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Abstract Accurate accounting of greenhouse-gas (GHG) emissions and removals is central to tracking
progress toward climate mitigation and for monitoring potential climate-change feedbacks. GHG budgeting and
reporting can follow either the Intergovernmental Panel on Climate Change methodologies for National
Greenhouse Gas Inventory (NGHGI) reporting or use atmospheric-based “top-down” (TD) inversions or
process-based “bottom-up” (BU) approaches. To help understand and reconcile these approaches, the Second
REgional Carbon Cycle Assessment and Processes study (RECCAP2) was established to quantify GHG

POULTER ET AL.

1 of 31


https://orcid.org/0000-0002-9493-8600
https://orcid.org/0000-0002-5620-6070
https://orcid.org/0000-0002-3011-7934
https://orcid.org/0000-0001-8560-4943
https://orcid.org/0000-0001-8590-6431
https://orcid.org/0000-0002-7368-7806
https://orcid.org/0000-0003-3520-7426
https://orcid.org/0000-0002-8788-3218
https://orcid.org/0000-0002-3680-0160
https://orcid.org/0000-0003-0485-0355
https://orcid.org/0000-0002-2471-7319
https://orcid.org/0000-0001-8846-7147
https://orcid.org/0000-0003-4576-7849
https://orcid.org/0009-0004-6639-6156
https://orcid.org/0000-0001-5059-0334
https://orcid.org/0000-0002-3990-6737
https://orcid.org/0000-0001-7970-0701
https://orcid.org/0000-0002-6152-7979
https://orcid.org/0000-0001-8630-1610
https://orcid.org/0000-0002-7094-8011
https://orcid.org/0000-0002-1465-7738
https://orcid.org/0000-0001-6559-7387
https://orcid.org/0000-0002-8564-7860
https://orcid.org/0000-0002-1212-3943
https://orcid.org/0000-0001-7853-2531
https://orcid.org/0000-0003-3796-149X
https://orcid.org/0000-0001-5787-5682
https://orcid.org/0000-0002-6662-5367
https://orcid.org/0000-0002-5371-6577
https://orcid.org/0000-0002-1806-4091
https://orcid.org/0000-0001-6829-5333
https://orcid.org/0000-0003-4959-5685
https://orcid.org/0000-0003-2839-0699
https://orcid.org/0000-0001-8622-7756
https://orcid.org/0000-0002-6400-0590
https://orcid.org/0000-0002-5047-0639
https://orcid.org/0000-0003-0281-9581
https://orcid.org/0000-0002-9752-8973
http://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)2169-8961.RECCAP2
http://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)2169-8961.RECCAP2
http://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)2169-8961.RECCAP2
mailto:benjamin.poulter@nasa.gov
https://doi.org/10.1029/2024GB008310
https://doi.org/10.1029/2024GB008310
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2024GB008310&domain=pdf&date_stamp=2025-04-05

V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Global Biogeochemical Cycles 10.1029/2024GB008310

A. Raymond, Suzanne E. Tank,
Rodrigo Vargas, Kimberly P. Wickland,
Christopher Williams,

Lisamarie Windham-Myers

Data curation: Benjamin Poulter, Robbie
M. Andrew, Brendan Byrne,

David Butman, Abhishek Chatterjee,
Grant Domke, Andrew Feldman,
Kelsey Foster, Neha Hunka, Werner

A. Kurz, Ayia Lindquist, Maodian Liu,
Ingrid Luijkx, Arnaud Mialon, John Miller,
Wolfgang A. Obermeier, Naiqin Pan,
James T. Randerson, Pierre Regnier,
Laure Resplandy, Gerard Rocher-Ros,
Nemesio Rodriquez-Fernandez,

Judith Rosentreter, Julio César Salazar-
Neira, Suzanne E. Tank, Hanqin Tian,
Rodrigo Vargas, Jonathan A. Wang,
Xinyuan Wei, Kimberly P. Wickland,
Lisamarie Windham-Myers,
Christopher Woodall, Zhen Zhang
Formal analysis: Benjamin Poulter,
Daniel J. Hayes, Robbie M. Andrew,
Brendan Byrne, Grant Domke,

Ingrid Luijkx, Wolfgang A. Obermeier,
Naiqin Pan, Peter A. Raymond,

Pierre Regnier, Judith Rosentreter,
Hangqin Tian, Christopher Woodall,
Qing Ying

Investigation: Benjamin Poulter
Methodology: Benjamin Poulter,
Philippe Ciais, Ingrid Luijkx, Peter

A. Raymond, Judith Rosentreter,
Yohanna Villalobos

Supervision: Benjamin Poulter
Visualization: Benjamin Poulter,

Qing Ying

Writing — original draft:

Benjamin Poulter, Daniel J. Hayes,
Abhishek Chatterjee, Andrew Feldman,
Ingrid Luijkx, Pierre Regnier,

Judith Rosentreter, Suzanne E. Tank,
Hangqin Tian, Rodrigo Vargas,
Yohanna Villalobos, Christopher Woodall
Writing — review & editing:
Benjamin Poulter, Daniel J. Hayes

emissions and removals for carbon dioxide (CO,), methane (CH,) and nitrous oxide (N,O), for ten-land and
five-ocean regions for 2010-2019. Here, we present the results for the North American land region (Canada, the
United States, Mexico, Central America and the Caribbean). For 2010-2019, the NGHGI reported total net-
GHG emissions of 7,270 TgCO,-eq yr~' compared to TD estimates of 6,132 + 1,846 TgCO,-eq yr~' and BU
estimates of 9,060 + 898 TgCO,-eq yr~'. Reconciling differences between the NGHGI, TD and BU approaches
depended on (a) accounting for lateral fluxes of CO, along the land-ocean-aquatic continuum (LOAC) and
trade, (b) correcting land-use CO, emissions for the loss-of-additional-sink capacity (LASC), (c) avoiding
double counting of inland water CH, emissions, and (d) adjusting area estimates to match the NGHGI definition
of the managed-land proxy. Uncertainties remain from inland-water CO, evasion, the conversion of nitrogen
fertilizers to N,O, and from less-frequent NGHGI reporting from non-Annex-1 countries. The RECCAP2
framework plays a key role in reconciling independent GHG-reporting methodologies to support policy
commitments while providing insights into biogeochemical processes and responses to climate change.

Plain Language Summary Climate change is driven by increasing atmospheric greenhouse gases
from human activities. Reducing the emissions (or increasing removals) of anthropogenic greenhouse gas
emissions is a key component of climate mitigation policies. The REgional Carbon Cycle Assessment and
Processes (RECCAP2) study was developed to quantify greenhouse gas emissions for carbon dioxide, methane
and nitrous oxide, and for key land and ocean regions to help advance science and policy needs. The North
American region, presented in this paper, uses a wide range of data to develop greenhouse-gas budgets
following top-down and bottom-up approaches, and compares these with the national greenhouse gas
inventories submitted to the United Nations Framework Convention on Climate Change. We pay particular
attention to reconciling differences by quantifying lateral fluxes of carbon from aquatic and trade processes, by
isolating cases of double counting of inland water emissions, and by evaluating definitions associated with land
cover change emissions and the “managed lands proxy.” Combined, we provide the regional and sub-regional
GHG budget and comparison for 2000-2009 and 2010-2019 for the three gases and their global warming
potential equivalent.

1. Introduction

Measurement and monitoring of greenhouse-gas (GHG) emissions and removals is necessary for developing
GHG budgets to support climate policy and also to help detect climate impacts and potential climate feedbacks on
the carbon cycle. From a scientific perspective, the development of GHG budgets provides an opportunity for a
detailed understanding of biogeochemical flows and their sensitivity to climate variability and trends. And from a
policy perspective, accurate accounting of anthropogenic emissions and removals is a key reporting component to
support climate mitigation efforts.

The REgional Carbon Cycle Assessment and Processes study (RECCAP1), first established in 2008, developed
carbon dioxide (CO,) budgets for 10-land and 5-ocean regions for the period 1990-2009 (Canadell et al., 2011).
RECCAP1 was designed to improve our scientific understanding of the carbon cycle, and led to the key finding
that lateral flows of carbon along the land-ocean aquatic continuum (LOAC) and from carbon embodied in the
trade of wood and crop products need to be quantified accurately for reconciling activity-based (i.e., bottom up)
and atmospheric-based (i.e., top down) methods (Ciais et al., 2021). In 2017, RECCAP2 was launched to develop
multi-GHG budgets for the same ten-land regions for the period 2010-2019, including two special focus regions,
the permafrost and polar regions (Poulter et al., 2022). RECCAP2 takes place in an era following RECCAP1
where a range of new policies have been established to mitigate GHG gas emissions.

This paper presents the GHG budget for the North American region, which includes Canada, the United States,
Mexico, Central America and the Caribbean. Findings from RECCAP1 estimated North American fossil-fuel
emissions (for 1990-2009) as 6,300 TgCO, yr~' and found that emissions are offset by 1,000 to
3,300 TgCO, yr~" due to removals from the land sector (King et al., 2015). The Second State of the Carbon Cycle
Report (SOCCR-2; Birdsey et al., 2018), covering the years 2004-2013, also estimated North American natural
and managed ecosystem removals of ~2,224-2,565 TgCO, yr~' partially offsetting annual fossil fuel emissions
of 6,510 TgCO, yr~" (Hayes et al., 2018). More recently, atmospheric-based estimates from the Orbiting Carbon
Observatory-2 Model Intercomparison (OCO2-MIP), suggest an increase in land removals of 2,730—
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3,154 TgCO, yr~' (Byme et al., 2023) for the period 2015-2019. For non-CO, gases, data from the Global
Methane (CH,) Budget (2008-2017) and Global Nitrous Oxide (N,O) Budget (2007-2016), coordinated by the
Global Carbon Project, estimate North America to be a source of 78112 TgCH, yr~! (Stavert et al., 2022) and 1.3
to 1.7 TgN,O yr~! (Tian et al., 2020, 2024).

Guidance for RECCAP2 was provided by Ciais et al. (2022) in the form of a framework for quantifying the flows
of CO, and reconciling bottom-up (BU) and top-down (TD) approaches. For non-CO, gases, the RECCAP2
teams following the Global Carbon Project's CH, and N,O Budget frameworks. For each of the three gases,
particular attention was paid to agreement between the BU and TD approaches by quantifying lateral fluxes, using
appropriate definitions, and avoiding double counting. Data sets along the LOAC continuum were developed for
inland waters by Lauerwald et al. (2023a, 2023b), and for estuaries and coastal systems by Rosentreter
et al. (2023) and lateral fluxes determined following the approach of Regnier et al. (2022) and Liu et al. (2024).
Definitions for the land-sector were characterized as appropriate for the managed-land proxy (McGlynn
etal., 2022; Ogle et al., 2018) and for comparing process-based and bookkeeping approaches while accounting for
the loss of additional sink capacity (Schwingshackl et al., 2022). Double counting is discussed in particular for
CH, emissions from vegetated wetlands and inland waters, which remain challenging to partition due to
observational data and model limitations (Saunois et al., 2020).

The RECCAP2 study encourages the use of multiple quasi-independent data sources to help characterize un-
certainties and to also provide unique insights into different underlying processes for GHG emissions and re-
movals. For this study, data from direct measurements of biomass and atmospheric concentrations are used with
indirect measurements from satellite retrievals and process-based models. In addition, data from the annual
National Inventory Reports (NIR) are used for Canada and the United States and from the periodic Biennial
Update Reports (BUR) are used for Mexico, Central America and the Caribbean. These inventories follow the
Intergovernmental Panel on Climate Change guidelines to estimate sectoral emissions and removals for energy,
industrial processes and product uses (IPPU), agriculture, land use, land-use change and forestry (i.e., AFOLU),
and waste (Deng et al., 2022).

