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Abstract. All emissions pathways aimed at stabilizing global temperatures at the internationally agreed target of 1.5-2 °C
above pre-industrial levels require steep cuts in global CO2 emissions. Reliable emissions tracking is therefore essential to
monitoring progress towards related mitigation goals, especially for the world’s largest emitters. Here we make use of
atmospheric measurements of A'*COz and the dual-tracer A'*CO2:COz assimilation and inversion system previously developed
by our group to estimate annual and monthly CO2 emissions from fossil fuel use and cement production (FFCO.) for the U.S.
for 2010 and 20135, the first two individual years for which large numbers of atmospheric A*CO2 measurements are available.
Ensemble-mean national FFCO: totals obtained from a 9-member suite of inverse results are larger than reported by the U.S.
Environmental Protection Agency (EPA), but overlap at their respective 20 ensemble-wide model spreads (inversions) and
reported 95% confidence intervals (EPA) in both years. In contrast, the inverse results agree with both annual totals and 16 of
24 derived monthly totals from the Vulcan 3.0 emissions data product with 1o, ensemble wide. Central estimates of the change
in U.S. FFCOz emission between 2010 and 2015 range from -5.1% (EPA), -5.8% (Vulcan), and -7.8% (this work), providing
a first confirmation of an expected national FFCO: decline based on atmospheric observations. The development of a reliable
emissions tracking system based directly on atmospheric observations, as detailed here, may take on additional scientific and

policy relevance given the recent interruption of EPA reporting.
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1 Introduction

The ongoing climate crisis is in large part a problem of cumulative anthropogenic COz emissions. This is because COz (unlike,
for example, methane) is chemically stable in the atmosphere, such that atmospheric CO2 growth rates are controlled
exclusively by the ongoing imbalance between emissions and any net transfers into land and ocean reservoirs. Thus, emissions
of CO2 must fall to levels exceeded by rates of combined net land and ocean removals before atmospheric CO2 concentrations
and the associated radiative climate forcing can begin to decline. Indeed, all emissions pathways consistent with the
internationally-agreed target of limiting post-industrial warming to +1.5-2 °C (with or without transient overshoot) call for net
CO: additions below zero by mid-century, requiring steep cuts in emissions from fossil fuel use and cement production over
the next few decades (IPCC, 2018). The international effort under the Paris Agreement to reach this target includes individual
Nationally Determined Contributions and country self-reporting on emissions of CO2 and other greenhouse gases as a means
of tracking the efficacy of mitigation measures (UNFCCC, 2015). For the U.S., reporting has been provided by the EPA since
the establishment of the United Nations Framework Convention on Climate Change (UNFCCC) in 1992 and has remained the
U.S. report of record to the international community (although such reporting was recently halted). While EPA accounting of
U.S. COz emissions was designed to be comprehensive, and has included retrospective revisions when warranted, it is a matter
of both scientific and policy prudence to expose EPA and other international reporting efforts to independent evaluation. In
previous work (Basu et al., 2020), we showed that precise measurements of the radiocarbon (}*C) to total C ratio of CO2
(expressed as A"C or A*COz) could be used to constrain emissions of CO2 from fossil fuel combustion and cement production
(“fossil CO2”) over the U.S. The method is largely unbiased because, over large, industrialized land areas such as the
conterminous U.S., measured gradients of atmospheric A*COz are controlled almost exclusively by emission of *C-free CO2
from fossil sources (Lehman et al., 2013; Miller et al., 2025b; Miller et al., 2025a; Graven et al., 2012; Miller et al., 2012;
Levin et al., 2003). Thus, observations of atmospheric ACO> can be traced back to emissions at the surface using inverse
methods, providing quantitative constraints on emissions intensity in space and time (Basu et al., 2020; Basu et al., 2016;
Potier et al., 2022; Wang et al., 2017). Given adequate measurement coverage with respect to the distribution of emissions and
their subsequent dispersion by atmospheric mixing, atmospheric observations inherently sense all emissions and provide a
valuable complement to “bottom-up” methods of accounting (so-called “emissions inventories’) which rely on comprehensive
knowledge of all emissions processes and their intensities. In previous work (Basu et al., 2020), we demonstrated that '*C-
based estimates of U.S. fossil CO2 (FFCOz2) emissions for the year 2010 agreed with EPA to within 5%, but were considerably
(7-10%) larger than U.S. totals from FFCO: inventories often used in global CO: accounting and inverse modeling studies
[i.e., EDGAR (Crippa, 2024), ODIAC (Oda et al., 2018), and FFDAS (Asefi-Najafabady et al., 2014)]. Notably, the '*C-based
estimates agreed within their estimated analytical uncertainties of ~2% (1c) with the 2010 annual total from the U.S. specific
Vulcan emissions data product (Gurney et al., 2020b; Gurney et al., 2020a), which ingests additional information not

considered explicitly by the EPA (e.g., Kato et al. (2023)).
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The importance of tracking FFCOz emissions as a means of verifying progress towards mitigation targets and informing current
and future carbon markets has led to a number of new emissions tracking efforts having high temporal resolution and near

global scope. Carbon Monitor (https://carbonmonitor.org), for example, can deliver emissions estimates to policy makers and

other stake holders in near-real time, but is reliant on a mix of largely indirect measures of emission intensity (Liu et al., 2020;

Liu et al., 2024). Climate Trace (https://climatetrace.org) ingests a wide range of data streams including remotely sensed

estimates of emission that may help fill gaps in existing inventories and target the largest polluters (Voosen, 2023). While
these approaches aim to be as comprehensive as possible, the ability to capture all emissions at all times is hardly guaranteed

and methodological biases and uncertainties are intrinsically difficult to quantify.

Here we present new *C-based estimates of annual and monthly U.S. FFCOz emissions for the years 2010 and 2015, using
observations drawn primarily from the North American portion of NOAA’s Global Greenhouse Gas Reference Network
(GGGRN https://gml.noaa.gov/ccgg/about.html), (Andrews et al., 2014; Sweeney et al., 2015) and supplemented by other 1*C
measurement groups (Table S1). Our initial focus on 2010 and 2015 reflects increased measurement coverage within the
GGGRN in those years (NOAA’s atmospheric measurement activities were restricted between 2011 and 2014 due to budgetary
constraints). In order to objectively compare U.S. FFCO: emission estimates for 2010 and 2015, we revisited the earlier
estimates for 2010 of Basu et al. (2020), assimilating additional CO2 measurements from a retrospective update of global and
North American CO2 observations compiled in NOAA’s ObsPack GLOBALVIEWplus collection 6.1 (“GV+6.1”) data
product (Schuldt et al., 2021) and other improvements to the data assimilation system discussed below. The new results confirm
reductions of U.S. FFCOz between 2010 and 2015 based on reports for those years by the EPA (EPA, 2024a) and from the
Vulcan data product (Gurney et al., 2020b; Gurney et al., 2020a) , and represent a first step towards providing a more complete
analysis of the inter-annual variability and trends in U.S. emissions across the full decade of the 2010s. Once established,
ongoing assimilation of *COz and CO: observations from within the GGGRN and collaborating measurement programs can
provide regular yearly estimates of U.S. national and regional fossil CO2 emissions. Ongoing agreement between FFCO2 flux
estimates of the EPA, the Vulcan emissions data product, and from assimilation of atmospheric A'*CO2 measurements would
suggest a highly complementary national FFCO: observing system, in which the top-down approach provides national- to
regional-scale integral constraints on total emissions while '“C-verified “bottom-up” products continue to provide important
information on emissions from different economic sectors which can together inform policy with a high degree of scientific

confidence.

