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% Check for updates The Global Carbon Project (GCP) compiles an updated global carbon budget
each year, synthesizing state-of-the-art estimates of anthropogenic CO,
emissions, land and ocean sinks, and the atmospheric CO, growth rate. The
residual between these terms, referred to as the global carbon budget
imbalance, reflects the aggregate inaccuracies of the individual component
estimates. Growth rates derived from marine boundary layer (MBL) surface
flask mixing ratio observations are assumed to be highly accurate. Hence,
land and ocean sink estimates from process models are viewed as the pri-
mary source of the imbalance. Here we show that substantial discrepancies
arise when marine boundary layer growth rate estimates are used to repre-
sent the whole atmosphere. Correcting for this discrepancy using atmo-
spheric flux inversion estimates reduces the 0.76 petagrams of carbon per
year (PgC yr™) root-mean-square (RMS) imbalance (from the 2023 GCP
report) by up to 25%. Further investigation into the imbalance metric
between the 2017 and 2023 GCP reports shows a reduction in imbalance
resulting from updates to each carbon budget component, leading to a 16%
overall reduction. These reductions provide quantitative evidence of
improvements in process models and inventory emission estimates, driven
by enhanced forcing data and the inclusion of new carbon cycle processes.
Overall, we report a 37% reduction in the root-mean-square imbalance, from
0.91 to 0.57 PgC yr, between the 2017 and 2023 GCP reports by combining
process model and inventory improvements with atmospheric growth rate
corrections. Our findings indicate that land and ocean process models are
more accurate than previously believed and that the scientific under-
standing of Earth’s carbon cycle is improving.

Accurate quantification of anthropogenic carbon dioxide (CO,) emis-  future climate trajectories'”. As global temperatures rise and the
sions and their redistribution among Earth’s major carbon reservoirs impacts of climate change intensify, the scientific community is
(atmosphere, oceans, and terrestrial biosphere) is essential for track-  refining observational and modeling tools to constrain each compo-
ing mitigation progress, informing climate policy, and projecting nent of the carbon cycle. The Paris Agreement’s five-year Global
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Stocktake further heightens this urgency by requiring transparent,
robust assessments of carbon sources and sinks to underpin effective
policy-making. Yet persistent, poorly understood variability within the
natural carbon cycle still hampers the verification of reported emission
reductions under international accords.

Over the past decade, researchers have addressed these
shortcomings by acquiring higher-quality observations and
activity data, expanding model ensembles, refining para-
meterizations, and incorporating previously omitted processes—
such as cement carbonation and coupled nitrogen-phosphorus
dynamics—into land and ocean carbon models*”. These advances,
which we collectively term bottom-up improvements, improve the
process models (land and ocean uptake) and inventories
(anthropogenic emissions) that underpin contemporary carbon
budgets. Although such improvements should, in principle,
reduce component-level errors, quantitative evidence of an
overall gain in accuracy remains elusive.

CO, is emitted into the atmosphere due to fossil fuel com-
bustion, industrial processes, and land-use changes. Natural sinks
partially offset these emissions with -25% uptake by oceans and
30% uptake by terrestrial ecosystems, with the remaining 45%
accumulating in the atmosphere’. On a global scale, a mass bal-
ance exists between annual emissions, sinks, and the CO, annual
growth rate in the atmosphere. The residual imbalance, B,,
quantifies our inability to close the budget of fluxes across the
Earth’s carbon cycle pools:

Bi=Eg+E — (So+S,+S¢c) =Gy
N~ ~——

sources

@

sinks

All quantities on the equation’s right-hand side denote the component
flux estimates in petagram carbon per year (PgC yr). E; represents
fossil fuel and industrial process emissions, £, denotes land-use
change emissions, S, and S, are the oceanic and land uptake,
respectively, and S symbolizes cement carbonation’. G, denotes the
atmospheric growth rate of CO,% caused by differences between
emissions and sinks. The imbalance quantifies the sum of errors in all
flux components on the right-hand side, serving as a metric for data
imperfections and gaps in our understanding of the contemporary
carbon cycle.