Since the first RECCAP was completed in 2012, climate change, climate extremes, land-cover and land-use
change, and climate-mitigation policies have affected North American GHG emissions and removals (Crim-
mins et al., 2023). Since 1961, air temperature has warmed across North America by +0.29°C per decade, and
precipitation has increased by +0.34 mm per decade, but with smaller increases over Canada. Across the US,
Landsat analysis from 1985 to 2016 suggests land-cover change was primarily driven by an expansion in urban
areas causing declines in forest carbon and cropland cover (Auch et al., 2022). For the rest of North America, land-
use statistics, that is, US Department of Agriculture's National Resources Inventory (Nusser, 2012), show similar
increases in urban-area expansion along with declining forest and cropland. The North American carbon cycle is
also responding to climate changes at interannual and decadal timescales (Hu et al., 2019; Murray-Tortarolo
et al., 2022). At the same time, rapid expansion in oil and gas activities, livestock populations, and intensifica-
tion in fertilizer use has led to increasing CH, and N,O emissions (Alvarez et al., 2018; Tian et al., 2020).

RECCAP?2 thus provides a critical opportunity to quantify anthropogenic and climatic effects on the net radiative
balance of GHGs in North America (i.e., CO,-eq) across all sectors. We also include a budget for 2000-2009 in
addition to 2010-2019 to evaluate decadal GHG changes. In the following, we quantify the emissions and re-
movals for the three main GHGs for North America and its four subregions. We present independent flux-based
and stock-change accounting to estimate the CO, budget for North American territorial and non-territorial
consumption, and a flux-based approach only for the CH, and N,O budgets. We convert the fluxes of the
three gases to their global warming potentials using the GWP100 (IPCC, 2023) to evaluate the total GWP of the
North American continent and its subregions considering the imbalance between atmospheric GHG emissions
and removals.

2. Methods
2.1. Study Area

The study area encompasses the RECCAP2-defined North American land region, which together represents about
17% of global land area. The GHG budgets are presented for the entire region and also separately for the four sub-
regions: Canada, the United States of America, including Alaska, Hawaii and territories, Mexico, and Central
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Figure 1. The workflow implemented in RECCAP2 to estimate net CO,-eq (GWP100) emissions for North America and the four sub-regions for 2000-2009 and 2010—
2019. RECCAP2 develops GHG budgets using data from inventories, process-based models (based on a first principles of biogeochemistry), and atmospheric
inversions that are integrated and adjusted for lateral fluxes and differences in definitions and terminology.

America (including the Caribbean). Within these regions, the GHG budgets quantify fluxes for terrestrial,
freshwater, nearshore-coastal ecosystems and the Exclusive Economic Zones (EEZ) in the case of continental
shelf CO, exchange.

2.2. Overview

Data sets include direct atmospheric observations of trace gases, published emission factors, and satellite-based
products for land cover, biomass, and column GHG concentrations. These data are used in a variety of modeling
approaches that include bookkeeping models, data-driven models, process-based forward models, and atmo-
spheric inversion models (Figure 1). These models provide emissions source and removal (sink) estimates for all
anthropogenic and natural fluxes, and follow the definitions and sectors described by Ciais et al. (2022) for CO,,
and Saunois et al. (2020, 2024) for CH, and Tian et al. (2020, 2024) for N,0O. The GHG budget is presented for
two decadal epochs, 2000-2009 and 20102019, using units expressed in Teragrams (1 Tg = 10'? g) for CO,, and
CH,, and gigagrams (1 Gg = 10° g) for N,O. The budget integration to CO,-eq follows the Intergovernmental
Panel on Climate Change (IPCC) Sixth Assessment Report's 100-year GWP to convert all anthropogenic and
managed land GHG fluxes and stock changes to CO,-equivalents (Forster et al., 2024).

2.3. Fossil and Cement Production Emissions for CO,, CH,4, and N,O

CO,, CH, and N,O emissions from fossil fuel activities, cement production and the burning of biomass and
biofuel for energy were estimated from an ensemble of inventories. For CO,, sources of emissions are from the
combustion of coal, oil and gas (including flaring) and production of cement via clinker production (Friedling-
stein et al., 2023). Bunker fuels, from fossil fuel combustion activities related to shipping and aviation, are
included in a subset of the CO, inventories (i.e., the NIR and the Open-Source Data Inventory of Anthropogenic
CO, (ODIAC)). The fossil CO, inventories do not include the cement carbonation sink (Friedlingstein
et al., 2023). CH, fossil emissions sources are from activities related to coal, oil and gas exploitation, including
flaring and liquified natural gas storage and transport (Saunois et al., 2020). N,O emissions from industrial
processes are mainly from the oxidization of nitrogen compounds during the production processes of both nitric
and adipic acid, which are used for making synthetic fertilizers and synthetic fibers (Tian et al., 2024). Our fossil
inventories combine emissions from energy production categories with those categories from Industrial Processes
and Product Use (IPPU). The differences between the sources of the inventories stem mainly from uncertainties in
the source of activity data and assumptions for emissions factors.

The specific inventories are described in more detail in Table S1 in Supporting Information S1, and they include
the United Nations Framework Convention on Climate Change (UNFCCC) National Inventory Reports (NIR
submitted in 2022, with end reporting year of 2020) and Biennial Update Reports (BUR), the Global Carbon
Project's fossil CO, emissions data set (GCP2020), the International Energy Agency (IEA) Methane Tracker
Database 2022, the International Institute for Applied Systems Analysis Greenhouse Gas and Air Pollution In-
teractions and Synergies (GAINS), the Global Fuel Exploitation Inventory (GFEIv2), and priors used in the
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Orbiting Carbon Observatory-2 Model Intercomparison (OCO2-MIP). Gridded products include the Global
Carbon Project's Gridded Fossil Emissions Data set version 2020.1 (GridFED), the European Union's Joint
Research Center's Emissions Data set for Global Atmospheric Research (EDGAR) v6.0, the Pacific Northwest
National Laboratory's Community Emissions Data System (CEDS) and the Open-Source Data Inventory of
Anthropogenic CO, (ODIAC2022), which uses nightlights to spatially disaggregate the Carbon Dioxide Infor-
mation Analysis Center (CDIAC). National and city-scale inventories such as VULCAN (Gurney et al., 2020),
HESTIA or the near real time CarbonMonitor data set (Liu et al., 2022) were not included due to the spatial or
temporal domain not covering the full spatial and temporal domain of the North America RECCAP2.

The NIR, BUR, GCP2020, GAINS, and IEA inventories are provided at the national scale compared to spatially
disaggregated data provided by GridFED, EDGAR v6.0, CEDS, GFEIv2, OCO2-MIP and ODIAC. The spatially
disaggregated emissions data sets are also used as input to atmospheric inversions or forward models. IEA and
GFEIv2 are available only for fossil CH, and the spatially explicit prior fossil CO, emission map used for OCO2-
MIP is developed by hybridizing ODIAC2020 and CarbonMonitor. Bunker fuels, ~2.8% of total global emis-
sions, are included separately in the NIR, ODIAC and CEDS emissions inventories. Non-territorial emissions
(i.e., emissions of CO, from exported coal, oil and gas) and consumption emissions using data from the Global
Trade Analysis Project (GTAP) (Peters et al., 2012) were used from Friedlingstein et al. (2023). The differences
between fossil CO, emissions products were recently reviewed by Andrew (2020).

2.4. Waste Emissions (CO,, CH,4, N,0O)

Waste emissions include emissions from organic solid waste contained in landfills, wastewater management, and
biomass incineration that is not used in energy production (Table S2 in Supporting Information S1). Emissions for
the three gases are reported to the UNFCCC in the NIR and BUR submissions, other estimates are provided for by
EDGARV6, CEDS, and GAINS (only CH,). The waste emissions estimates are derived from activity-based
approaches and generally follow the IPCC (2006) guidelines using various assumptions for the application of
emission factors.

2.5. Agriculture Emissions (CO,, CH,4, N,0)

Agriculture-related emissions include direct and indirect emissions associated mainly with crop and livestock
production but also smaller sources from aquaculture in coastal wetlands. This includes direct CH, emissions
from enteric fermentation from livestock, the management of manure, rice cultivation, liming and urea appli-
cations to soil (in the case of CO,), and the emissions of N,O from the application and conversion of synthetic or
organic nitrogen fertilizers to soil N,O emissions, agriculture waste burning and aquaculture. Indirect emissions
of N,O include those due to N deposition and leaching in aquatic systems. IPCC Guidelines (2006) include
emissions from prescribed burning of savannas, but these were not recorded in any of the data sets that we used in
this study. Data are provided by the UNFCCC NIR and BUR, EDGARvV6, CEDS, GAINS (CH, only), see Table
S3 in Supporting Information S1, and additional agriculture direct N,O emissions data from land process models
used in the Nitrogen Model Intercomparison Project 2 (NMIP2).

2.6. Top-Down Atmospheric Inversions (CO,, CHy4, N,O)

Atmospheric inversions provide a “top-down” constraint on the exchange of CO,, CH, or N,O between the land
or ocean and atmosphere. Combining a priori estimates of anthropogenic and natural fluxes with 3-dimensional
wind fields, atmospheric inversions optimize surface fluxes to constrained with observed atmospheric concen-
trations. The spatial grid resolution of atmospheric inversions, roughly 100-300 km, is limited by the available
observation network and computational needs as well as the data required for the atmospheric transport simu-
lation. The resulting posterior fluxes are then partitioned to biospheric fluxes for CO, (i.e., net-biome production
(NBP) = —1 * net ecosystem exchange (NEE)—F,..), and fossil, wetland, non-wetland, agriculture/waste, and
biofuel for CH,, and only the total net flux for N,O. The NBP estimated by atmospheric inversions includes all of
the exchange of CO, between the land and atmosphere (and is thus more similar to Net Ecosystem Exchange,
NEE), with contributions from weathering and geological emissions. The “top down” estimates however do not
directly estimate carbon fluxes induced by lateral transport from trade and aquatic processes and estimates of
which (as described below) are used to “correct” the atmospheric fluxes by adjusting for the lateral fluxes.
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Inversions generally ignore contributions from reduced carbon compounds from biogenic volatile organic
compounds (BVOC), carbon monoxide (CO) from fossil fuels and fire, and CH, emissions.

Data for the atmospheric CO, inversions were obtained from the Global Carbon Budget 2021 (Friedlingstein
et al., 2023). The ensemble includes six inversion models (CAMS v20r2, Jena CarbonScope v2021, Carbon-
Tracker Europe, NISMON-CO, v2021.1, University of Edinburgh, and CMS-Flux) covering the time period up to
2020 (Table S4 in Supporting Information S1). The CMS-Flux inversion uses the ACOS-GOSAT and OCO-2b10
retrievals of XCO, whereas the other inversions use flask air samples and in situ data from ObsPack GLOB-
ALVIEW+v6.1 (Masarie et al., 2014) and NRT_v6.1.1. The inversions all use GridFEDv2021.2 as a prior but
differ in the priors used for the biosphere and ocean surface fluxes. The inversions also use different transport
models and wind fields, with ERA used for TM3, TM5 and LMDZ v6, MERRA?2 for GEOS-CHEM and JRA-55
for NICAM-TM, as well as different optimization approaches, that is, ensemble Kalman filter, conjugate gradient,
or variational schemes. The posterior land-atmosphere fluxes (NBP) were adjusted to compare with bottom-up
estimates by subtracting the cement carbonation sink, which is not accounted for in GridFEDv2020.1, and
lateral transport by rivers.

The lateral transport of organic carbon by rivers (F,., total fluvial load minus amount of carbon derived from
solution of lithospheric carbonates) was estimated by scaling GlobaINEWS2 (Mayorga et al., 2010) adjusted for
lithogenic carbon (Ciais et al., 2022; Hartmann et al., 2009) to match the latitudinal patterns of Resplandy
et al. (2018) and to a global export constraint of 500 TgC yr~! (Regnier et al., 2013). Globally, the total fluvial
carbon load in lateral transport sums to 728 TgC or 2,669 4 TgCO, yr~' (Battin et al., 2023). In addition to the
GCB ensemble, we use inversions from the v10 OCO2-MIP (Byrne et al., 2023) to develop a larger ensemble of
satellite-based retrievals. OCO2-MIP includes 11 inversion systems using the same fossil fuel prior (ODI-
AC2020+4CarbonMonitor) with different transport models and biospheric and oceanic priors. We contrast the
OCO2-MIP in situ and land-nadir-land-glint (LNLG) inversions for net biosphere exchange (where OCO2-MIP
defines NBE = —1*NEE = Fj;,. + Reco-GPP, including land management and lateral processes, and GPP is gross
primary production), for net carbon exchange (NCE = NBE + FF) and for delta-carbon (dC = NBE-F;5-Fyo0d-
F o) Wwhich removes from NBE all CO, fluxes that do not result in changes of land carbon storage in the region
considered.