2 Methods and Experimental Design
2.1 Inverse modelling system

We use the dual-tracer variational inversion framework (TM5 4DVar) of our previous studies (Basu et al., 2016; Basu et al.,

2020), which minimizes the cost function
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J= (y - H(x))TR‘l(y — H(x)) + (x - xp)TB‘l(x - xp) (eq. 1)

in order to optimize the estimation of fossil, Net Biome Exchange (NBE = NEE or Net Ecosystem Exchange + fire), net ocean,
and *C-specific fluxes (in vector x) by simultaneously assimilating globally distributed measurements of atmospheric CO2
and A™C (contained in vector y). The TMS5 global transport model (represented in eq. 1 by the operator H) is driven by the
most recent ECMWF reanalysis, ERAS5 (Hersbach et al., 2020), and is run at a resolution of 3° (longitude) x 2° (latitude)
globally and 1° x 1° over North America (20-64° N, 132-60° W), where ERAS is a relatively minor update to the ERA-Interim
reanalysis (Dee et al., 2011; Hoffmann et al., 2019) used as meteorological forcing in our previous work (Basu et al., 2020;
Basu et al., 2016). As shown in the previous studies, TMS5 accurately simulates pole-to-pole meridional and North American
vertical gradients of SFe (an inert tracer with a relatively well-known source distribution similar to that of FFCOz), suggesting
that characteristics of the large-scale transport are well represented by the model. Details regarding error covariance matrices
for model-data-mismatch (R) and prior fluxes (B) (eq. 1), as well as other technical aspects of the inversions are provided in

the Supplemental Information (SI).

For 2010, we implemented initial three-dimensional fields for both A*CO; and CO: developed earlier in Basu et al. (2020).
For 2015, initial fields were obtained from the end of the first inversion period and scaled by the time dependent change in
background A'*C observations from the end of the 2010 inversion period to the beginning of the 2015 inversion period. For
both 2010 and 2015, inversions started July 1 (either 2009 or 2014) and ended April 1 (either 2011 or 2016). System sensitivity

to alternative durations and methods of initialization is discussed in the SI.

2.2 Observations

The current system assimilates CO» observations from NOAA’s ObsPack GV+6.1 (Schuldt et al., 2021) and AMCO:
observations coming largely from the North American portion of the NOAA Global Greenhouse Gas Reference Network

(GGGRN, https://gml.noaa.gov/ccgg/about.html) (Andrews et al., 2014; Sweeney et al., 2015). Additional observations were

obtained from the AC measurement programs at the University of Heidelberg (Levin et al., 2023), the University of
California, Irvine, and Rafter Radiocarbon Laboratory, Earth Sciences New Zealand (Table S1). The GV+6.1 data product
includes CO2 observations from a global array of sites providing measurements in both discrete flasks and from in situ air
monitoring from a range of sampling platforms including surface sites, tall towers, ships and aircraft in the NOAA GGGRN
and from other laboratories and measurement programs around the world. The locations and numbers of assimilated A'*C
observations are given in Table S1 for the U.S. and the world, with map locations shown in Figure 1. In contrast to earlier
work in which we assimilated only mid-afternoon COz observations from surface sites, here we follow a more comprehensive

data selection and representation strategy based on how well the variability of CO: at a given site is reproduced by the TMS5
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transport model run forward with prior fluxes (Jacobson et al., 2023). The effect of this strategy is that data from surface sites
are assimilated for most hours of the day, but with elevated a priori (assigned) model-data mismatch errors during those times
when observations are less well represented, as discussed in the SI. Observations from NOAA’s aircraft profiling sites are also
assimilated. In the case of A'*CO2, most of the observations come from North America, reflecting early NOAA program goals
focused on quantifying U.S. FFCO; emission. Of ~25 C sampling sites comprising ~2,035 measurements globally in 2015,

18 are located in North America, comprising 1,615 measurements (respective totals for 2010 are 1,379 and 1,193).
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Figure 1: Locations of (a) global and (b) North American (b) observing sites in 2015 providing both COz and A*CO»
measurements (circled plus symbols) and CO2 measurements only (plus symbols). The pattern of prior mean annual 2015
FFCO: emission (here, for the example of Miller/CT2022) is also given to illustrate the relationship between the distribution
of emissions and observing sites. Measurement counts (including bounding months) are given in the inset of each panel (see

text and Table S1 for numbers of assimilated measurements for 2010).

2.3 Prior fluxes and flux optimization

Flux optimizations are conducted using an ensemble of nine priors based on combinations of three fossil and three NBE priors
(Sections 2.3.1 and 2.3.2). For all nine flux inversions, we adjust a priori fluxes at the grid-scale subject to space-time
correlations imposed by B (eq. 1, SI). For both years, our preferred FFCO» estimates are the mean of the 9-member ensemble,
weighted by the estimated posterior uncertainty for each inversion as determined using a Monte Carlo (MC) technique
described in Section 2.4. Fossil fuel, net ocean and land fluxes are optimized weekly, while so-called isotopic disequilibrium
fluxes (Section 2.3.3) associated with heterotrophic respiration on land and sea-to-air gas transfer over ocean areas are

optimized monthly at grid scale. U.S. and global totals for all prior fluxes are itemized in Table S6.
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2.3.1 FFCO:

As in the earlier work, we specify different 3 FFCOxz priors, namely those coming from a) the Open-source Data Inventory for
Anthropogenic CO2 (ODIAC, v2022 — ODIAC2022, hereafter “ODIAC”) (Oda et al., 2018; Oda and Maksyutov, 2015), b)
the Fossil Fuel Data Assimilation System (FFDAS v2, or “FFDAS”) (Asefi-Najafabady et al., 2014), and from c) NOAA’s
CarbonTracker version CT2022 (“Miller/CT2022”) (Jacobson et al., 2023), in order to assess system sensitivity to differences
in the magnitude, seasonal timing and spatial pattern of prior FFCO:2 that may not be captured entirely by prior FFCO2
uncertainties encoded in B (eq. 1 and SI). We also note that the recent update of Miller/CT2016 FFCO: prior to the current
Miller/CT2022 version includes a spatial pattern that differs significantly from the earlier version used in Basu et al., (2020)
due to changes to the underlying EDGAR product (Crippa et al., 2019) used to distribute Miller/CarbonTracker fluxes onto a
global 1°x1° spatial grid (and aggregated to 3°x2° outside the U.S. 1°x1° zoom region). Grid-wise differences between the
two versions of the Miller/CarbonTracker prior for 2010 are shown in Figure S1 and the impact of this revision on the

magnitudes and patterns of estimated (posterior) FFCO: fluxes is discussed in Section 3.4.2.

2.3.2 NBE

As previously shown in Basu et al. (2020), in the limit of relatively few A*CO2 observations, the system may display FFCO:
sensitivity to the choice of prior NBE that can be substantially larger than the derived posterior FFCO: analytical uncertainty.
This likely stems from the inability of the observations to adjust for potentially large differences in the spatial pattern and
magnitude of NBE coming from different terrestrial biosphere models used to our inform prior fluxes- i.e., inter-model
differences in NBE patterns that are not captured by random perturbation of any single NBE prior alone. The three NBE priors
are from a) NOAA’s CarbonTracker version CT2016 (“CT16”) (Peters et al., 2007, with updates documented at
https://carbontracker.noaa.gov), b) NOAA’s CarbonTracker version CT2019B posterior NBE (“CT19B”) (Jacobson et al.,
2020), and c) the Simple Biosphere Model version 4.2 (SiB4) (Haynes et al., 2020). These represent a range of NBE over the
U.S. (including AK and HI) of -263 to -111 TgC/yr in 2015 and -343 to -211 TgC/yr in 2010.

2.3.3 1C specific fluxes

In addition to the dominant influence of '“C-free fossil fluxes, the atmospheric A'*CO: budget is also influenced by other
disequilibrium fluxes resulting from differences in the isotopic signature of carbon entering and leaving a reservoir and their
corresponding one-way gross mass fluxes. As in previous work, we optimize disequilibrium fluxes associated with
heterotrophic respiration and sea-to-air gas exchange. However, the relatively small pure isotopic fluxes of '“C from the nuclear

power sector and those from natural cosmogenic production are held fixed at their prior values (Table S6).
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2.4 Uncertainty estimation and resolution of derived fluxes

Because the determination of formal analytical uncertainty estimates in the 4DVar optimization scheme requires many more
iterations than is computationally feasible, we estimate posterior uncertainties using a MC approach in which observations and
prior fluxes are randomly perturbed according to their assigned uncertainties (B and R, respectively, eq. 1) across an ensemble
of 100 inversions as in Basu et al. (2020). In addition to the uncertainties obtained from the diagonal of the posterior covariance
matrix, B, we also analyze off-diagonal elements of B in order to evaluate the ability of the system to resolve either different
flux types (net CO: flux, NBE, FFCO: and disequilibrium fluxes) or individual fluxes between individual U.S. regions (eastern,

central and western) or between the U.S. and far-field ocean and land regions, as discussed in Section 3.4.4.