Growth rates derived from marine boundary layer (MBL) CO,
surface flask (sometimes referred to as in situ measurements) mixing
ratio measurements are typically considered highly accurate. Conse-
quently, the budget imbalance has often been attributed primarily to
inaccuracies in other components, particularly land and ocean
sinks*”°. However, the atmospheric growth rate is not directly mea-
sured in units of mass change (PgC yr™1) but is derived from mixing
ratio measurement changes (ppm yr~!) assuming instantaneous mix-
ing of the fluxes throughout the whole atmosphere. Although surface
flask measurements of atmospheric mixing ratios are very accurate
and precise, errors are introduced in estimating the whole-atmosphere
growth rate due to the sparsity of the MBL surface flask measurement
data and methodological assumptions’’.

Here, we investigate the evolution of collective accuracy using
the carbon-budget imbalance reported annually by the Global Car-
bon Project (GCP). We also quantify the error introduced when the
MBL CO, growth rate is used as a proxy for the whole-atmosphere
growth rate. We find that accounting for the discrepancy between
MBL and whole-atmosphere growth rates markedly reduces the
root-mean-square (RMS) of the annual imbalance time series relative
to the values reported in recent GCP Carbon Budget assessments. We
further assess the impact of updates to individual budget compo-
nents between the 2017 and 2023 GCP reports, demonstrating that
the overall accuracy of Earth’s carbon-budget components has
improved over this period.

Results

Whole-atmosphere growth rate correction

The GCP uses growth rate estimates from the US National Oceanic and
Atmospheric Administration (NOAA) Global Monitoring Laboratory,
calculated from CO, mixing ratio observations of well-mixed back-
ground air at MBL surface measurement stations. These growth rate
estimates serve as the benchmark for most scientific and agency
assessments. NOAA estimates the growth rate by smoothing data over
time for each MBL station and then averaging it across latitude bands".
GCP converts NOAA growth rate (ppm yr™) values into the whole-
atmosphere mass change (PgC yr™) using a conversion factor? of
2.124 PgC ppm™. This conversion assumes instantaneous mixing—an
approximation that introduces errors from finite and varying atmo-
spheric transport timescales and sparse spatiotemporal sampling of
MBL observations'™. Although the troposphere, which contains about
80% of atmospheric molecules, mixes well within a year, the strato-
sphere exchanges air slowly with the troposphere over a period ran-
ging from 2-4 years™",

Observed stratospheric CO, mixing ratios are 3-5 ppm lower than
tropospheric values, reflecting slow stratosphere-troposphere
exchange'". Consequently, surface-driven CO, increases lag in the
stratosphere, creating a deficit relative to tropospheric values (see
Methods). The GCP acknowledges that using a constant conversion
factor of 2.124 PgC ppm™, an approximation that assumes instanta-
neous whole-atmosphere mixing, introduces a non-negligible source
of uncertainty’. The error introduced by using constant conversion
factors to calculate whole-atmosphere growth rates from MBL data can
be broken into two errors: troposphere-sampling error and
stratosphere-troposphere exchange (STE) error. The troposphere-
sampling error reflects a representativeness error due to the sparsity of
MBL sites.

To account for the MBL growth rate discrepancies, we compute
the whole-atmosphere CO, growth rate using two atmospheric flux
inversion models: Copernicus Atmosphere Monitoring Service
(CAMS)* and Jena CarboScope (CS)". These models optimize emis-
sions and sinks from the oceans and land surfaces to match mixing
ratio measurements at surface sites (including many MBL sites) while
incorporating STE and additional atmospheric transport and sampling
effects through numerical simulations nudged to meteorological rea-
nalysis data (see Methods). Thus, the global integral of the annual net
optimized surface fluxes provides the whole-atmospheric growth rate.