The atmospheric CH, inversions included five inversion systems using satellite CH, retrievals from GOSAT and
nine inversion systems using in situ data from NOAA ObsPack, see Table S5 in Supporting Information S1. Priors
were provided to the inversion modelers for fossil, agriculture and waste (EDGARv4.3.2), fire (GFED4.15s),
wetlands (Poulter et al., 2017), and termites (Kirschke et al., 2013). The OH chemical sink was model dependent
and prescribed (rather than interactive) using data from chemical transport models. Posterior CH, flux sectors
include total emissions, the upland methanotrophy sink, net CH, emissions, fossil fuel, wetlands, non-wetlands,
agriculture and waste, and biofuel.

For N,O, the inversions were carried out using four inversion systems (PYVAR-CAMS, MICRO4-ACTM,
INVICAT, and GEOS-Chem) as part of NMIP2 (Tian et al., 2024). In situ air samples were used from NOAA and
other atmospheric sampling networks and surface priors for anthropogenic emissions were used from EDG-
ARvV4.2 (1997-2004) and EDGARVS (2005-2020), and from biospheric and ocean models for agriculture and
natural fluxes. The N,O inversions used EDGVARV6 for fossil and waste N,O, and different priors for agri-
culture, for example, OCN was used in TOMCAT, MIROC4 used VISIT, and GEOS-CHEM used EDGAR. The
posterior flux was not partitioned to different sectors and so the inversion optimizes the total fossil, agricultural
and natural N,O emissions for all sectors combined.

2.7. Biospheric Carbon Exchange (CO,)

We use the term biospheric carbon exchange to represent fluxes of CO, from terrestrial ecosystems that include
managed and unmanaged components. We follow the approach of Chapin et al. (2006) and Ciais et al. (2022) in
defining net ecosystem production (NEP) as NEP = Ra + Rh—GPP, and net biome production (NBP) as
dC = NBP=NEP-Fj; .-F;., where dC is change in carbon stocks. We use data from process-based models, data-
driven approaches, and national GHG inventories to estimate NBP. Compared to the definition of NBP used for
atmospheric inversions, process-model estimates of NBP do not include the land-atmosphere fluxes arising from
lateral components from aquatic and trade fluxes or contributions from reduced carbon compounds and weath-

ering. The main differences between the approaches are as follows. Process-based land models use “first
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principles” to prognostically simulate gross primary production (Fgpp), autotrophic respiration (Fg,) and het-
erotrophic respiration (Fg), and some combination of fire (F,.), deforestation (D), wood and crop harvest (H),
and product pools decomposition (P), but not the lateral exchanges of H and P. Remote sensing based products
can predict NEE directly using flux towers as training data sets, that is, FluxCom (Tramontana et al., 2016). More
recently, time series of gridded biomass retrievals made from Soil Moisture and Ocean Salinity (SMOS) using the
vegetation optical depth (VOD, (Rodriguez-Fernandez et al., 2018)) or directly from the brightness temperatures
(Salazar-Neira et al., 2023) have been used to reconstruct NBP-like fluxes using a stock-change approach, for
example, (Fan et al., 2019). The SMOS-based aboveground annual biomass change includes emissions and re-
movals from land use change, disturbance, and lateral processes and is thus more representative of dC derived
from atmospheric inversions, although it does not include carbon stock changes in litter and soils. We also use
land carbon stock change data from the NIR Land Use, Land Use Change and Forestry sector (LULUCF),
described below.

The TRENDYV9 (covering up to the year 2019) model ensemble from the Global Carbon Budget (Friedlingstein
et al., 2020), was used to provide gridded NBP estimates. TRENDYV9 includes 19 dynamic global vegetation
models (DGVM) forced by meteorology from CRUts4.04, land use and land cover change from the Land-Use
Harmonization v2 (LUH2) data set (Chini et al., 2021), and annual atmospheric CO, concentrations provided
by NOAA's marine boundary layer network. The S3 scenario was used here, which includes simulations at 0.5-
degree resolution forced with changing climate, CO,, and transient land-use change for the period 1700-2019.
Nine of the (19) models included interactive fire modules, and land-use change was represented with different
levels of complexity with respect to shifting cultivation, wood harvest and inclusion of product pools. Some of the
key differences in land-use change modules include the treatment of prescribing crop types versus generalized
pasture or rangeland grasses, the implementation of crop and wood harvesting and treatment of emissions from
residue and product pools (Friedlingstein et al., 2020). The land-use change carbon fluxes from TRENDY models
include the foregone sink over natural land replaced by cultivated land or secondary forest (called “Loss of
Additional Sink Capacity (LASC)” and explained in next section).

We use FluxCom to provide a data-driven estimate for NEE. FluxCom applies machine learning algorithms to
train an ensemble of models using eddy covariance observations and predictor data from meteorology (ERAS)
and surface reflectance (Tramontana et al., 2016). Two monthly products were assessed, both at 1-km resolution,
with one using remote sensing reflectance only (RS) and another using RS and meteorology combined. Because
FluxCom is trained on towers that are generally protected from land use change and wildfire, these fluxes are not
included as losses in the upscaled product.

We also use multiangular L-band brightness temperatures (TBs) to derive NBP based on the carbon-stock change
approach (Salazar-Neira et al., 2023). The L-band passive microwave retrievals are derived from the SMOS
mission and biomass is estimated using the L-band Vegetation Optical Depth and a parametric approach
(PARAM) or directly from the L-band TBs using an artificial neural network (ANN). In both cases, the rela-
tionship to estimate biomass was obtained using as reference the European Space Agency's Climate Change
Initiative (CCI) Biomass product (Santoro et al., 2021). NBP is then calculated annually by subtracting the
previous year biomass estimate from current year.

NBP is also estimated from the nationally submitted NIR and BURs following the approach of Deng et al. (2022).
The total LULUCEF is estimated as the net emissions and removals from land cover types remaining in their
original state and also the conversion across the full matrix of land cover transitions. In addition, harvested wood
products (HWP) are also included in LULUCEF. The countries use different approaches to estimate emissions and
removals, with the Carbon Budget Model of the Canadian Forest Sector (CBM-CFS) used in Canada (Kurz
et al., 2018), the US Forest Inventory and Analysis plots used in the USA, and a version of the CBM forestry
model used in Mexico. The inventories treat disturbances differently, with the sample plots inherently including
natural and anthropogenic disturbances for the USA and Mexico inventories, and large-scale (wildfire) distur-
bances generally excluded from the gain-loss approach used in the Canadian inventory (Harris et al., 2016). For
croplands, we use an estimate of NEE from Hayes et al. (2012), which was estimated from data on cropland soil
carbon change and heterotrophic respiration losses for different crop types and soil management systems.

Lastly, we also include the net CO, fluxes from the World Resources Institute carbon flux (WRIcf) model (Harris
et al., 2021) and FAOSTAT (Tubiello et al., 2021). The WRIcf model uses a forest gain-loss approach that
combines remotely sensed biomass data from circa 2000 with the forest-gain and forest loss product of Hansen
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et al. (2013). Emissions are estimated as forest is lost to non-forest, and removals are estimated following IPCC
(2006, 2019) guidelines through the use of standardized forest regrowth curves. The data are provided as the
average for 2000-2020. The FAOSTAT-derived emissions data come from the forest land emissions data set
(element/item code 72332/6751) and the “forestland” category, that is, forest-to-forest change, that estimates
stock changes based on a gain-loss approach.

2.8. Land Use and Land-Cover Change Fluxes

Fluxes from land-use and land-cover change include losses of carbon from deforestation, shifting cultivation,
forest degradation, wood and crop harvest, grazing, peat fires and drainage, soil carbon losses, and atmospheric
removals from gains in carbon due to forest regrowth. In addition to the numerous processes contributing to
LULUCEF emissions, varying assumptions exist with respect to the treatment of legacy emissions, committed
emissions, product pools and the transient effects of climate and CO, on biomass change. Here we compile
LULUCF emissions from inventories (NIR, BUR, and FAOSTAT), and the bookkeeping models OSCAR
(Gasser et al., 2020), Houghton and Nassikas (2017) (H&N; 2017) and BLUE (Hansis et al., 2015) and process
models (TRENDYV9, (Sitch et al., 2015)). We develop adjustment terms, that is, the loss of additional sink
capacity (LASC; described below), and follow the approach of Grassi et al. (2023) and Friedlingstein et al. (2023)
to reconcile the estimates (Table S6 in Supporting Information S1).

The national inventory reports (i.e., NIR and BUR) provide emissions and removals for the transitions between
the full matrix of the five [IPCC land cover categories (forests, settlements, croplands, wetlands, and grasslands).
The primary data source for the USA is the FIA database. For Canada the Canadian Forest Inventory (CanFI) and
the carbon fluxes are tracked for biomass, dead organic matter and soil mineral carbon using IPCC emission
factors. Following Grassi et al. (2023), we estimate LULUCF emissions as the integration of emissions and
removals over all land-use transitions, including HWPs, and estimate deforestation fluxes for forest conversion to
other IPCC land use categories, both using data from the CRF. For FAOSTAT, the database provides country-
level LULUCF estimates using a global Tier 1 approach to estimate emissions and removals using element/
item code 72332/6750 for net-forest conversion (Tubiello et al., 2021). Forest area for FAOSTAT is used from the
Forest Resource Assessment (FRA) and combined with emission factors provided by IPCC (2006).

The bookkeeping models (BMs) do not use inventory data or follow the IPCC land cover categories and instead
use changes in forest area data from FAOSTAT in the case of H&N, LUH2 for BLUE, and both LUH2 and FAO
for OSCAR. Each year, the BMs track changes in forest area and the time since regrowth and use forest growth
and decay curves with predefined stocks to estimate emissions and removals. The models also include carbon
emissions from peatland drainage and degradation using fire data from the Global Fire Emissions Database
(GFED4s) and drainage data from FAO (Conchedda & Tubiello, 2020). BLUE and H&N exclude any response of
stocks and growth curves to climate and CO, fertilization, instead using fixed carbon densities over time. The
OSCAR bookkeeping model includes a transient biomass response and is thus able to track land-use emissions as
well as account for the effect of the reference year for no land cover change (typically 1860). The use of the
reference simulation and transient land-cover simulation to estimate emissions leads to inflated emission esti-
mates because of how CO, fertilization leads to more greater carbon storage in the reference simulation, which
has higher forest area. This effect is known as the loss of additional sink capacity (Pongratz et al., 2021) and can
account for around 40% of emissions.

LULUCEF emissions were estimated from the TRENDYV9 ensemble as the difference between a simulation that
held land cover constant for year 1860 (S2 scenario) and the S3 scenario described previously. The same driver
data used to estimate NBP were used in both scenarios (CRU, LUH2, and transient atmospheric CO,). Differ-
encing the two scenarios provides an LULUCF estimate that includes legacy fluxes from soils, regrowth of forests,
as well the cumulative loss of additional sink capacity term (LASC). The LASC term means that the LULUCF
emissions are larger because the cumulative CO, fertilization effect on the S2 scenario (with a fixed 1860 land
cover for the full simulation) is more significant due to the presence of greater forest area with longer carbon
turnover times. We therefore diagnose the magnitude of the LASC term following Obermeier et al. (2021) for the
TRENDYv7 ensemble that provided additional simulations referred to as S5 (fixed present-day climate and CO,,
transient land use) and S6 (fixed present-day climate and CO,, pre-industrial land use). The combination of S2, S3,
S5, and S6 simulations is used to estimate the “present-day versus transient differences (PTD)” environmental
conditions difference (PTD) as PTD = Fy yrcc_pa — FrLurcc_wrans = (NBPgg — NBPgs) — (NBPg, — NBPg3).
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2.9. Vegetated Freshwater Wetland Emissions (CH,)

Wetland ecosystems produce CH, as a by-product of anaerobic decomposition due to the presence of meth-
anogenic bacteria in oxygen-deprived, flooded soils. For vegetated freshwater wetlands, including swamps, bogs
and fens, we use data from the Global Methane Budget (GMB) wetland model ensemble (Zhang et al., 2024) and
data from the UpCH, database (McNicol et al., 2023). While the NIRs report wetland CH, emissions from
“flooded land remaining flooded lands” and “coastal wetlands,” these emissions are only for managed wetlands
and thus we do not include these in natural wetlands assessment. The GMB ensemble includes 13 land-surface
models that simulate CH, emissions as a function of soil carbon, soil moisture and soil temperature, using a
diagnostic wetland scheme to predict the presence and temporal dynamics of wetlands. The diagnostic wetlands
come from a hybrid remote-sensing wetland inventory data set called the Wetland Area Dynamics for Methane
Modeling (WAD2M) data set (Zhang et al., 2021) and the wetland models use meteorology data from the Climate
Research Unit (CRU)-Japanese Reanalysis (JRA) and observed annual atmospheric CO, concentrations. The
UpCH, data set uses a global network of 43 eddy-covariance sites, Fluxnet-CH, (Knox et al., 2019), to train a
machine-learning based approach using a set of 140 candidate environmental predictors with CH, fluxes.