In the current work, we increased the magnitude of a priori uncertainties for FFCO2 and terrestrial biological disequilibrium
fluxes previously used by Basu et al. (2020) by approximately a factor of two to obtain globally- and regionally-aggregated
uncertainties that better reflect overall uncertainties in the atmospheric A'*CO: budget, as summarized in Table S2. As in Basu
et al. (2020), the spatial distribution of prior FFCO: uncertainty scales to the maximum grid-wise differences amongst all three
FFCO: priors, such that B will be the same for each. In the case of NBE, the assigned prior uncertainty is proportional to the
associated gross respiration flux (i.e., one of the two primary gross fluxes determining the net flux) such that B is the same for
the two CarbonTracker-related priors but is different for the SiB4-based prior. Thus, MC-derived posterior FFCO2
uncertainties for the SiB4-based experiments differ from those for the other six ensemble members (Table 1). Estimated annual
and monthly posterior FFCOz uncertainties are given as either the 1- or 2o standard deviation of the nine-member ensemble
range and are generally larger than the equivalent 1- or 26 MC based posterior uncertainty estimates representing the random

error for any single inversion.

2.5 Impacts of system changes

The combined impact of the system changes (CO: ObsPack, Miller/CT2022 FFCO: spatial pattern, updated prior flux
uncertainties, and transport) on the U.S. annual total posterior FFCO: for 2010 relative to the earlier results of Basu et al.
(2020) is +118 TgClyr. Of that, + 11 TgC/yr is due to the change in prior flux uncertainty and +15 TgC/yr to the change in
transport. By far the largest impact arises from the change in the spatial pattern associated with updated Miller/CT2022 FFCO>
prior amounting to +139 TgC/yr, while the change in the CO2 ObsPack and associated data selection procedures resulted in a
change of -47 TgC/yr. The two other FFCOz priors, FFDAS and ODIAC (Section 2.3.1), have distributions that have not been
subject to significant change and their interaction with the updated ObsPack may differ from that when specifying
Miller/CT2022. In addition, some A'*C measurements from the University of Heidelberg network were excluded from the
present study due to suspected measurement biases but have recently been updated (CO2MVS Research on Supplementary
Observations (CORSO) project (Levin et al., 2023)). We therefore performed a limited number of experiments that include
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the updated data and found little impact on posterior fluxes of FFCO2 and NBE over the U.S. (10 and 9 TgC/yr resp., Tables
S3 & S4).

2.6 Additional flux data sets
2.6.1 FFCO: fluxes reserved for posterior comparison

Derived national and regional annual and monthly total FFCO: results are compared to values aggregated from the Vulcan 3.0
emissions data product and from the EPA (EPA, 2024b). To enable scientifically meaningful comparison of the inverse and
bottom-up results, the latter were adjusted to account for emissions that might be sensed by the atmospheric observing network
but which were not included in the Vulcan and EPA products, such as certain emissions from aviation. In the case of Vulcan,
a negative adjustment is also applied to account for their inclusion of (non-fossil) emissions from biofuel combustion within
the transportation sector. Total monthly and annual adjustments are nonetheless always net positive. Individual adjustments

and methods are detailed in Basu et al. (2020) and Table S5.

2.6.2 OCO2 Model Intercomparison Project and TRENDY NBE

We use posterior NBE estimates for the U.S. from the OCO2 v10 Model Intercomparison Project (OCO2 v10 MIP) ensemble
(Byrne et al., 2023) and an ensemble of forward estimates from the TRENDY terrestrial biosphere model intercomparison
(v9.0) (Sitch et al., 2015) in order to assess the representativeness of the a priori NBE ensemble members employed here,
which were selected primarily based on ease of access and implementation rather than (assumed) plausibility of their space-
time flux characteristics. The OCO2 v10 MIP inversion results were derived from a combination of CO2 column data retrieved
over land and surface-based measurements of CO2 from both in situ sensors and discrete air samples (specifically, the Land
Nadir and Land Glint retrievals and in-situ measurements or “LNLGIS” results available at

https://gml.noaa.gov/ccge/OCO2 v10mip/download.php). Results from both the TRENDY and the OCO2 MIPs were

screened to eliminate seemingly non-physical representations of NBE seasonality (such as lack of a summertime uptake signal)

in order to ease the visual comparison with the priors used in the current work.

3 Results and Discussion
3.1 National and monthly results

Updated monthly U.S. national FFCO: totals for 2010 and 2015 are shown in Figures 2 and 3 and expressed as their respective
9-member uncertainty-weighted ensemble means and standard deviations (1), along with the monthly mean and 1o spread of
the 3 FFCO: priors and adjusted monthly FFCO: totals from the Vulcan 3.0 emission data product. Annual total emissions for
individual ensemble members for both 2010 and 2015 are given in Table 1 and illustrated in Figs. 4 and 5. Significant positive

deviation of the posterior results from their respective priors (and their mean) in all months indicate a statistically robust
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adjustment of the FFCOx priors to larger emissions in response to the assimilated observations. For the annual totals, ensemble
spreads are shown and discussed at 26 to enable more meaningful comparison to the bottom-up data products for which the
native uncertainties are expressed as 95% CI. The derived ensemble mean posterior U.S. national FFCO: for 2010 for the
inverse results is 1715 + 88 TgC/yr while the adjusted Vulcan 3.0 total is 1678 (+279, -235 at 95% CI) TgC/yr, representing
agreement to within 2.2 %. For comparison, the agreement between the original three-member ensemble mean annual total for
2010 of Basu et al. (2020) and the similarly-adjusted Vulcan 2010 total (1653 + 60 TgC/yr) was 1.4%, but the inversion
posterior ensemble mean annual total was slightly less than the Vulcan total (Gurney et al., 2020a; Gurney et al., 2020b). As
outlined above (Section 2.5), much of the change in the update relative to the original result of Basu et al. (2020) stems from
two relatively large, but offsetting effects: 1) the number and weighting of assimilated CO2 observations, and 2) the revision
of the FFCOz spatial distribution of the Miller/CarbonTracker prior, despite the nearly identical annual national prior totals of
1543 (original) and 1532 (updated) TgC/yr. Although the FFCO:z results for 2010 from Basu et al. (2020) and this study agree
to well within their assigned 2 uncertainties, the updated results and their uncertainties are almost certainly more reliable. For
example, the current study makes use of a much larger array of CO2 observations, which provides improved constraints on the
total COz flux in most regions of the U.S., and we now provide a fuller representation of possible a priori flux magnitudes and
distributions for both NBE and FFCO: and their uncertainties (i.e., B in eq. 1). In the case of FFCOz fluxes, the increased
uncertainty comes primarily from the update to the Miller/CarbonTracker FFCO: prior with a spatial distribution that differs
substantially from both its earlier version (Fig. S1) and the FFDAS and ODIAC FFCO: distributions over the U.S., leading to
greater per pixel spread (Fig. S2) and spread- derived a priori uncertainties. The increased in (primarily) CO2 observational
coverage also led to a significant reduction in the large winter-to-winter (2009/10 vs. 2010/11) FFCO» difference noted but
not resolved in Basu et al. (2020). In the updated results, the winter-to-winter (DJF) difference is substantially smaller (+2.3 +
0.6% vs. 16 +5.0% previously), although it is still of the opposite sense to the winter-to-winter change in emission that might
be expected in response to winter time energy use as reflected by the change in the population-weighted number of heating
degree days (HDDs) of -2% over the contiguous U.S. (EIA, 2024). Overall, the updated monthly and annual results are in good
agreement with those from Vulcan 3.0 (Gurney et al., 2020b; Gurney et al., 2020a) and resolve the expected overall seasonal
changes in emissions associated in large part with elevated heating energy demand during wintertime and cooling energy

demand in summer.

