sleeter 
and others (2022). We appreciate this may be an important 
aspect to turnover of dead organic matter pools, however, it 
was beyond the scope of this report.

Sleeter and others (2022) describe the complete 
methodology for modeling carbon used in this report. 
However, it does not describe the parameters used for 
grasslands, shrublands, and wetlands. We used the Integrated 
Biosphere Simulator (IBIS) dynamic global vegetation 
model to derive estimates of NPP and biomass turnover for 
3 grassland types and 6 shrubland classes. For wetlands we 
used estimates derived by Stagg and others (2017, 2018).

Model Simulations
For this report, the LUCAS model was run for the period 

2001–21 on an annual timestep. We simulated LULC change 
and ecosystem carbon dynamics at a spatial resolution of 1-km 
x 1-km for all cells in the conterminous United States. Twenty 
Monte Carlo realizations of the model were run. Results 
summarized all pixels, which were classified as Federal lands 
while omitting cells classified as Bureau of Indian Affairs. 
Annual, State-level outputs from this work are available in this 
report’s associated data release (Merrill and others, 2024).
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