2.10. Land Ocean Aquatic Continuum (LOAC) Fluxes

GHG flux data across the land-ocean aquatic continuum (LOAC) were provided by three RECCAP2 LOAC
synthesis studies, recent literature, and SOCCR?2 outputs (Table S7 in Supporting Information S1). New data on
the export of carbon from inland waters to estuary fluxes (F,.) were calculated by the RECCAP2 LOAC Group I
for total carbon (TC), particulate organic carbon (POC), particulate inorganic carbon (PIC), dissolved organic
carbon (DOC), dissolved inorganic carbon (DIC) (Liu et al., 2024). Outgassing and evasive fluxes for inland
waters, including rivers, streams, lakes, ponds, and reservoirs, were estimated for North America as a whole by
LOAC Group II (Lauerwald et al., 2023a, 2023b) and for the North American sub-regions using gridded data as
described below. Evasive and (carbon) burial fluxes for estuaries and coastal vegetation were estimated by LOAC
Group III (Rosentreter et al., 2023). Additional data for river and lake carbon burial rates, CO, sea-air exchange,
and continental shelf carbon burial rates were used from SOCCR2 (Butman et al., 2018; Fennel et al., 2018).

Carbon export from inland waters to estuaries (F;.) of TC, DOC, DIC, and POC and PIC, were estimated from an
ensemble compilation of published data and study-specific regression-based approaches (Liu et al., 2024). The
Liu et al. (2024) data product generated LOAC estimates for each of the ~5,500 river basins demarcated within
the University of New Hampshire Global Hydrological Archive and Analysis System model (UNH-GHAAS;
(Vorosmarty et al., 2000)). In cases where river basins spanned international boundaries within North America,
lateral flux estimates were divided between countries (including Greenland) using calculated estimates of the
proportional geographic coverage of watersheds in each country. Lateral fluxes of DIC were partitioned into
fractions derived from atmospheric CO, fixation and those derived from rock dissolution, based on mostly United
States-specific estimates by Moosdorf et al. (2011) with acknowledgment that this generalization may result in
bias for Mexico and Central America. These F;, lateral fluxes represent the movement of carbon from the point of
freshwater outflow to the coastal margin. DOC and POC include the F;, lateral fluxes of organic carbon derived
from soil leachate, erosion, and primary production within the aquatic continuum, PIC is generally derived from
erosion of rock, and DIC is derived from dissolution of carbonate rocks (i.e., silicate rock weathering,
CaSiO; + 2CO, + H,0 — > Ca** + 2HCO;™ + SiO_,) and fixation of CO, as bicarbonate during chemical
weathering (i.e., carbonate rock weathering, CaMg(CO5), + 2CO, + 2H,0 — > Ca®* + Mg** + 4HCO;"). Over
decadal to centennial timescales, we ignored additional processes that return some of the DIC from carbonate rock
weathering back to the atmosphere over much longer time scales. Weathering uptake of atmospheric CO, was
derived from estimates made by Hartmann et al. (2009). These data represent the total mobilization of dissolved
inorganic carbon from weathering and the weathering CO, sink. The “DICatm” term is the part of the DIC that
provides CO, sequestered in the weathering process. DIC minus DIC atm provides the part of DIC that results
from dissolved carbonate minerals.

For outgassing and evasive fluxes from rivers and lakes (F;,) at the sub-region level, we used gridded data
products that were suitable for partitioning; as a result, these outputs use only a subset of the LOAC group II
ensemble estimates (Lauerwald et al., 2023a, 2023b). For sub-regional CO, emissions from lakes we used the data
sets of Raymond et al. (2013) as gridded by Zscheischler et al. (2017), and for rivers we used data from Liu, Kuhn,
et al. (2022) and Liu, Deng, et al. (2022). For regional lake and river emissions, we used data from the review of

POULTER ET AL.

9 of 31

8509017 SUOLULLIOD BAIERID 3|qedldde au) Aq paueA0B a8 S3o1e YO ‘88N JO S3IN1 10} ARIq1T BUIIUQ AB]IA UO (SUO N IPLIOO-PUE-SWLISIWI0D" A | 1M Afeiq)1 U1 UO//SAIL) SLORIPUOD Pue SULLB | 34} 89S *[S202/70/72] U0 ARIqiauliuo A8|IM ‘Seoueis eIMINLBY JO AISBAILN USIPOMS Aq 0TEB00EOYZ0Z/620T OT/I0p/LIY A8 | 1M ARIq 1 RUIjUO'SGNANBe// Sty WOJ papeoumod * ‘SZ0e ‘vZzZ6rveT



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Global Biogeochemical Cycles 10.1029/2024GB008310

Lauerwald et al., 2023b). For CH, emissions from lakes, we used the estimate of Stavert et al. (2022). For CH,
emissions from rivers and streams, we used the gridded product in Rocher-Ros et al. (2023). For N,O emissions
from lakes and rivers, we used Lauerwald et al. (2019) and Maavara et al. (2019), respectively. Where they were
available separately, we provide compiled emissions from lake classes 1 (natural lakes), 2 (reservoirs), and 3
(lakes regulated by a dam), as defined in the HydroLAKES database (Messager et al., 2016). For N,O emissions,
we included denitrification processes as outlined in Lauerwald et al. (2019) and Maavara et al. (2019), which also
includes nitrification.

Estuarine (tidal systems and deltas, lagoons, and fjords) and coastal (mangroves, salt marshes, seagrasses) fluxes
were provided by LOAC Group III (Rosentreter et al., 2023). These systems include oligohaline, mesohaline and
polyhaline coastal ecosystems with a salinity >0.5 ppt, thus excluding freshwater systems. Surface areas for each
estuarine or coastal system were stratified by RECCAP2 region and sub-regions using the MARgins and
CATchments Segmentation database of Laruelle et al. (2013) for estuaries, Global Mangrove Watch (Bunting
etal., 2018), the global map of salt marshes (Mcowen et al., 2017) and the United Nations Environment Program's
seagrasses map (UNEP-WCMC & Short, 2005) combined with SOCCR2 estimates for coastal system surface
areas. GHG emissions were estimated by combining the area of each system with the average flux rate for each of
the three gases to estimate (a) water-to-air estuarine GHG fluxes (F,,), (b) coastal NEE (F,,), (c) estuarine
organic carbon burial rates (F, ), (d) coastal margin inputs (i.e., lateral flux from land to ocean from organic
and inorganic submarine groundwater discharge) and (e) riverine input to the ocean. The latter two fluxes
determine the ocean carbon residence time under steady-state assumptions, which is partly an indicator of the
efficiency of lateral carbon inputs related to ocean CO, removal.

To complete the LOAC budgets, we used estimates for continental shelf air-sea exchange (F,.) from Resplandy
et al. (2024), and lake and river burial (F;,) and continental shelf burial rates (F,,) from SOCCR2 (Butman
et al., 2018; Fennel et al., 2018). F,. was estimated as the mean of four observation based pCO, products from
Carboscope, CMEMS, Coastal-SOM-FFN and Merged-SOM-FFN. The continental shelf regions for Canada, the
USA, Mexico, and CA + CAR were matched with the sub-regions from Figure 16.1 in Fennel et al. (2018) and the
values in Table 16.4 used to estimate F,. The F flux was then area-weighted and reduced by 78% to match the
smaller continental-shelf area used by Resplandy et al. (2024) to estimate F,,. (5.1 Mkm?> compared to 22.99
Mkm? used in SOCCR2 (Fennel et al., 2018)). The F,, and F, terms are not included in the bottom up estimate of
the net territorial flux (Equation 1) and the terms are estimated only to complete the LOAC components. The
lateral flux from land to inland waters (F3;) was thus computed as F;, + F;, + Fj,, the export to estuaries (F.) is
estimated as Fj.-F-F,,-F,, and the lateral export from continental shelf to open ocean (F,) as F .-F ., + F,
following Regnier et al. (2022).

2.11. Crop and Wood Trade Fluxes

Lateral fluxes of carbon embodied in trade products are an important component for reconciling top-down and
bottom-up approaches. To estimate crop lateral fluxes, we used FAOSTAT data to calculate crop and wood
harvest for each sub-region and included FAOSTAT adjustments to account for crop import and export. For wood
products, we used FAOSTAT wood harvest data and FAOSTAT import and export statistics to estimate changes
in carbon pools using the Wood Products Carbon Storage Estimator (WPsCS Estimator) (Wei et al., 2023). We
compared our estimates with OCO2-MIP net crop and wood trade statistics (Byrne et al., 2023) and to the Na-
tional Inventory Reports for Mexico, USA and Canada, and SOCCR2 (Birdsey et al., 2018; Domke et al., 2024;
Hristov et al., 2018).

The FAOSTAT “primary” crop production statistics (element code 5510) are provided annually for harvested
crops (~119 for CA + CAR, 112 for Mexico, 94 for USA and 62 for Canada). We aggregated the data by sub-
region and converted from tonnes of dry matter (assumed for all crops) to TgCO, assuming 50% carbon content
and using the molecular ratio of CO, to C. Annual FAOSTAT crop import and export statistics were used to
estimate the total crop consumption as C.,,, = production + (import—export). To estimate human crop con-
sumption emissions (H,), we used the model of West et al. (2009) that assumes a per capita consumption rate of
54 kgC yr~! and combined this with annual FAOSTAT human population data. Livestock consumption (L)
emissions were estimated as C,,,.-H.-E, where E is an adjustment for carbon lost via enteric CH, emissions using
NIR data following Hayes et al. (2012).
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Total wood consumption was estimated as W,

cons

= Wharvest T (Wimport~Wexpor) Using annual harvest statistics
from FAOSTAT for Canada, Mexico, Central America and Caribbean, and EPA NGHGI data for the USA.
Import and export statistics were used from the World Integrated Trade Solution (WITS) database. The wood
products include primary wood products such as roundwood, sawlogs and veneer logs, pulpwood and particle
board and are converted to carbon following Ciais et al. (2021). The emissions for wood harvested for fuel use
would be included in the NIR Harvested Wood Pool category and we do not track these here. The WPsCS
estimator was used to compute wood product use (firewood or product use), end-use pool size, landfill pools, and
landfill emissions of CO, assuming different life cycles for paper, landfill, furniture, and construction materials.
Two different assumptions were made to estimate import and export given the extensive internal trade among
North American countries and to avoid double counting (see Supporting Information S1). For example, 90% of
Canada's wood product exports are destined for other North American countries and would show up as an import
to the North American budget if not accounted for.