Figure 3 shows inversion ensemble and adjusted Vulcan results for 2015. To highlight the magnitude and timing of differences
between results for 2015 and 2010, we also show the 16 monthly posterior ensemble spread for 2010. As for 2010, most
monthly posterior FFCCOxz results in 2015 are significantly larger than the associated monthly mean priors, with the exception
of May through August. The smaller mean adjustment in this period results almost entirely from posterior FFCO: fluxes
associated with the three ensemble members utilizing the SiB4 NBE prior (Fig. 5), which in 2015 displays net biosphere
summertime uptake significantly greater than in other models (Fig. S4). Given some degree of total carbon constraint from the

many COz observations, the large magnitude of anomalous NBE uptake in the prior may lead to some aliasing of the required

9
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total CO2 adjustment into the derived posterior FFCOz signal. For example, annualized mean May-August NBE in the SiB4
prior is -4428 TgClyr vs. -3094 TgC/yr for the OCO2 v10 MIP ensemble mean, a difference of -1334 TgC/yr that is almost
as large as the annualized mean May-August prior FFCO: flux of 1421 TgC/yr. In the limit of relatively few A*CO:
observations discriminating between NBE and FFCO:z fluxes in any given month, aliasing of such a large “anomalous” prior

NBE flux into the posterior FFCOz estimate is not surprising.
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'Ann'uall
Total

Nov Jan Mar May Jul Sep Nov Jan
Figure 2: Monthly 9-member uncertainty-weighted ensemble mean posterior FFCOz totals (solid yellow line) for the U.S.
(including Alaska and Hawaii) for 2010, along with their uncertainty-weighted ensemble-wide 1o ranges (yellow shaded
envelope). The corresponding mean FFCO: prior and 1o ranges are given by the dashed yellow line and hatched envelope,
respectively. Results for the two bounding months before and after of 2010 are also included. The black solid line denotes
monthly adjusted FFCO:z totals from the U.S. specific Vulcan emissions data product (Gurney et al., 2020). Uncertainty-
weighted ensemble-mean annual totals and their 2c ensemble-wide range are given in the gray panel along with the Vulcan
annual total and its associated 95% confidence interval. Small adjustments to Vulcan follow those of Basu et al. (2020) and

are discussed in the text.
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Figure 3: Same as Fig. 2, but for 2015 (green). To highlight differences between 2015 and 2010, the 1 ensemble-wide range

of monthly fluxes for 2010 is show in yellow (per Fig. 2).

As in 2010, for 2015, we again see annual ensemble mean annual total emissions that agree with adjusted totals from Vulcan
3.0; 1578 TgClyr (£116 TgCl/yr at 20) for the inversions and 1580 TgC/yr (+262 and -221 TgC/yr at the 95% CI range) for
Vulcan (Table 1). Also notable in the inverse results is the fact that much of the reduction in FFCO2 between 2010 and 2015

of -135 TgCl/yr (£26 TgCly) occurred during the latter half of 2015 (Fig. 3). This is also evident when comparing monthly

Vulcan results for the two years (and is true of both adjusted and unadjusted Vulcan values). Posterior wintertime differences

between 2010 and 2015 are also consistent with expected FFCO:2 emission changes associated with differences in wintertime
heating demand. The number of population-weighted HDDs in the winters of 2009/10 and 2014/15 (2608 and 2486, resp.) are
similar, while 2010/11 vs. 2015/16 population-weighted HDDs are substantially different (2667 and 2105, resp.) (EIA, 2024),

in broad agreement with the inverse estimates.
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Table 1: Estimated U.S. National FFCO. emissions for each of nine ensemble members for 2010 and 2015 along with their
formally-derived 1o uncertainties and the uncertainty-weighted ensemble-wide mean and 20 range for each year. Associated
inter-year differences and their quadrature sum uncertainties for all estimates are also shown. Prior emissions and their inter-
year difference and adjusted national totals for the Vulcan emissions data product (Gurney et al., 2020a; Gurney et al., 2020b)
and from the EPA (EPA, 2024a) are given for comparison. Although inter-year differences for Vulcan and EPA would not
appear to be significant at their respective 95% Cls, these almost certainly reflect systematic rather than random uncertainties.

Thus, inter-year differences may be more robust than central single year estimates.

2010 (TgClyr) 2015 (TgClyr) 2010- 2015 -%
Experiment (TgClyr) Diff.
FFCO: (prior) | unc. FFCO: (prior) unc. L
(prior FF/NBE) (prior diff.)
Miller/CT16 1745 (1532) 26 1581 (1465) 29 164+40 (67) 9.4
FFDAS/CT16 1653 (1485) 26 1486 (1433) 29 167+40 (52) 10.1
ODIAC/CT16 1690 (1552) 26 1525 (1496) 29 165+40 (56) 9.8
Miller/CT19B 1791 26 1681 29 110+40 6.1
FFDAS/CT19B 1701 26 1588 29 112440 6.6
ODIAC/CT19B 1735 26 1626 29 109+40 6.3
Miller/SiB4 1729 49 1610 37 120+64 6.9
FFDAS/SiB4 1655 49 1528 37 127+64 7.7
ODIAC/SiB4 1684 49 1565 37 120+64 7.1
Unc. weighted mean
1715+88 1578+116 135+52 7.8
and 20 range
Vulcan 1678 1580
98 5.8
[95% CI +/-] [279/235] [262/221]
EPA 1575 1494
81 5.1
[95% CI +/-] [64/32] [60/30]

Although derived annual mean ensemble-wide FFCO: totals and adjusted Vulcan totals are very similar for both 2010 and
2015, there are notable differences in the magnitude of associated monthly totals (Figs. 2 and 3). In addition to the suppression
of the expected secondary summertime emissions maximum associated with cooling energy demand mentioned above, all
three 2015 NBE ensemble sets (each associated with three FFCOz priors) and their uncertainty weighted-means depict a later
winter-to-summer FFCOz decline and a later spring-time minimum than Vulcan (Fig. 5). This is also evident, but to a lesser
extent, in 2010 (Fig. 4). It is important to note that we expect derived annual totals to be more reliable than individual monthly

totals. This likely results primarily from two factors. First, as noted above, in the current case the number of A*CO;
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observations over the U.S. in any single month is quite small (typically, ~80). Second, adjustments to the underlying prior
FFCO: fluxes have an assigned a temporal correlation e-folding time-scale of 3 months, limiting the degree of independent
FFCO: flux adjustment in any single month. (The sensitivity of results to alternate specifications of temporal and spatial
correlation length is discussed in Section 3.4.3.) Indeed, a comparison of 3-month ensemble means from the inversions and
from Vulcan agree to within 1o for 7 of 10 3-month intervals across both 2010 and 2015 inversions, and well within 2c for the
remaining 3 (Table 2). Given the relative paucity of ACOz observations in any single month, the recovery of a realistic
seasonal cycle was not entirely expected (c.f. Basu et al. (2016)) and points to the strong sensitivity of A*CO2 to FFCO2

emissions and a relative insensitivity to any remaining uncertainties in other A'*CO; budget terms over North America.

---- FFDAS g
™ 2000+  / \ CT19B - ] » VWU o
e —%— VULCAN 3.0 /. 2 g g £
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e 11}
0 4
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. 1500+ 1
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Figure 4: Monthly and annual posterior U.S. FFCOz fluxes for 2010 (and bounding months) for all 9 ensemble members (see
Table 3), grouped by the choice of NBE prior, as discussed in the main text. Shaded envelopes denote the 1o analytical
uncertainty with respect to the 3-member mean (not shown) for each NBE-based 3-member grouping. Respective annual totals
for each prior FFCO2:NBE pair are given in the gray shaded region along with uncertainty-weighted ensemble mean FFCO2

totals and 2c ranges for each 3-member grouping. Adjusted Vulcan monthly and annual totals are also shown for reference (as

in Fig. 2.).
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380 Figure S: Same as Fig. 4 but for 2015.

Table 2: Comparison of uncertainty-weighted ensemble-wide mean national FFCOz totals and uncertainties compared to
adjusted Vulcan U.S. National FFCOz totals for 5 tri-monthly periods in 2010 and 2015. Italicized entries differ by more than

the 1a ensemble-wide range.

2010 (TgClyr) 2015 (TgClyr)
ensemble unc. Vulcan ensemble unc. Vulcan
DJF 464 13 451 452 24 431
MAM 401 13 392 389 13 371
JJA 423 13 432 378 20 405
SON 419 13 395 381 15 376
DJF 452 12 444 398 14 405

385

3.2 Inter-year differences

Figure 6 compares “C-derived annual FFCO: totals and their estimated uncertainties (i.e., 26 ensemble-wide spreads) to
adjusted results from the Vulcan 3.0 emissions data product and the U.S. EPA (EPA, 2024b) along with their estimated 95%
Cls. Results from Vulcan and the EPA are also given for intervening years in order to provide an impression of possible inter-
390 annual variability and trend of U.S. FFCOz over the interval. Posterior ensemble-mean FFCOz fluxes for the U.S. were 1715
+ 88 Tg C/yrin 2010 and 1578 £ 116 TgC/yr (both at 26) in 2015, amounting to an inter-year reduction of 135 +52 TgC/yr or
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7.8 +£3.0 % (both at 25). Each of the year-vs.-year ensemble pairs (i.e., prior FFCO2 and NBE pairs) also indicate a reduction
in derived national total FFCO: between 2010 and 2015 that range from 6.1% to 10.1% (Table 1). Moreover, the year-vs.-
year difference amongst the three prior FFCO2 emissions estimates is only -3.8 + 0.4%, indicating that the differences between

posterior estimates are being driven largely by signals in the atmospheric observations.