2.12. Other GHG Fluxes and Stocks

Other biogenic fluxes (and stocks for carbon) and geologic fluxes of the three GHG's were summarized to help
provide components of the budgets and to help contextualize fluxes with stock change information. Gross primary
production (GPP) data were simulated by the process-based global vegetation models (TRENDYvV9 S3) and
remote-sensing (RS) data-driven models such as FluxSat (Joiner & Yoshida, 2020), FluxCom (one version using
ERAS meteorology and another with only RS input data), and GOSIF (Li & Xiao, 2019). Net primary production
was simulated by the same set of forward models and also using the MODIS (MOD17) NPP algorithm (Zhao
et al., 2005). Heterotrophic respiration (Rh) was also provided by the forward models, as well as from FluxCom
(ERAS and RS), and the “global soil respiration database (SRDB)” (Stell et al., 2021). Wildfire emissions were
estimated by the same set of forward models from TRENDYV9 (CO, only), and from remote-sensing driven
models, including GFEDv4.1s for CO,, CH,, N,O, and CO (van der Werf et al., 2010), and the Quick Fire
Emissions Database (QFED) for CO,. The NIR provided wildfire CO, emissions for Canada, and CH, and N,O
wildfire emissions for USA and Canada, but not Mexico. Insect-related CO, emissions were provided in the
Canadian inventory.

We used emissions data for biogenic volatile organic compounds (BVOC) from the Copernicus Atmospheric
Monitoring System (CAMS-GLOB-BIOv1.2), which uses the Model of Emission of Gases and Aerosols from
Nature (MEGANV2.1) driven by meteorological reanalysis of the European Center for Medium-Range Weather
Forecasts (Guenther et al., 2012; Sindelarova et al., 2022). The database includes monthly emissions for 26
BVOCs (isoprene, monoterpenes, and associated compounds), which were aggregated to annual sums and
converted from carbon to CO,. We excluded the secondary effect of BVOCs on carbon monoxide production.

Carbon stock estimates were compiled for above and belowground biomass and for litter and soil. For biomass,
estimates were used from the TRENDYV9 model ensemble, from NASA Global Ecosystem Dynamics Investi-
gation (GEDI) Level 4 gridded biomass, the European Space Agency's Climate Change Initiative (ESA CCI
2018), ICESAT-2 and FAOSTAT (element code 72151). The first of these aboveground biomass data sets were
evaluated by Hunka et al. (2023), who describe how estimation algorithms, instrument types (lidar vs. radar) and
uncertainty assessment frameworks affect comparisons across products. Litter biomass was estimated using the
TRENDYV9 ensemble, where litter biomass represents the balance between influx from leaf and woody biomass
turnover and turnover to soil carbon pools and respiration losses. Soil carbon was estimated from the TRENDYv9
model ensemble and from the ISRIC World Soils Information SoilGrids v2.0 database (Poggio et al., 2021).

Geologic seepage estimates for CH, were used from the gridded database of Etiope et al. (2019) and from Morner
and Etiope (2002). The seepage emissions include sources from volcanoes, mud volcanoes, geothermal sources,
seeps, and micro-seepage. We removed marine coastal seepage of CH,. Geogenic CO, emissions, that is, from
geothermal and volcanic areas, that is, high-temperature fluid-rock interactions, crustal magma, and mantle
degassing, were not included due to lack of data.

Given uncertainties relative to overall budget, we do not include termite CH, emissions, which globally account
for 14.8 + 6.7 TgCH, yr~', and for North America ~1.2 TgCH, yr~' (Ito, 2023).
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2.13. GHG Wiring Diagram Components

The emissions and removals for each of the three GHGs are integrated using the approach of Ciais et al. (2022) for
CO,, Saunois et al. (2024) for CH,, and Tian et al. (2024) for N,O. These approaches combine the fluxes esti-
mated by the bottom-up methodologies to calculate the net emissions. The top-down and bottom-up estimates for
atmospheric growth are then compared with one another to assess uncertainties.

For CO, the individual component fluxes are integrated to balance the vertical and lateral exchanges of carbon
between geologic, aquatic, terrestrial, and product pools. Thus, the net exchange of CO, between the surface and
the atmosphere represents the regional contribution to the change in atmospheric carbon pools (dCO,atm) for
territorial and non-territorial emissions.

dcozatmterritoria] = Fff—territorial + (FRH + FNPP) + Fﬁre + FLUC + Fag + Fwaste + Fwooddecay + Fwoodburning

+ chathcring + Fia.kcs + F;'ivcrs + chtuarics + Fcoastal (1)

dCOZatmnon-territorial = dCOZatmterrimrial + Fff-non-territorial + F, wood T F, crop (2)

Where Fit ierritorial 1S from the NIR, Fg o erritorial 1S from GCB, Fryy, Fapp, Frire» and F ¢ are from TRENDY v9,

Fe and F . are from the NIR, Fyooqqecay @1 Fyoodburning ar€ from WPCsCS, Fcaering 18 from Hartmann

etal. (2009), Fiyes and Fjyes from LOACL, Fegyariess Feoastal ar€ from LOACIL, and F,q and F,,, represent the
net (i.e., imports minus exports) of carbon transferred in (territorial) or out (non-territorial) as a result of the trade
of wood and crop products, respectively, as calculated from FAOSTAT data.

The change in atmospheric CH,, dCH,atm, was estimated as:

dCH,atm = (Wetlandscyysa + Wetlandsggyaries + Wetlandsgjyers + Wetlandsy e + Wetlandsye,)
+ (AgricultureRiCe + Agricultureg, ;. + AgricultureManure) + Waste + (Firewiyfire

+ Fireg;oenerey) + Fossil + Geologic — SinKyiemanotrophy 3)

Where Wetlandscoygiar, Wetlandsggariess Wetlandsgiyers, Wetlandsy s, Wetlandsy, are from LOAC 1l and the
GMB models, Agricultureg; ., Agricultureg . ., Agriculturey,, .. and Waste are from the NIR, Firey;qgire,
Fireg;oenergy from GFED and NIR, Fossil from NIR, Geologic from Etiope et al. (2019), and Sinkyeihanotrophy from
inversions.

The change in atmospheric N,O, dN,Oatm, was estimated as:

dN,Oatm = (Wetlandscoyga + Wetlandsggagies + Wetlandsgiyers + Wetlandsy ges) + (AgricultureRiCe

+ AgricultureManure) + Waste + Fire;gsc + Fossil @)

Where Wetlandscg,ga, Wetlandsgguariess Wetlandsgiyvers, Wetlands; . are from LOAC I and 11, Agricultureg;c.,
Agriculturey,,..) and Waste is from NIR, Firey; g5, from GFED, and Fossil is from the NIR or BUR.

2.14. Global Warming Potentials

The IPCC Sixth Assessment Report global warming potentials over 20-year and 100-year horizons. Here, we
report GPW at 100-year horizon. For CH, (27 kgCO, per kgCH,) and N,O (273 kgCO, per kgN,O) from
Working Group I, Table 7.15 are used to estimate the CO,-equivalent budget (CO,-eq). We estimate the BU GWP
budget using the approach described in the previous section to define dCO,atmg;, dCH, atmgy; and dN,Oatmyy;.

GWPgy = dCO,atmpy + dCH,atmgy * 27 + dN,Oatmgy * 273 5)
We also provide a TD GWP estimate.

GWPyp = dCO,atmrp + dCHatmyp * 27 + dN,Oatmyp * 273 (6)
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Figure 2. Total North American fossil fuel emissions CO,, CH,, and N,O. The emissions include both direct emissions from combustion of coal, oil, gas, as well as
indirect emissions of CH, from fossil fuel-related activities, and direct emissions of N,O from industrial activities.

Where dCO,atmp, is based on the GCB CO, inversions for natural sink and average of NIR, EDGAR, CEDS,
GRIDFED and ODIAC fossil priors. The dCH,atmy, the net emissions (sources minus sink) for the GMB
wetland inversion ensemble and is dN,Oatm, is the net emissions from the NMIP model ensemble. The spread
of the ensembles is used to provide an estimate of uncertainty.

3. Results
3.1. Fossil Fuel and Cement Carbon Emissions

North American territorial fossil fuel emissions for 2010-2019 averaged 6,398 + 225 TgCO, yr ',
16.8 +3 TgCH, yr~', and 0.5 + 0.1 TgN,O yr~'. Compared to 2000-2009 (Figure 2), fossil CO, emissions were
lower (2000-2009: 6,851 + 227 TgCO, yr") but increased for CH, (2000-2009: 15.4 + 1 TgCH, yr") and were
roughly the same for N,O (2000-2009: 0.5 + 0.1 TgN,O yr™!). Between 2010 and 2019, the USA was the largest
North American emitter of CO, (Figure 3, 5,207 + 218 TgCO, yr™"), CH, (12.9 + 2.9 TgCH, yr™") and N,0O
(0.26 + 0.01 TgN,O yr~"). Non-territorial regional emissions were 459 TgCO, yr™" in 2000-2009 and decreased
to 394 TgCO, yr~! between 2010 and 2019. Regional bunker fuel emissions increased from 133 TgCO, yr™" in
2000-2009 to 175 TgCO, yr~' in 2010-2019. Regional consumption emissions decreased from 506 TgCO, yr™
in 2000-2009 to 382 TgCO, yr~' in 2010-2019. The largest uncertainties were for Mexico's N,O emissions,
which ranged from 0.017 TgN,O yr~! in the BUR to 0.25 TgN,O yr~! in EDGAR and CEDS.

3.2. Waste

Regional waste GHG emissions for 2000-2009 were 2.1 + 2.6 TgCO, yr™!, 9.3 + 0.8 TgCH, yr~', and
0.05 + 0.03 TgN,O yr~' and for 2010-2019, 1.9 + 2.0 TgCO, yr™', 89 + 0.9 TgCH, yr', and
0.06 + 0.03 TgN,O yr~'. Uncertainties in waste CO, emissions were due to differences in how the USA NIR
reported incineration of waste, with CO, as a by-product, within the “energy” sector and CEDS reported waste
incineration CO, emissions in the “waste” sector. Waste CH, emissions (2010-2019) were highest in the USA
(5.5 + 0.8 TgCH, yr™"), followed by Mexico (1.9 + 0.5 TgCH, yr™"), Canada (0.9 + 0.1 TgCH, yr™"), and
CA + CAR (0.8 # 0.5 TgCH, yr™ "), see Figure 3.

3.3. Agriculture

For 2010-2019, regional agriculture GHG emissions were 8.8 + 8.0 TgCO, yr™', 13.5 + 1.9 TgCH, yr~', and
12 + 0.3 TgN,O yr~' and for 2000-2009 were 7.6 + 6.9 TgCO, yr ', 13.2 + 1.7 TgCH, yr™', and
1.2 + 0.3 TgN,O yr~" (see Figure 4 for agriculture N,O). The large uncertainties for CO, emissions were due to
CEDS not including indirect-CO, emissions in their inventory for soil liming and urea application. Agriculture
emissions were mainly from enteric fermentation processes, yielding 9.6 TgCH, yr~' followed by manure
management 2.7 TgCH,, yr~! and rice cultivation (0.7 TgCH, yr™!). Rice cultivation, manure management, and
enteric fermentation emissions were highest in the USA, 0.7, 2.2, 6.8 TgCH,, yr—'. Mexico's total agriculture N,O
emissions were reported as 0.13 Tg N,O yr~' and only from manure management N,O emissions.
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Figure 3. Spatial distribution of the annual anthropogenic GHG emissions for fossil fuels (left column), agriculture (middle
column) and waste (right column). Data are gridded from the EDGAR v6 inventory for CO, (a—), CH, (d—f), and N,O (g-i).

3.4. Top-Down Budgets

For North America, the mean land-atmosphere flux (excluding fossil CO, emissions) for 2010-2019 using the
Global Carbon Budget (GCB) inversions from Friedlingstein et al. (2023), was —2,471.6 + 2,942.7 TgCO, yr™'
and the laterally adjusted flux was —2,341 + 3,060 TgCO, yr~'. This means that the land-atmosphere CO, flux
increased from 2000 to 2009 -1,919.9 + 2,949.3 TgCO, yr™', that is, sink became stronger Compared with
0CO2-MIP (LNLG: —2,730 + 1,635 TgCO, yr™', IS: =3,154 + 1,992 TgCO, yr™"), the GCB CO, inversions
were within the range of satellite-based retrievals.

For CH,, inversions, the regional land to atmosphere flux (2010-2019) was estimated as 65.9 + 15.5 TgCH, yr™',
with the USA the highest emitter 39.8 + 8.9 TgCH, yr~', followed by Canada 18.0 + 4.4 TgCH, yr~'. Net CH,,
emissions were estimated as 59.7 + 15.3 TgCH, yr~', with 12.9 + 4.7 TgCH, yr~' from fossil fuel,
25.7 + 10.9 TeCH, yr~" from wetlands, and 23.6 + 5.8 TgCH, yr~" from agriculture and waste.