As noted above, “C-based and adjusted Vulcan 3.0 totals agree to well within the derived ensemble spreads in both 2010 and
2015 and inter-year differences for the two are therefore also similar, with central estimates from Vulcan indicating a reduction
of 98 TgClyr, or 5.8% (and 95 TgC/yr or 5.8% for unadjusted totals) (Table 1). Geographically comparable national totals
from the EPA for 2010 and 2015 overlap the *C-derived estimates within their given uncertainties, with an associated inter-
year difference of 81 TgC/yr (+4, -2 at 95% CI) or 5.1 % (+0.25, -0.13 at 95% CI). Thus, the atmosphere-based estimates of
the change in U.S. FFCO2 emission between 2010 and 2015 are consistent with estimates reported by Vulcan and the EPA,
with central estimates that range from -7.8% to -5.1%. The EPA identifies multiple factors contributing to decreasing FFCO2
emission during this period, including ongoing replacement of coal with natural gas for electricity generation, decreases in
overall electricity demand, and warm winter conditions in 2015/16 that lead to a reduction in demand for heating in the
residential and commercial sectors (EPA, 2024a). Likewise, Gurney et al. (2020b) point to reductions in electricity demand
and increases in thermal efficiency (i.e., use of natural gas vs. coal) as primary drivers of the estimated decline in FFCO2

emission between 2010 and 2015.
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Figure 6: Annual U.S. uncertainty-weighted ensemble-mean FFCO: totals and their ensemble-wide 2o range for 2010 and
2015, compared to adjusted totals from the U.S.-specific Vulcan emissions data product (Gurney et al., 2020) and the EPA,
both with their respective 95% Cls. Adjusted Vulcan and EPA totals are also shown for 2011-14 (gray symbols), to give an
impression of the possible trend and inter-annual variation of emissions. Adjustments to EPA and Vulcan fluxes needed for

scientifically meaningful comparison to atmospheric observations are discussed in Section 2.6.1. and itemized in Table S5.

Although individual annual totals are statistically indistinguishable across all three sets of estimates, adjusted EPA totals are
lower than the atmosphere-based results and the central estimates from Vulcan in both 2010 and 2015 and, also, consistently
lower than Vulcan during the intervening years. Possible sources of systematic differences between Vulcan and EPA estimates
have been discussed in some detail by Kato et al. (2023). We note here that, given sufficient density of observations in both
space and time, atmosphere-based methods are expected to sense all possible emissions, with uncertainties that stem largely
from possible biases in simulated atmospheric transport (Basu et al., 2020; Basu et al., 2016), while bottom-up estimates

implicitly require perfect knowledge of all possible emission sources and their intensities. It is therefore not surprising that our
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atmosphere-based FFCO: emissions estimates are larger than most bottom-up estimates, including all three prior FFCO»
estimates employed in this study (i.e., Figs. 2-5). Strong agreement between our atmosphere-based estimates and Vulcan
suggests that, unlike many global products, the U.S. specific Vulcan data product captures the majority of all true U.S.
emissions (with the deliberate exception of certain aviation emissions, Table S5). And, given what appears here to be a
consensus decrease in FFCOz emission of 8% to 5% between 2010 and 2015, it seems likely that provisional uncertainty

estimates for the Vulcan 3.0 emissions data product of -14% and +16% (95% CI) may be much larger than warranted.

3.3 Regional results and resolution

In addition to national totals, for both 2010 and 2015, we summed posterior 1°x1° fluxes to calculate FFCO> emissions for
three large U.S. subregions - west, central and east (Fig. S7). Regional ensemble-mean totals and their uncertainty-weighted
2c ranges are given in Table 3 along with adjusted Vulcan 3.0 and EPA totals. The regional estimates for EPA were derived
by aggregating all state fluxes falling inside each region using EPA state level data (EPA, 2024b). Similarly, nationally gridded
Vulcan estimates were aggregated within regional boundaries. In both cases, regional totals were adjusted by applying

nationally-derived adjustment factors given in Table S5 and discussed in Basu et al. (2020).

Estimates of regional emissions for the inversions and from the bottom-up estimates are in broad agreement, with the exception
of the Western U.S. in both years, where the inverse estimates differ from either or both Vulcan and EPA by more than 20
(italicized entries in Table 3). In both 2010 and 2015, the inverse results show that the eastern region of the U.S. is by far the
largest source of fossil CO2 emissions, representing 52% (2010) and 49% (2015) of the national total, slightly less than
proportions based on estimates from Vulcan (57% and 56%, for 2010 and 2015, resp.) and EPA (55% and 53%). In the inverse
results, the rank order of ensemble-mean emissions estimates for the western and central U.S. differs between 2010 and 2015,
although absolute emissions for the two regions overlap at their respective 26 ensemble ranges in both years. In contrast, the
EPA and Vulcan indicate emissions in the central U.S. are consistently larger than those in the western U.S. (+10% and +6%

in 2010 and 2015, resp.), although uncertainties for regionally aggregated EPA and Vulcan emissions are not readily available.

The “C-based results and the EPA and Vulcan bottom-up products all suggest that reductions in national-scale emissions
between 2010 and 2015 are dominated by reductions in the eastern U.S. (Table 3). Relative reductions in this region between
2010 and 2015 represent 91%, 93% and 80% of the national decline for the three sets of estimates, respectively. Such regional
dominance of the overall U.S. decline is expected, given the large presence of electric power plants in the eastern U.S. (~65 %
of total U.S. power generation according to https://www.eia.gov/electricity/data/state/), many of which transitioned from coal
to less carbon-intensive natural gas combustion during this period (EPA, 2024a). In both the western and central U.S., the
inverse estimates for 2010 and 2015 differ by less than 26 while derived inter-year differences for Vulcan and EPA are small

(ranging from 0 to 13 TgC/yr), but of undetermined statistical significance.
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Table 3: U.S. national and regional uncertainty-weighted ensemble-mean totals and ensemble-wide ranges (2¢) along with
adjusted Vulcan and EPA totals for 2010 and 2015 and associated inter-year differences. Italicized entries denote values that

differ between the inverse estimates and those from either Vulcan or the EPA by more than 2a.

2010 2015 Diff.
FFCO; FFCO; ('Tgecrf;rc)e
Region (TgClyr) (TgClyr)
Ens. Vulcan | EPA
Ens. Vulcan EPA Ens. Vulcan EPA
U.S. 1715+88 1678 1575 1578+116 1580 1494 135452 98 81
[+279/ [+64/ [+262/ [+60/
-235] -32] -221] -30]
Western 445166 311 277 372482 304 270 75+32 7 7
U.S.
Central 381+£52 410 434 438+66 397 434 -63£14 13 0
U.S.
Eastern 895+50 957 864 77048 879 789 122+18 78 75
U.S.