The posterior flux for total (anthropogenic and natural) land-atmosphere exchange of N,O emissions was esti-
mated as 2.3 + 09 TgN,O yr~' for North America (Figure 4), partitioned between the USA
(1.6 £ 0.52 TgN,O yr™"), Canada (0.19 + 0.11 TgN,O yr™"), Mexico (0.4 + 0.2 TgN,O yr~') and CA + CAR
(0.1 + 0.1 TgN,O yr™h.

3.5. Biospheric Carbon Exchange

The TRENDYV9 (S3) model ensemble estimated a regional land sink of 1,603 + 1445.1 TgCO, yr~" for 2010-
2019, an increase over 2000-2009 (1,137.9 + 1,336.2 TgCO, yr™"), see Figure 5 for spatial distribution. Canada
had the largest net carbon uptake (for 2010-2019) of 744.5 £+ 479.9 TgCO,, followed by the USA
695.4 + 647.3 TgCO,, Mexico (128.6 = 221.7 TgCO,) and CA + CAR (34.3 £ 96.2 TgCO,). In contrast, the
FluxCom (2010-2019) estimates were 4-times larger than the TRENDY models (Figure 7), 8,954.1 to
9,709.1 TgCO, yr~' for the RS and ERAS approaches, respectively, and the SMOS based estimates were 28.4—
272 TgCO, yr™'. At the sub-regional scale, the differences with FluxCom being significantly higher and SMOS
being lower than TRENDY was consistent. Biases in using FluxCom to estimate NBP have been addressed in

POULTER ET AL.

14 of 31

8509017 SUOLULLIOD BAIERID 3|qedldde au) Aq paueA0B a8 S3o1e YO ‘88N JO S3IN1 10} ARIq1T BUIIUQ AB]IA UO (SUO N IPLIOO-PUE-SWLISIWI0D" A | 1M Afeiq)1 U1 UO//SAIL) SLORIPUOD Pue SULLB | 34} 89S *[S202/70/72] U0 ARIqiauliuo A8|IM ‘Seoueis eIMINLBY JO AISBAILN USIPOMS Aq 0TEB00EOYZ0Z/620T OT/I0p/LIY A8 | 1M ARIq 1 RUIjUO'SGNANBe// Sty WOJ papeoumod * ‘SZ0e ‘vZzZ6rveT



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Global Biogeochemical Cycles 10.1029/2024GB008310

Total NZO (mean) Total N,O (SD)

1.0
08
T\_
06>
£
O
0.4 2“
[e)]
0.2
0.0
: -180 -180 -140 -‘1‘20 -100 -80 -80
Agrlculture N,O (SD)
1.0
08
T\_
06
£
O
0.4 2“
[e)]
0.2
0.0

T
-180 -1680 -140 -120 -100 -80 €0 -180 -180 -140 -120 -100 -80 -€0

Figure 4. Total industrial and agricultural N,O emissions and uncertainties (a and b) and agriculture emissions and
uncertainties (c and d). Data gridded from the atmospheric inversion ensemble and posterior estimates (Tian et al., 2024).

previous literature (Zscheischler et al., 2017), and we evaluate the SMOS NBP estimate in the context of carbon
stock change in following sections.

For North America, the NIR and BUR estimates of LULUCF estimated net removals of 1,037.3 (2000-2009) and
989.4 (2010-2019) TgCO, yr~'. The NIR/BUR net removals were higher than FAOSTAT, which estimated
397.9 (2000-2009) and 440.6 (2010-2019) TgCO, yr~* Both the NIR/BUR and FAOSTAT estimates are more
similar in sign and magnitude to the TRENDY S3 ensemble mean, and to some extent, the lower LULUCF
estimate from the NIR/BUR can be explained by differences in the land-area used to estimate fluxes, for example,
roughly two-thirds of the Canadian land base is considered unmanaged and excluded from the NIR (Ogle
et al., 2018).

The WRIcf model, which combines remote-sensing data with IPCC Guidelines within a gain-loss framework,
estimates a net regional sink of 1,551.1 TgCO, yr™', with a sink for Canada of 726.3 TgCO, yr~', the USA
662.0 TgCO, yr~!, Mexico 132.8 TgCO, yr~!, and CA + CAR 30.0 TgCO, yr~!. The WRIcf model produces
similar magnitude to the TRENDY ensemble, in part because the managed land proxy for Canada is not used to
mask out unmanaged lands.

3.6. Land Use and Land-Use Change Emissions

For the North American region (for 2010-2019), net LULUCF fluxes (Figure 6) were 193.7 TgCO, yr™' from the
NIRs, 772.5 £ 967.9 TgCO, from the DGVM ensemble (i.e., S2-S3, Figure 8), and 20.7 £ 279.4 TgCO, from the
three bookkeeping models. The LULUCF emissions from CH, and N,O were negligible and thus not reported
here. The large differences between land-use change emission estimates have been explained by previous studies
and attributed in part to (a) the NIR including most of ‘natural’ carbon fluxes (on managed lands) that is, the
effects of climate and CO, fertilization on carbon uptake, (b) differences between the land-area considered
managed by the NIR and other estimates, and (c) the DGVM emissions including the impact of loss of additional
sink capacity. Compared to the LULUCF emissions, the deforestation emissions (i.e., excluding regrowth) are
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Figure 5. Annual average (2010-2019) net ecosystem exchange, NEE, for the Global Carbon Budget atmospheric inversion
ensemble (a) and its uncertainties (b), and for the TRENDY land-surface model ensemble (c) and its uncertainties (d).
Positive values indicate net carbon uptake from the atmosphere.

more similar between the NIR, bookkeeping models and FAOSTAT, ranging from 193.7 TgCO, yr™" for the NIR
and 71.8 TgCO, yr~' for H&N, 568.1 TgCO, yr~' for BLUE and 523.2 TgCO, yr~' for OSCAR, and
189.7 TgCO, from FAOSTAT. The lower deforestation emissions for H&N is largely due to assumptions on how
fire suppression led to increases in biomass on non-forested lands.

Accounting for the LASC reduced the DGVM LULUCF emissions from 772.5 x= 9679 to
407 + 927.5 TgCO, yr~'. Between 2000-2009 and 2010-2019, no significant change in land-use change
emissions estimated by the DGVMs (434.6 + 696.9 vs. 407.0 + 927.5 TgCO, yr*) or other approaches. We also
use an alternative approach proposed by Grassi et al. (2023) and applied by Friedlingstein et al. (2023) in the
Global Carbon Budget, to reconcile bookkeeping and NIR LULUCF emissions where the S2 NBP ensemble mean
from TRENDY was subtracted from the bookkeeping ELUC emission estimates to account for natural fluxes not
included in the bookkeeping models. Using this approach, we find more comparable estimates between the NIR
and bookkeeping models for Mexico and the USA, but larger differences for Canada.

3.7. Vegetated Freshwater Wetland Emissions (CH,)

For 2010-2019, North American vegetated wetland CH, emissions ranged from 19.5 + 2.9 TgCH, yr~'

21.5 + 10.1 TgCH, yr~" based on the data-driven (UpCH4) and process-model estimates (Figure 9). No sig-
nificant increase between 2000-2009 and 2010-2019 was detectable given the large uncertainties. Highest
emissions (2010-2019) were in Canada (8.4 + 2.1 TgCH, yr~! (UpCH4) to 11.8 + 5.7 TgCH, yr~! (wetland
models)), followed by USA (7.2 + 1.7 TgCH, yr ' to 4.1 + 1.9 TgCH,, yr ), Mexico (2.5 + 0.7 TgCH, yr~! to
3.6 + 1.6 TegCH, yr™ "), and CA 4+ CAR (1.5 + 0.6 TgCH, yr~' t0 2.0 + 1.0 TgCH, yr™"). Changes in the activity
data used to estimate managed wetlands between the 2022 and 2023 NIR for the USA led to almost a doubling of
wetland CH, emissions in “flooded lands” from 0.95 to 1.6 TgCH, and no change in emissions from “coastal
wetlands” 0.15 TgCH,. The Canadian and USA NIR reports wetland CH, emissions, but only those emissions
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Figure 6. Land-use change emissions (2010-2019) and their uncertainties estimated from the TRENDYVv9 model ensemble.
The TRENDY S2 (no land use change) scenario is used as a reference and the S3 scenario has annually changed land cover
and land use. The difference between S2 and S3 includes the emissions from land use change, but also the impacts from
climate and CO, fertilization on biomass stocks between the two scenarios.
affected by anthropogenic activities and management and are not directly comparable with the wetland CH,
model ensemble or UpCH4.
3.8. Fluxes Across the Land-Ocean-Aquatic Continuum
Using a mass balance approach, we estimate the North American lateral carbon flux from land to inland waters
(Fy) to range from 1,473 to 2,440 TgCO, yr~' (Figure 10). F; is the sum of outgassing and evasive fluxes
(F,, = 418 to 1,385 TgCO, yr™ "), burial fluxes (F,, = 568 TgCO, yr~") within rivers and lakes, and export to
estuaries (F,, = 486 TgCO, yr™"). In comparison, the SOCCR2 mass balance derived F,; was 1,854 TgCO, yr™'
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Figure 7. Land-atmosphere exchange of CO, for the North American region (NAM) and the four sub-regions. The figures
contrast inventories, top-down, and bottom-up approaches, where negative indicate net CO, uptake and positive indicates net
CO, release to the atmosphere. The difference in estimates is partly reconciled through adjustments for LOAC.
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OSCAR, H&N) and the process-based modeling methodologies (TRENDYV9). The red shading indicates uncertainty for the
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Wetland models (mean)

a)
70 P 10
Atm. Inversions (mean)

T
-160 -140 -120 -100 -80 -60

Wetland models (SD)

aont”]

T T T
-180 -160 -140 -120 -100 -80 €0

Atm. Inversions (SD)

ST

T T T
-180 -160 -140 -120 -100 -80 -€0

‘I_L
e (Ta>
=
‘0
(o))
2
0
10
8
‘I-L
8 tTa>‘
z
* ©
(o)}

Figure 9. Wetland methane emissions from the Global Methane Budget (GMB) ensemble and their uncertainties (a and b)
and from the GMB atmospheric inversions (c and d).
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Figure 10. The land-to-ocean loops of the North American carbon cycle (2010-2019) derived from the independent estimates
of LOAC fluxes. The long-range loop, lateral flux from land-to-ocean (F,.) is 486 TgCO, yr™', and defined by inputs,
recycling and outputs of carbon from the land to aquatic systems. Figure adapted to use North America estimates from
Regnier et al. (2022).

with 447 and 454 TgCO, yr~' from lake and river evasion, 568 TgCO, yr~"! (burial) and 385 TgCO, yr~' from
export (Butman et al., 2018). The estimate for F;, from Liu et al. (2024) is comparable to the GCB atmospheric
inversion adjustment (see Methods Top-down atmospheric inversions), which estimated 370.2 TgCO, yr~" for
North America (149.1, 135.3,33.1, and 52.7 TgCO, yr™" for Canada, USA, Mexico, CA + CAR) and OCO2-MIP
(437.4 TgCO, yr~! for N America, 170.9, 174.4, 40.3, 51.2). The differences resulting mainly from the Liu
et al. (2024) estimate of F,, including carbonate weathering (~93.7 TgCO, yr™") and also that OCO2-MIP
averaged two lateral flux estimates from Tian et al. (2010) and Deng et al. (2022). Uncertainties in total lake
and river outgassing emissions range from minimum estimate of 418 to maximum estimate of 1,385 TgCO, yr™'
for North America, explaining a large part of the range in F};, with the higher outgassing estimates more likely due
to the inclusion of small streams and ponds. For North America, the lateral carbon export to estuaries to the
continental shelf (F,.) is thus 518 TgCO, yr™'; the sum of 486 (Fi) — 76 (F,, . o) — —108 (F.

aw + (’(I)’