Overall, the relatively large ensemble ranges for the western and central U.S. (~+18% and +14%, resp., when averaged over
the two years) indicate that our current observing network is unable to determine fluxes from these regions with the same
relative precision as within the Eastern U.S., where the 2¢ ensemble range is just ~6%. This most likely results from our early
programmatic choice to focus ACO2 measurement sites within and downstream of this region with the largest expected
emissions and the fact that upwind observations in the western and central U.S. provide additional constraints on the
composition of “background” air entering the eastern U.S. It is notable, however, that MC ensemble-derived posterior FFCO2
fluxes amongst the different (even adjacent) U.S. regions are largely uncorrelated (Table 5), indicating that the inversion
system is able to independently resolve and constrain FFCO: in the different regions, as discussed in detail below in Section
3.4.4. This underscores an important distinction between regional flux uncertainty and regional flux resolution. We simply add
here that the similarity in the sum of Western and Central U.S. fluxes for the inverse results and from EPA and Vulcan arises
from the fact that U.S. national and Eastern U.S. totals are similar for all three and, in the inverse results, the associated
posterior uncertainties on the national and Eastern U.S. totals are both relatively small. Thus, there is a closed-sum constraint
requiring the sum of emissions in remaining (i.e., Western plus Central) regions to be similar across all three estimates. On the
other hand, the absence of significant correlation of posterior flux estimates between regions discussed in Section 3.4.4 suggest
that the fact that sum of the Western and Central U.S. totals is conserved is not an artifact of unresolved “smearing” of derived

emissions between the two regions that might arise from inadequacies of the system transport and observational coverage.
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3.4 Evaluation and performance
3.4.1 Representation of observations

To evaluate the performance of the inversion system, we compare simulated CO2 and A*CO; for both prior and posterior
(optimized) fluxes with actual measurement values used as constraints, both globally and for the U.S. alone (i.e., within the
1°x1° zoom region). Given that the goal of the system is to adjust prior fluxes in order to (once transported) improve the overall
fit to the atmospheric observations, we expect posterior simulated COz and A'*CO> values to exhibit better agreement with
observations than simulated COz and AC derived from prior fluxes. The accuracy and precision of the simulations are
quantified by calculating the mean and standard deviation (std. dev.) of the residuals which indicate model bias and noise,
respectively. Globally, the prior mean bias and std. dev. (15) of COz improves from 1.18 + 3.73 ppm to a posterior value of -
0.03 +2.79 ppm (Fig. 7a) and from 1.45 + 4.28 ppm to 0.00 + 3.34 ppm over the U.S. zoom region (Fig. 7c). A reduction in
both bias and noise is also seen for A*C, from 0.62 + 1.68 per mil (%o) to 0.04 £ 1.41 %o globally (Fig. 7b) and from 0.60 +
1.85 %o to 0.05 £ 1.54 %o over the U.S. (Fig. 7d). For A*COx, the fact that the initial bias associated with a priori fluxes is so
small is consistent with earlier forward modeling work using similarly formulated fluxes and transport demonstrating an ability
to represent a large global array of observations across the decade of the 2000s (Miller et al., 2025a; Miller et al., 2025b). The
relatively modest reduction in noise following flux optimization likely results from the relatively large A*CO, measurement
uncertainty of ~1.8 %o (compared to that for CO2 of ~ 0.2 ppm) which may limit the ability of the model to more precisely

represent the observations, even within the higher-resolution U.S. zoom region.

We also evaluated the fit of posterior CO2 values to observed vertical profiles obtained from individual NOAA aircraft profiling
sites over North America, analyzed by season (Figure 8). Individual seasonal mean profiles for both simulated and observed
values were normalized to mean simulated or observed CO2 mole fractions above 5 km above sea level (km asl) in the well-
mixed free troposphere, relatively distant from the direct influence of surface exchange fluxes and emissions. With the
exception of THD (Trinidad Head, CA) in Fall (“SON”), the simulations closely match observed vertical gradients at all sites
and seasons, including strong negative near-surface (i.e., COz declining with height) gradients during Fall and Winter (“DJF”)
associated with net respiration, enhanced FFCO: emission and boundary layer “trapping” and, in summer (“JJA”), strong
positive near-surface gradients arising from strong net biospheric uptake at that time. Because only surface fluxes are
optimized, the ability of the simulation to fit the seasonally-varying vertical structure of the profiles suggests that the vertical
component of the atmospheric transport employed here closely approximates the true transport. This in turn suggests that any
biases in derived fluxes arising from persistent seasonal bias in the simulated vertical transport (excessive or inadequate vertical
mixing resulting in excessive or inadequate dilution of fluxes) over the U.S. domain are correspondingly modest. The poor fit
at THD during the Fall likely results from the inability of the model to capture sub-grid-scale changes in land-sea breezes at

this coastal site (see Fig. S7 for a map of sites in Fig. 8).
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Figure 7: Distribution of CO: (left) and A¥CO: (right) residuals (model-observations) before (red) and after (blue)

optimization for the full, global set of assimilated observations (upper row) and for the U.S. alone (lower row), for 2015. The
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Figure 8: Simulated seasonal mean vertical profiles for 9 North American aircraft profiling sites (red) compared to
observations (blue) for Dec. 2009 - Nov. 2010. Simulated and observed profiles are expressed as deviations from mean
simulated or observed CO2 mole fractions above 5 km asl, as discussed in the text. Locations of individual sites are given in
Fig. S7. Note that the CO2 mole fraction scale for JJA is £25 ppm (vs. £10 for other seasons), as needed to capture large
positive near-surface gradients at some sites at that time. Only results for the first winter (DJF) of the 15 month simulation
period are shown, but the model fit to observations for the second winter is similar to results for the first winter at all sites. The
number of observations compared to simulated values for individual seasonal profiles ranges from 75-25 (at 15) with the low

end due primarily to less frequent sampling at THD (16 range of 24-11).

3.4.2 Sensitivity to FFCO: and NBE priors

Figures 4 and 5 show derived monthly and annual FFCO: fluxes for each of the nine (i.e., 3 FFCO2 x 3 NBE) a priori flux
pairs comprising the experimental ensembles for 2010 and 2015, respectively. Monthly MC-based posterior uncertainties
(Section 2.4) are also shown for each common NBE ensemble, centered around the respective ensemble mean, along with

ensemble-wide mean uncertainty-weighted annual totals.
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For 2010, the impacts of a priori FFCO2 and NBE on derived national total FFCO: (Table 4) are comparable, with standard
deviations ranging from 37.3 to 46.3 TgC/yr due to specified a priori FFCOz and from 27.2 to 32.2 to TgC/yr due to a priori
NBE. For 2015, the differences in sensitivity are greater, with standard deviations ranging from 50.9 to 51.4 TgC/yr due to a
priori NBE and from 41.1 to 47.8 due to a priori FFCOx. In both years, the impact on spread due to a prior FFCO:z is increased
significantly by the inclusion of the updated Miller/CT2022 prior (Table 4), likely because of a significant change in the spatial
pattern of emission compared to the earlier version (Section 2.3.1 and Fig. S1) and to that for the other two priors (see 2015
example in Fig. S2). In contrast to the other priors, although total emissions are similar, the updated Miller/CT2022 prior
allocates significantly greater emission to the western half of the country (Figs. S1 and S2). Given that the inversion produces
a downward adjustment of a priori fluxes for Miller/CT2022 to yield patterns more similar to those for the FFDAS and ODIAC
priors in this region (Fig. S3), the Miller/CT2022 prior may be spatially biased. However, the relative paucity of observations
within the region and the overall lack of upwind constraints (i.e., over the North Pacific Ocean) likely limit the ability of the
inversion system to correct for the apparent regional bias in its entirety. Thus, associated posterior FFCOz fluxes are higher in
this region than for the other two FFCO: flux priors, leading to larger national totals in both years. As we cannot objectively
discard the updated Miller/CT2022 prior (and, implicitly, the updated EDGAR product on which the spatial pattern is based
(i.e., Crippa et al. (2019)), we retain the associated posterior estimates in our determination of ensemble-wide mean emissions
and their spread. Thus, derived 9-member ensemble-wide 16 and 20 spreads likely represent conservative estimates of overall

FFCO: uncertainty.

For each NBE ensemble, derived posterior monthly fluxes associated with each of three FFCO: priors typically fall within the
derived monthly 1o posterior uncertainty envelope (Figs. 4 and 5), indicating that the estimate of random a posteriori
uncertainty adequately captures real differences amongst specified FFCOz priors, as expected (given methods in Section 2.4).
However, the fact that the uncertainty envelopes associated with each NBE ensemble exhibit less overlap reflects sensitivity
to a priori NBE at the monthly scale that is not entirely captured by the overall a posteriori uncertainty estimates. As discussed
in Basu et al. (2020), this arises in part from the inability of specified prior NBE covariances to represent all systematic

differences amongst the selected NBE priors.

The lack of posterior FFCO: overlap across NBE ensembles is most notable in both years during the summer, when the
magnitude of NBE is largest and a priori NBE estimates exhibit the most spread, which stems largely from inclusion of the
SiB4-based product (Fig. S4). SiB4 also appears anomalous with respect to the fuller range of possible representations of NBE
obtained from TRENDY (available for both 2010 and 2015) and the OCO-2 MIPs (available for 2015 only) (Section 2.6.2,
Fig. S4). As discussed in Section 3, we suspect that the deviation of FFCOxz results associated with the SiB4 prior results from

the inability of the inversion system to correct for an anomalously large a priori summertime uptake signal and its subsequent
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aliasing into the posterior FFCOz results. In theory, such aliasing can be overcome by increasing the number of '*C observations

in order to better separate FFCOz and NBE related COz signals (Basu et al., 2016).

Table 4: Impact of choice of NBE prior (rows) or FFCO: prior (columns) on sub-ensemble mean and standard deviation (10).
Italicized entries are for NBE-related standard deviation after exclusion of the experiments using Miller/CT2022 as FFCO»

prior, as discussed in the text.

2010 2015
CT16 | CT19B | SiB4 | Mean 1o CT16 | CT19B | SiB4 | Mean 1o

Miller/CT2022 | 1745 1791 1729 1755 32.2 1581 1681 1610 | 1624 51.4
FFDAS 1653 1701 1655 1670 27.2 1486 1588 1528 | 1534 51.3
ODIAC 1690 1735 1684 1703 27.9 1525 1626 1565 1572 50.9

Mean 1696 1742 1689 1531 1632 1568

Ilo 46.3 45.4 37.3 47.8 46.8 41.1

w/o 26.2 24.0 20.5 27.6 26.9 26.2

Miller/CT2022

3.4.3 Sensitivity to spatiotemporal length scales of a priori flux adjustment

A detailed description of how we construct the prior error covariance structure (B in eq. 1) is provided in the supplemental
information. Briefly, as is typical for inversions that solve for grid-scale fluxes (Basu et al., 2016), we impose exponentially
decaying spatial and temporal error correlations that constrain the relative adjustment to a priori fluxes separated by a given
distance and time. To evaluate the sensitivity of derived a posteriori FFCO: fluxes to the treatment of prior error correlations,
we performed three experiments. In experiment ST1, we replaced the default “hybrid” correlation approach for FFCO: (see SI
and Basu et al. (2016)) with a continuously varying exponential decay function commonly applied in single tracer systems. In
experiment ST2 we changed the temporal error correlation length from three months to one month. And in experiment ST3,
we increased the spatial error correlation length from 200 km to 500 km for NBE only (FFCO: was treated as in the default
set up). All three experiments were performed for 2015 only, using updated Miller/CT2022 fossil emissions and CT2016 NBE

as priors.

The change from default hybrid to a continuously varying exponential error covariance scheme (exp. ST1) led to a reduction
in derived annual, national FFCO2 emissions of 26 TgC/yr, or 1.6%, with spatial changes in flux distribution characterized
mainly by reductions in the Northeast (Fig. S5). Abbreviation of the temporal length scale of prior error correlation (exp. ST2)
led to a reduction in annual national total FFCO: of 33 TgC/yr, or 2% relative to the default setup, and a similar spatial pattern
of change to experiment ST1. As might be expected, the change in temporal correlation length also produced small changes to
the seasonal cycle of FFCO: at the national scale, but these are primarily small reductions in March through July (Fig. S6) that

lie within derived monthly posterior flux uncertainties of 3-6%. Finally, changing the spatial error correlation length of NBE
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adjustment (exp. ST3) had no discernible impact on the derived national total and little spatially coherent impact on the FFCO»
distribution (Fig. S5). Given that the impact of all three sensitivity experiments on derived annual national totals is similar to
or less than the range of the MC-derived random 1o posterior uncertainties, this finding suggests that results obtained using
the 9-member ensemble employing the default hybrid treatment are determined primarily by the observations and not the

specified spatiotemporal covariance parameters determining B.

3.4.4 Constraining fluxes within and between regions

The primary advantage of assimilating A'*C and CO2 observations in a dual tracer inversion system such as the one used here
is the ability to simultaneously derive both NBE and FFCO: flux, in contrast to COz-only inversions in which fossil emissions
are fixed. From an idealized mass-balance point of view (e.g., (Levin et al., 2003; Turnbull et al., 2006), A'*C measurements
map directly onto FFCOz, while NBE is determined from the residual difference of total CO2 flux and FFCOz, where total net
CO:z flux is constrained by CO2 mole fraction observations. To a good approximation, FFCOz uncertainty is a function of the
frequency and spatial distribution of A*C observations, while NBE uncertainty is determined by the combined FFCO> and
total COz flux uncertainty. Indeed, approximation of the national, annual NBE uncertainty as the quadrature sum of FFCO2
and total COz uncertainty matches the MC-derived NBE posterior uncertainty (Section 2.4) to within ~5% for both 2010 and
2015 (Table S7), suggesting that the mass-balance based error formulation reasonably represents the more complex inverse
system. Given that observations of instantaneous total COz gradients constraining the inverse estimates are dominated by NBE,
it is not surprising that uncertainty in the national, annual total carbon balance also drives the uncertainty in derived NBE. This
is analogous to the case for COz-only inversions in which FFCO: fluxes are assigned zero uncertainty, except that here FFCO2

and its uncertainties are constrained by observations.

A more formal metric describing the ability of the dual-tracer system to independently resolve flux types (i.e., total CO2, NBE,
and FFCOz) within regions or individual fluxes between regions can be obtained from same the 100-member MC ensembles
used to estimate random posterior flux uncertainty (Section 2.4) (Table 5). In this case, the off-diagonal elements of B are
analyzed to yield the correlations between posterior estimates of any two flux types or regions (Basu et al., 2016; Basu et al.,
2020). Using this approach, we find correlation (r) between total CO2 and NBE of 0.77 in 2010 and 0.65 (i.e., r closer to 1 than
0) in 2015 for the U.S. as a whole, supporting the notion that uncertainty in total CO: is contributing significantly to uncertainty
in NBE at this scale. For NBE and FFCOz, posterior correlations are only somewhat smaller in magnitude (-0.60 for 2010 and
-0.56 for 2015) but of negative sign, indicating that inability to perfectly separate these two sources drives much of the posterior
uncertainty in FFCOz in each region. It is important to note, however, that overall MC-derived uncertainties in national total
FFCO:; are relatively small (<2% at 15) underscoring a substantial ability of the system to constrain FFCOz flux. Comparable
negative posterior correlations of NBE and FFCO: also hold true at the regional scale (Table 5). Non-negligible negative error
correlations for NBE and FFCO: suggest that overall FFCO: flux uncertainty can be further reduced at both national and

regional scale by increasing observational coverage of A*COs. In contrast to findings for total net CO2 and NBE, the posterior
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error correlations between total net CO2 and FFCO:z at the national scale are generally significantly smaller (0.06 in 2010 and
0.27 in 2015), consistent with the fact that at any one time, national scale CO2 gradients are dominated by the pattern of NBE
(and generally not by FFCO»).

For annual total FFCO:z in individual U.S. regions for both 2010 and 2015 we obtain random posterior uncertainties ranging
from 6% to 22% (east < central < west, based on single year values in Table 3), as discussed in Section 3.3. However, posterior
flux correlations are generally not larger than 0.1 between any combination of regions (Table 5), indicating that the inversion
system resolves FFCO: independently amongst all three U.S. regions despite relatively high posterior uncertainty in the Central

and Western U.S.