The average North American evasive fluxes for lakes were 438.9-584 TgCO, yr', 29.7 TgCH, yr', and
0.02 TgN,O yr~" and for rivers, 684-946.7 TgCO, yr~', 4.1 TgCH, yr—', and 6 Gg N,O yr~'. The highest total
evasion rates were in Canada (710.0 TgCO, and 20.3 TgCH,). Coastal systems net ecosystem exchange for
mangroves, salt marshes and seagrasses removed —70.3 TgCO, from the atmosphere and emitted 0.2 TgCH, and
close to zero N,O emissions. The USA and Mexico had the highest coastal NEE, —36.8 and —32.7 TgCO,,
respectively. Estuarine systems (fjords, lagoons, tidal deltas) also removed CO, from the atmosphere
(—38 TgCO,, mainly from fjords), and emitted 0.11 TgCH, and 0.03 TgN,O. Burial in lake, pond and reservoir
sediments was estimated as —568 TgCO,, and burial in estuaries was estimated as —76.4 TgCO, yr~'. Coastal
margin and riverine inputs to the ocean were estimated as 447.3 and 370.3 TgCO, yr™', and continental shelf
burial —96 TgCO, yr~' and sea-air exchange as 128 TgCO, yr~' with lateral carbon export from the continental

—1

shelf to open ocean (F,) estimated at 549 TgCO, yr
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3.9. Harvest and Trade Fluxes for Crop and Wood Products

Total crop harvest from FAOSTAT was 1,757 TgCO, yr~' for North America; 78.6 TgCO, yr~" for Central
America and Caribbean, 240.5 TgCO, yr~" for Mexico, 1263.5 TgCO, yr™" for the USA and 175.2 TgCO, yr™'
for Canada. Total wood harvest from FAOSTAT was 763.7 TgCO, yr~' for North America; 107.9 TgCO, yr™'
for Central America and Caribbean, 21.5 TgCO, yr~' for Mexico, 465.5 TgCO, yr~' for the USA and
168.6 TgCO, yr~' for Canada. Approximately 337.8 TgCO, of crops produced were exported and 129.8
TgCO, yr~! of crops imported. Wood exports within the North American region were 161 TgCO, yr™' and
imports were 108.9 TgCO, yr~!. Total wood exports within and outside North America were 68.2 TgCO, yr!
and for imports were 38.4 TgCO, yr~', meaning that up to 90 TgCO, yr~' were traded between the North
American sub-regions. In contrast, OCO2-MIP assumed a net import of crops and wood products of
181.7 + —54.5 TgCO, yr~' compared to our total net import estimate of 237.8 TgCO, yr™.

We estimated crop consumption emissions by humans as 112.3 TgCO, yr~" and livestock consumption emissions
of 1,395.2 TgCO, yr™" for a total consumption emissions of 1,507 TgCO, yr™". The ratio of human to livestock
consumption of crops is similar to Hayes et al. (2012) but smaller than the ratio estimated by Ciais et al. (2007).
The remaining harvested crop carbon was emitted as CH, via enteric fermentation. Total landfill emissions of
wood harvested products were estimated as 593 TgCO, yr™*, with a landfill pool size of 306.9 TgCO, and an end-
use pool size of 10,075.9 TgCO,. The NIRs do not provide gross wood harvest and product pool terms and instead
provide a net CO, flux for harvested wood products. For the USA, the NIR estimated net uptake of carbon
(—85.5 TgCO,), a net loss for Canada (137.7 TgCO,) and Mexico (52.2 TgCO,).

The effect of crop harvest on atmospheric CO, concentrations is often considered net neutral because the biomass
of crops is grown the same year (Hristov et al., 2018). For example, Hayes et al. (2012) estimated cropland NEE to
be around ~1,100 TgCO, yr~' compared to the ~1,700 TgCO, yr~" crop harvest. Thus, we assume that the
forward models, that is, DGVMs, include the crop regrowth in their NPP term and that the emissions of crop
consumption to the atmosphere is included in the DGVM heterotrophic respiration term.

3.10. Other Fluxes and Stocks

North American standing carbon stocks ranged from 26.2 PgC (1 Pg = 1,000 Tg) (ESA CCI), 33.9 PgC
(FAOSTAT), and 74.5 £ 35.1 PgC (TRENDYV9). By country, the remote-sensing based estimates ranged from
10.5 to 21.0 PgC for Canada, 16.5 to 21.4 PgC for the USA, 2.3 to 4.2 PgC for Mexico and 2.9 PgC for
CA + CAR. Soil carbon stocks ranged from 289 + 190.7 PgC (TRENDY) to 511 PgC (SoilGrids 0-200 cm).
With highest soil carbon stocks, for SoilGrids, in Canada (269.1 PgC), then the USA (191 PgC), Mexico
(31.9 PgC), and CA + CAR (18.3 PgC).

For carbon fluxes, BVOC emissions from CAMS were estimated as 250 TgCO, yr™', with 34.8 TgCO, yr~' from
Canada, 120.9 TgCO, yr~! from the USA, 61.0 TgCO, yr~' from Mexico, and 33.8 TgCO, yr~' from
CA + CAR. Regional CO, emissions from fire were 447.9-502.9 TgCO, yr~' (GFED and QFED). Regional GPP
was 70,855 + 13,678 TgCO, yr~' (TRENDYv9) and 54,500-55,571 TgCO, yr~' (FluxCom),
67,894 TgCO, yr~" (FluxSat), and 66,230 TgCO, yr~' (GOSIF).

3.11. Net GHG Emissions

The net BU (anthropogenic and natural) 2010-2019 emissions for North America were 6,387 TgCO, yr~", and of
this amount, 5,733 TgCO, yr~' was from territorial emissions and an additional 654 TgCO, yr~' from non-
territorial emissions (Figure 11). This is equal to roughly a 0.9 ppm yr~' increase in atmospheric CO, concen-
tration (1 ppm = 2,124 TgC (7,788 TgCO,); Friedlingstein et al. (2023)). Net territorial emissions for Canada
were 507 TgCO, yr~"' (Figure S1 in Supporting Information S1), 4,522 TgCO, yr~" for the USA (Figure S2 in
Supporting Information S1), 372 TgCO, yr~' for Mexico (Figure S3 in Supporting Information S1) and
331 TgCO, yr~ ' for CA + CAR (Figure S4 in Supporting Information S1). Net CO, emissions declined compared
to the previous decade, where the 2000-2009 net territorial CO, emissions were 6,757 TgCO, yr~'. The reduction
was mainly due to lower territorial emissions in the USA (5,299-4,522 TgCO, yr™') coming from a
520 TgCO, yr~" reduction in fossil emissions.

Total net TD territorial emission estimates for North America were 4,733 + 2,942 TgCO, yr~' (2009-2010) and
3,806 + 2,949 TgCO, yr~' (2010-2019) using the GCB ensemble and GridFED, and similar to the OCO2-MIP
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Figure 11. Integrated bottom-up CO, budget for North America (2010-2019). Red arrows are anthropogenic flows of carbon and green arrows are natural flows.
Direction of arrow indicates whether carbon is being removed or entering the atmosphere. Dashed arrows indicate the number is not used to estimate the stock change.
The numbers used in the budget are available through the “wiring diagram-CO,” tab of the data file. Figures S1-S4 in Supporting Information S1 provide the regional
breakdowns for Canada, United States, Mexico and Central America. Figure adapted from Villalobos et al. (2023).

LNLG satellite-based estimate of 3,360 = 1,981 TgCO, yrf1 (2015-2019). Based on GCB and GridFED, ter-
ritorial emissions were —1,149 + 1,071 TgCO, yr~' for Canada, 4,385 + 1,512 TgCO, yr~' for the USA,
308 + 357 TgCO, yr~! for Mexico, and 99 =+ 168 TgCO, yr~! for CA + CAR. Part of the difference between BU
and TD can be explained by the lake and river evasion estimates in the BU approach and highlights the importance
of accounting for lateral LOAC fluxes, which are not included in Equation 1 and also the larger NEP estimated by
the inversions for Canada.

The bottom-up dCH,atm for 2010-2019 was 99.5 TgCH, yr'
65.8 TgCH, yr~' (Figure 12, where thermogenic emissions represent emissions from oil, gas, coal activities, and

compared to top-down emissions of

pyrogenic emissions from wildfire and biomass burning). For each of the four subregions, BU emissions were
37.2 versus TD 18.0 TgCH, yr~! for Canada (Figure S5 in Supporting Information S1), 48.7 BU versus TD
39.8 TgCH, yr™' for the USA (Figure S6 in Supporting Information S1), 9.8 BU versus TD 5.1 TgCH, yr™' for
Mexico (Figure S7 in Supporting Information S$1) and 5.0 BU versus TD 2.8 TgCH,, yr~" for CA + CAR (Figure
S8 in Supporting Information S1). Compared to 2000-2009, BU regional and sub-regional CH, emissions were
similar (total: 102 + 7 TgCH, yr™") to 2010-2019 emissions.

The bottom-up dN,Oatm emissions (2010-2019) were 1,924 GgN,O yr~! compared to TD emissions of
2,328 GgN,O yr~! for North America (Figure 13). Canada's emissions were 189 (BU) versus 192 (TD) GgN,O
yr~! (Figure S9 in Supporting Information S1), and 1,521 versus 1,611 GgN,O yr™" for the USA (Figure S10 in
Supporting Information S1), 321.1 versus 420.9 GgN,O yr~' for Mexico (Figure S11 in Supporting Informa-
tion S1), and 65 versus 105 GgN,O yr~' for CA + CAR (Figure S12 in Supporting Information S1). Between
2000 and 2019, N,O emissions increased by 80 GgN,O yr™".

3.12. GWP-100 Years Horizon Budgets (CO,-eq)

For North America, the net TD territorial budget over 100 years horizon was 7,169 + 1,832 TgCO,-eq yr™' for
20002009 and 6,132 + 1,846 TgCO,-eq yr~" for 2010-2019. The BU territorial budget over 100 years horizon
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North America’s bottom-up methane budget (2010-2019)
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Figure 12. Integrated bottom-up CH, budget for North America (2010-2019). See Figures S5-S8 in Supporting
Information S1 for regional breakdown.

was 9,989 + 898 TgCO,-eq for 2000-2009 and 9,060 = 898 TgCO,-eq for 2010-2019. By sub-region, for 2010—
2019, TD and BU emissions were —636 + 913 and 1,608 = 504 TgCO,-eq yr~! for Canada, 5,724 + 1,552 and
6,195 + 698 TgCO,-eq yr~' for the USA, 848 + 363 and 734 + 140 TgCO,-eq yr~' for Mexico, and 196 + 177
and 521 + 114 TgCO,-eq yr~" for Central America and the Caribbean (Table 1). The difference between the TD
and BU estimates, ~3,000 TgCO,-eq yr™ ', is largely explained by estimates for Canada, where the BU estimate
was ~2,000 TgCO,-eq yr~' larger than TD. Part of the difference is due to the larger Canadian CO, sink estimate
provided by the TD approach. In addition, higher BU CH, emissions for Canada (likely from double counting the
wetland and inland-water sources) and for the USA also explains part of the difference between 2010 and 2019
TD CH, emissions (1,613 + 266 TgCO,-eq yr~') compared to BU emissions (2,852 + 191 TgCO,-eq yr™ ).

Accounting for lateral fluxes from the LOAC and from trade helps to reconcile the BU and TD GHG budgets. To
illustrate this, we use the estimates of Liu et al. (2024) for the lateral flux of total carbon from inland waters to
estuaries (F,,) of 486 TgCO, yr™"', the WPsCS model for net wood trade exports (30 TgCO, yr~') and FAOSTAT
for net crop trade exports (208 TgCO, yr™ 1. These estimates are similar to those used in OCO2-MIP, which
estimated 437 + 264 TgCO, yr~' for F,, and 181 + 54 TgCO, yr™' for trade flows. Combined, the lateral fluxes
account for 724 TgCO, yr~', which accounts for one third of the difference between the TD and BU approaches.
Further reconciling of the TD and BU approaches can be carried out using the LASC correction applied to the land
use change estimate in the DGVM models, which accounts for a ~400 TgCO, yr~' reduction in emissions by
2019.