We also determined posterior correlations between U.S. annual total FFCO2 and FFCO: and NBE fluxes in Eurasia, and
between U.S. annual total FFCOz and disequilibrium fluxes within and outside the U.S. (Table 5). U.S. FFCOz flux estimates
in both 2010 and 2015 display negligible correlation (95 % Cls encompassing zero) with uncertainties for FFCO2 and NBE in
China and for Eurasian Boreal NBE (the region as defined per Gurney et al. (2002)). However, there remains non-negligible
correlation between U.S. FFCOz and U.S. biospheric disequilibrium fluxes in both years, and between U.S. FFCO2 and upwind
North Pacific Ocean disequilibrium fluxes in 2015, suggesting that improved observational constraints over these areas would
improve U.S. FFCOz estimates. In the current system, we intentionally specify relatively large a priori uncertainties for
disequilibrium fluxes outside the U.S. target domain (Table S2) in order to allow for additional flux adjustment in regions with
relatively few *C observations. This approach provides for improved representation of A*C of air entering the target domain
(against which FFCO: related A*CO: anomalies are theoretically quantified) but also adds to derived posterior FFCO: flux
uncertainty (as all a priori fluxes are randomly perturbed in the determination of MC-derived posterior flux uncertainty, per
Section 2.4). Expansion of '“C observations in more remote regions would reduce the need for such generous a priori
uncertainties. In addition, such observations would improve observational constraints on derived far-field disequilibrium fluxes
which are also of interest in carbon cycle studies, since they scale directly to often ill-quantified one-way gross mass fluxes of

carbon over land and the oceans (Miller et al., 2025a; Miller et al., 2025b).
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Table 5: Correlations of posterior flux uncertainties across the 100 MC simulations for each year using the Miller/CT2022
FFCO2 and CT2016 NBE flux priors. Uncertainties of the posterior correlations are given at their respective 95% Cls, as

705  described in the text. MC simulations are those used to derive analytical posterior uncertainties as discussed in Section 2.4.

correlate regions/quantities 2010 2015
correlate fluxes posterior posterior
correlate A correlate B correlation correlation
[95% CI] [95% CI]
-0.06 0.04
Eastern U.S. Central U.S. [-0.25,0.13] [-0.12,0.21]
-0.11 0.15
Eastern U.S. Western U.S. [-031,0.10] -0.03, 0.33]
Eastern U.S Central + Western -0.11 0.12
FF vs. FF for U.S. - U.S. [-0.31, 0.09] [-0.03, 0.26]
regions 0.11 -0.02
Central U.S. Western U.S. -0.10, -0.31] [-0.24, 0.19]
Eastern + Western 0 0.03
Central US. UsS. [-0.19, 0.19] [-0.16, 0.21]
Eastern + Central -0.03 0.1
Western U.S. US. [-0.19, 0.15] [-0.11,0.31]
-0.60 -0.56
U.S. FF U.S. NBE [-0.72, -0.46] [-0.66, -0.43]
-052. -0.60
FF vs. NBE for us | FastenUS.FF | EasternUS. NBE [-0.65, -0.35] [-0.7, -0.46]
and US regions -0.45 -0.34
Western U.S. FF Western U.S. NBE [-0.61, -0.26] [-0.52, -0.13]
-0.5 -0.62
Central U.S. FF Central U.S. NBE [-0.64, -0.34] [-0.74, -0.46]
. 0 -0.10
U.S. FF China FF [-0.18, 0.19] [-0.28, 0.08]
US FF vs. FF or 0.06 2003
NBE m. remote U.S. FF China NBE [-0.15, 0.26] [-0.24, 0.17]
restons 0.10 0.04
U.S. FF Eurasia Boreal NBE [-0.11, 0.30] [-0.13, 0.21]
.. 0.31 0.55
FFvs. U.S. FF U.S. bio disequ. [0.13.0.47] [0.41, 0.66]
disequilibrium US. FF N. Pacific Ocean 0.29 0.02
- disequ. [0.10, 0.46] [-0.18, 0.22]
0.06 0.27
¥F or NBE vs. U.S. FF U.S. Total Carbon [-0.16, 0.26] [0.11, 0.42]
Total Carbon 0.77 0.65
U.S.NBE U.S. Total Carbon [0.68, 0.84] [0.52, 0.75]
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4 Conclusions

Here we provide new U.S. national and regional annual and monthly FFCO: estimates for the years 2010 and 2015 obtained
from the dual-tracer (**C and CO) inversion system of Basu et al. (2016) and Basu et al. (2020). System updates to the
inversion framework include increases to prior flux uncertainties, use of an updated CO2 ObsPack (GLOBALVIEW+6.1,
(Schuldt et al., 2021), updated atmospheric transport (ERAS, Hersbach et al. (2020)), and changes to the Miller/CarbonTracker
prior FFCOz distribution used as the default FFCOz prior in our previous work. The total impact of these changes on derived
national FFCO: totals was +118 TgC/yr relative to the estimate of 1627 = 30 TgC/yr (1o) obtained previously for 2010 using
the original experimental set up of Basu et al. (2020). By far the largest impacts on the difference in derived total was from the
change in spatial pattern of FFCO: emission in the updated Miller/CarbonTracker FFCO: prior and the increase in the number
of COz observations in the updated CO2 ObsPack. Other impacts were smaller than the updated analytical posterior FFCO»
uncertainty of 1.6% (10).

In order to provide a more complete characterization of posterior FFCOz uncertainties, for each year we ran an expanded
ensemble of 9 experiments using a combination of 3 different FFCOz priors (including the Miller/CarbonTracker update) and
3 different NBE priors, allowing us to compare formally-derived random posterior uncertainties for individual experiments
with ensemble-wide spread and standard deviation. For 2010, the observed uncertainty-weighted ensemble-wide mean U.S.
national total FFCOz is 1715 TgC/yr with an ensemble-wide 2c spread of 88 TgC/yr and 1o posterior uncertainties for
individual ensemble members ranging from 26 to 49 TgC/yr. For 2015 the observed national total is 1578 TgC/yr with a 2c
ensemble-wide spread of 116 TgC/yr and single-member 16 experimental posterior uncertainties ranging from 29 to 37 TgC/yr.
In both years, the ensembles display statistically robust deviations from prior FFCOz for all months (with the single exception
of April 2015), with annual national totals that agree with adjusted national totals from the Vulcan 3.0 data product to within
lo, ensemble wide. Sixteen of 24 derived monthly totals and 12 of 15 tri-monthly seasonal totals also agree with adjusted

monthly or tri-monthly Vulcan totals to within 1o, ensemble wide.

Changes in derived ensemble mean FFCO: between 2010 and 2015 indicate a reduction in emissions of 7.8 +3.0% (2o,
ensemble wide) over the interval, compared to 5.8% and 5.1% for central estimates from Vulcan and EPA, respectively. The
change in FFCO:z indicated by the atmospheric observations is statistically robust and broadly consistent with the central
estimates from Vulcan and EPA which together indicate a decrease of U.S. emission of at least 5% from 2010 and 2015. An
analysis of regional emissions results indicates that the bulk of the emissions reduction occurred in the Eastern U.S., in
agreement with expectations based on the transition to lower carbon fuels in the disproportionately large, regional power

sector.
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We evaluate the robustness of our findings in several ways, including the ability of the system to represent the assimilated CO»
and '*C observations both before and after flux optimization, relative system sensitivity to specified FFCO2 and NBE priors,
sensitivity to choice of spatial and temporal correlation characteristics of prior flux uncertainties, and the ability of the system
to independently resolve FFCOz fluxes between different U.S. census regions (Eastern, Central and Western) and different
flux types (total CO2, FFCO2, NBE) for the U.S. as a whole and within regions. The overall finding is that the flux optimization
and transport are robust, the system and results remain stable to various (even possible outlier) specifications of fossil and
NBE priors, and that the system independently resolves FFCOz fluxes even for U.S. regions with relatively large posterior flux
uncertainties. An analysis of correlations of posterior flux estimates obtained from a large ensemble of perturbation
experiments indicates that overall FFCOz posterior flux uncertainty can be improved at both national and regional scale by

additional observational *C coverage and is not inherently limited by other aspects of the system.

Finally, the strong agreement between the “top down” results from atmospheric observation and those coming, in particular,
from the Vulcan project (Gurney et al., 2020a; Gurney et al., 2020b) suggests that the two can be used jointly to provide a
scientifically rigorous FFCO: emissions observing program in which the dual-tracer system described here provides integral
constraints on national and regional FFCO> emission while the “*C-verified” Vulcan results provide information on emissions
from individual economic sectors and at smaller spatial scale. This may become especially relevant given the current precarity

of previously mandated EPA emissions monitoring efforts.

Code and data availability

The TMS5 4DVar inversion framework used in this study is open source and publicly accessible from the sourceforge repository

(https://sourceforge.net/projects/tm5/). As indicated in section 2.2 of the main text, our inversion system assimilated CO:

observations from NOAA’s ObsPack GV+6.1 (Schuldt et al., 2021) and A*CO- observations coming largely from the North
American portion of the NOAA Global Greenhouse Gas Reference Network (GGGRN, https://gml.noaa.gov/ccgg/about.html)

(Andrews et al., 2014; Sweeney et al., 2015). Additional observations were obtained from the A'*C measurement programs at
the University of Heidelberg (Levin et al., 2023), the University of California, Irvine, and Rafter Radiocarbon Laboratory,
Earth Sciences New Zealand (Table S1).
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