The BU and TD budgets are similar to the NGHGI submitted to the UNFCCC, which estimate total net emissions
of 7,270 TgCO,-eq yr~* for 2010-2019, a 6% decline from 7,756 TgCO,-eq yr~* for 2000-2009. The NGHGI
follow the IPCC Guidelines (2006, 2019) and report emissions and removals only for managed lands. Thus,
compared to TD approaches, the NGHGI net emissions are larger because they exclude large areas of removals in
unmanaged forests in Canada. Compared with BU methods, the net-emissions reported by the NGHGI is lower,
mainly because of the inclusion of emissions from inland water and unmanaged wetland ecosystems.

4. Discussion

Our assessment of the North America GHG budget provides a comprehensive update of GHG emissions and
removals for all sectors including managed and unmanaged lands. The work provides an extension of all three
main GHGs in time to the year 2019 following on other regional GHG assessments made by the North American
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North America’s bottom-up nitrous oxide budget (2010-2019)
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Figure 13. Integrated bottom-up N,O budget for North America (2010-2019). See Figures S9-S12 in Supporting
Information S1 for regional breakdown.
Carbon Program (NACP) (2000-2006; (Hayes et al., 2012)), RECCAP1 (1990-2009; (King et al., 2015)) and
SOCCR?2 (2004-2013; (Birdsey et al., 2018)), U.S. Geological Survey, USGS (2005-2014; (Merrill et al., 2018))
and OCO2MIP (2015-2019; (Byrne et al., 2023)). The approach incorporates a diverse set of data as well as
methods for integrating lateral fluxes from the LOAC and trade, harmonizing LULUCF emissions, and
addressing double counting. This is the first multi-GHG gas syntheses study for North America, with previous
multi-gas studies carried out for the European region (Petrescu et al., 2021, 2023; Schulze et al., 2009, 2010) and
Table 1
Regional Breakdown of Total Anthropogenic and Non-Anthropogenic Net Greenhouse-Gas Emissions for Each Gas in Units of T§CO,-eq (GWP-100)
Canada United States Mexico CA and Caribbean North America
Method 2000 2009 20102019 20002009 2010 2019 20002009 20102019 2000 2009 20102019 2000 2009 2010 2019
NGHGI co, 547 553 5,147 4,596 259 341 NA 148 6,103 5,640
CH, 132 124 794 757 47 68 21 21 995 970
N,O 29 27 423 421 38 42 167 167 658 658
CO5-eq 707 705 6,366 5,775 345 452 336 336 7,756 7,270
Top-Down co, —671 -1,133 4,876 4,295 463 616 210 105 4,878 3,833
CH, 470 444 1,037 989 119 116 71 53 1,699 1,613
N,O 24 29 138 141 41 52 15 15 591 636
CO5-eq —148 —636 6,323 5,724 686 848 307 196 7,169 6,132
Bottom-Up Cco, 1,017 866 5,499 4,722 420 380 371 320 7,314 6,289
CH, 1,019 1,048 1,330 1,356 271 280 157 167 2,779 2,852
N,O 41 53 320 316 69 82 23 23 453 475
CO5-eq 2,078 1,967 7,150 6,395 759 743 557 510 10,546 9,616

Note. Numbers in italics are the sum of the three trace gases.
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now as part of RECCAP2 for Africa (Ernst et al., 2024), Central Asia (Wang et al., 2024) and Australasia
(Villalobos et al., 2023).

Few studies have evaluated the full GWP of emissions of North America for the three gases and across all
anthropogenic and natural sectors. Our study shows that the inclusion of multiple data sets used to provide activity
data, emissions factors, and direct flux estimates, can be used to infer more detailed information on GHG
emissions and removals than provided in the NGHGI, and that the results are comparable after accounting for
lateral flows, definitions, and double counting. Lateral fluxes were first identified by Pacala et al. (2001) as key
for TD and BU reconciliation, and RECCAP1 and RECCAP2 have help quantify these fluxes through devel-
opment of new data sets along the continuum. For North America, the inland water outgassing of CO, and CH,
from inland waters remains fairly uncertain, as well as carbon burial rates within rivers and streams, leading to
fairly high estimates of Fj; (lateral flux from land to inland waters) of 1,440-2,440 TgCO,, which is roughly half
of the North American NEP (4,304 TgCO, yr™"). The uncertainties are partly related to mapping of small streams
and ponds, limited empirical data along stream reaches, seasonally and year-to-year to use in scaling, which leads
to double counting when combined with bottom-up estimates from other sectors, that is, vegetated wetlands.

Reconciling land-use change fluxes between bookkeeping, process-models, and inventories has been addressed in
detail previously by Grassi et al. (2021, 2023) and Obermeier et al. (2021) and implemented now as part of the
annual global carbon budget (Friedlingstein et al., 2022, 2023). The adjustment to the bookkeeping models using
the S2 scenario to better match the definition of the NIR has been shown to work at national levels (Schwing-
shackl et al., 2022), making this approach promising for attribution studies. Additional work is needed to provide
spatially aggregated information on LULUCF and AFOLU emissions and removals, where a mix of spatial scales,
terminologies, and definitions for land classes (i.e., IPCC vs. plant functional types), and reporting areas still need
to be addressed. In particular, grassland and settlement categories have high uncertainties in distribution, al-
lometries, and soil carbon data (McGlynn et al., 2022). The use of remote sensing data sets and integration with
the IPCC methodology would help provide this spatial disaggregation and consistency between inventory ap-
proaches, and the WRIcf model may help further advance these integrations.

Ongoing activities and opportunities to reconcile top-down and bottom-up approaches will help reduce the biases
and uncertainties identified in this study. The NGHGI's presented here use a combination of Tier 1, 2, and 3
methodologies to estimate emissions and removals following IPCC Guidelines. These Tiers are designed to
support country participation in developing NGHGI while maintaining Transparency, Accuracy, Consistency,
Completeness, and Comparability (TACCC). The integration of new remote sensing products will help countries
move toward Tier 3 methods (lower uncertainty using regional to sub-regional data) by constraining emissions
from oil and gas activities, landfills, wildfire, and estimates of forest carbon stocks (e.g., Hunka et al., 2024), as
well as provide improved and more consistent information for activity data used to estimate transitions in land use
and land cover, the distribution of managed wetlands, and different agricultural practices.

While CO, fossil emissions decreased for the North America, due in large part to a decrease of 329-
560 TgCO, yr~' in the USA, fossil-related emissions from non-CO, GHGs increased. From 2000 to 2009 to
2010-2019, the ratio of non-CO,-eq to total CO,-eq emissions increased by about 1%. Emissions of non-CO,
fossil gases remain uncertain, with the USA NIR showing a decrease from 12.7 TgCO,-eq yr~' to 11.9 TgCO,-eq
yr~!, GAINS showing an increase over 10.5 to 10.3 TgCH, yr~!, and IEA having a large estimate of 17
TgCH, yr~! for the USA. This is equivalent to around 100-150 TgCO,-eq yr~' uncertainty for GWP-20. It is
expected that oil and gas point-source emission uncertainties will decrease as atmospheric inventories incorporate
an increasing volume of satellite information from plume mappers (Lu et al., 2023).

Natural disturbances driven fluxes from fire, hydrologic events, insects, windthrow, and disease are challenging
to compare across data sets, partly because the country-level inventories each handles these differently, and partly
because there are few consistent data sets available, especially for insects, windthrow and disease. While fire
emission modeling is fairly advanced at global scales, with GFED and QFED having been developed in the early
2000s (Van der Werf et al., 2003) recent work has pointed to the importance of spatial resolution being a key
driver of fire emission uncertainty (Ramo et al., 2021). To a certain extent, disturbance emissions are implicitly
accounted for in the forest inventory, for example, in the case of the USA, the stock changes estimated from the
forest-inventory analysis plots include losses of carbon from disturbance. For Canada, the fire-related emissions
are reported separately, but the area included in estimating fire emissions can change year-to-year based on
guidelines for when fire is natural or not.
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Figure 14. Distribution of anthropogenic, managed-lands and natural net greenhouse gas emissions (TgCO,-eq yr~") for the
entire North American region for 2000-2009 (upper panel) and 2010-2019 (lower panel). The columns (from left to right)
contrast the national greenhouse gas inventory methods with the bottom-up and top-down methods.

2000-2009

2010-2019

The tracking of GHG emissions and removals is necessary to help understand the sources of anthropogenic
GHGs, the success and effectiveness of mitigation, and to document whether climate or other feedbacks are
weakening the land and ocean carbon sinks or changing the chemical sinks. For example, global anthropogenic
emissions of CO, reached a record high in 2023 (Friedlingstein et al., 2023) and the atmospheric growth rate of
CH, doubled in 2020 to a sustained growth rate of more than 10 ppb yr~' (Peng et al., 2022). Existing monitoring
and reporting frameworks currently provide different perspectives on GHG emissions and removals depending on
the methodology and policy frameworks they follow. The RECCAP2 activity is designed to help understand
differences in reporting structures and to provide a framework for reconciling their differences.

5. Conclusions

This paper is one of the 10 regional land assessments contributing to the RECCAP2 assessment providing decadal
multi-GHG gas budgets for two decades: 2000-2009 and 2010-2019. Multiple independent and quasi-
independent data sets and methodologies are used to compare emissions and removals across anthropogenic
and natural sectors. We find that the North America TD and BU approaches are net sources of GHGs and are in
agreement with the NGHGI, with net emissions decreasing by 6%—14% between 2000-2009 and 2010-2019
(Figure 14) due mainly to reduction in fossil CO, emissions. Reconciling the differences between TD, BU and
NGHGTI approaches requires accounting for lateral flows from the LOAC and trade, reducing uncertainty in land-
use change emissions, addressing double counting in inland-water CH, emissions, and reducing uncertainty in
inland-water CO, evasion. The North America budget relied heavily on globally parameterized data sets, and we
suggest advancing the development of regional inversion and land-surface models to better capture vegetation
dynamics, disturbance drivers, regional soil properties (e.g., permafrost), wind transport, and take advantage of
regional measurement networks.

List of Key Acronyms

AFOLU Agriculture, Forestry and Other Land Use
BU Bottom up

BUR Biennial Update Report

POULTER ET AL.

25 of 31

8518017 SUOWILIOD BAIER1D) 8|qedl|dde 8y} Ag peuenob ae sejone O '8sn JO S9IN1 10} Akeiq 1 8UI|UO AB]IM UO (SUONIPUOD-PUE-SWeI W00 A3 1M Akeq1 Ut juo//Sdiy) SUonIpuoD pue suue | 84y 89S *[5202/v0/2] U0 ARiqiT8uliuo A8 |IM 'Ssoueids IminoLBy JO AIsAIUN USIPOMS Aq 0TEB009DYZ02/620T OT/I0p/LI0Y A8 1M Atld putjuo'sandnBey/sdny woy pepeojunmod ' 'S20z ‘v2zerreT



~1
A""l Global Biogeochemical Cycles 10.1029/2024GB008310
AND SPACE SCIENCES
CH, Methane
CO, Carbon dioxide
CO,-eq Carbon dioxide equivalent
CRF Common Reporting Format
GCB Global Carbon Budget
GCP Global Carbon Project
GHG Greenhouse Gas
Gg Gigagram
GMB Global Methane Budget
GWP Global Warming Potential
IPCC Intergovernmental Panel on Climate Change
IPPU Industrial Processes and Product Use
LASC Loss of Additional Sink Capacity
LOAC Land ocean aquatic continuum
LULUCF Land use, land cover, and forestry
MMRV Measurement, Monitoring, Reporting and Verification
MMT Million metric tonnes
NACP North American Carbon Program
NASA National Aeronautics and Space Administration
NBP Net biome production
NEE Net ecosystem exchange
NEP Net ecosystem production
NGHGI National Greenhouse Gas Inventory
N20 Nitrous oxide
NIR National Inventory Report
NMIP Nitrogen Model Intercomparison Project
0CO Orbiting Carbon Observatory
RECCAP2 REgional Carbon Cycle Assessment and Processes study
SOCCR-2 State of the Carbon Cycle Report
TD Top down
Tg Teragram
TRENDY Trends in the Carbon Cycle
UNFCCC United Nations Framework Convention on Climate Change
USA United States of America
USDA United States Department of Agriculture
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