Alternatively, to isolate the impact of STE, we employ a simple
two-box model representing the troposphere and stratosphere,
assuming a 2 year STE timescale (see Methods). This model assumes
MBL-derived rates perfectly represent tropospheric growth, isolating
only the STE error. The Inverse models (CAMS and Jena CS) account for
both troposphere sampling and STE-related errors, while the box
model only accounts for the STE-related errors. Note that neither the
inversions nor the box models are free of errors. However, we hypo-
thesize that the improvements from accounting for large-scale trans-
port effects like STE and sampling should be more significant, overall
leading to a better growth rate estimate and thus reducing the
imbalance.

Figure 1 presents various growth rate estimates alongside the
corresponding changes in the imbalance reported by GCP in 2023. The
long-term mean imbalance does not change after our corrections, but
the influence of those corrections is strong during years with pro-
nounced inter-annual variability. This is expected because the STE
adjustment acts as a lagged temporal smoother on MBL growth rates
when converting them to whole-atmosphere values (see Methods).
Because its magnitude depends on the past values of tropospheric
mixing ratios, it damps extremes and nudges annual values toward the
mean (see Supplementary Section 1).

Two illustrative cases of the impact of growth rate correction are
the peak imbalance of +1.7PgCyr™ in 1991 and the trough
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Fig. 1| Whole-atmosphere CO, growth rate estimates and their corresponding
carbon budget imbalance. Panel (A) displays the CO, growth rate estimates based
on MBL observations from the GCP 2023 report (black bars) alongside the cor-

rected values accounting for STE using the box model (red bars) and atmospheric

flux inversions from CAMS (orange bars) and Jena CS (green bars). Panel (B) shows
the corresponding carbon budget imbalance calculated using each CO, growth
rate series from Panel (A). The RMS of imbalance is given in parentheses in the
legends.

imbalance of —1.5PgC yr! in 1998. These years coincide with the

Mount Pinatubo eruption and a strong El Nifio, respectively. These
events induced sharp perturbations to the carbon cycle and have
historically challenged bottom-up models. For 1991, the high imbal-
ance has been linked to an underestimation of the land-sink response,
likely due to a lack of representation of diffuse-radiation effects fol-
lowing the volcanic aerosol injection®. Our revised growth-rate
estimate raises the previously low MBL value in 1991, and lowers the
high value in 1998, producing a small but meaningful reduction in both
imbalance extremes (CAMS imbalance for 1991= +1.17 PgC yr~! and
1998 = —0.87 PgC yr™!). While these years remain prominent anoma-
lies even after the correction, the diminished residual suggests that
process models may be more skillful against such climatic shocks than
previously assumed.

The annually varying corrections to the growth rate required
to account for the STE effect cannot be captured by a single,
time-invariant conversion factor. In particular, the widely used
2.124 PgC ppm™ factor?, derived under the assumptions of a fixed
atmospheric mass and uniform, instantaneous mixing, system-
atically over-estimates high MBL growth years and under-esti-
mates low MBL growth years (see Supplementary Section 1),
biasing flux estimates wherever growth rates deviate from the
long-term average.

The RMS imbalance in the GCP 2023 report is 0.76 PgC yr™ for the
period of 1985-2016. Applying the box-model-based STE correction
reduces the RMS imbalance by 11% (from 0.76 PgCyr!) to
0.67 PgC yr~L. The atmospheric inversion corrections from Jena CS
and CAMS reduce the RMS imbalance by 24% and 25%, leading to
imbalances of 0.58 PgC yr™ for Jena CS and 0.57 PgC yr for CAMS. A
stronger improvement from inversions compared to box model is
expected because inversions account for additional atmospheric
transport dynamics and atmospheric sampling effects.

The whole-atmosphere corrections are significant relative to the
budget imbalance, which aggregates the errors of all components. The
growth rate correction terms themselves have RMS magnitudes of
0.16, 0.36, and 0.37 PgCyr™ for the box-model, CAMS, and Jena CS
estimates, respectively. For context, the largest of these correction
RMS values is 49% of the GCP-2023 RMS imbalance of 0.76 PgCyr™.
These improvements demonstrate that uncertainties in the atmo-
spheric growth rate account for a substantial share of the total
imbalance error. The large improvement in the imbalance due to the
growth rate corrections also shows that bottom-up models are more
accurate than previously perceived, based on the assumption that the
imbalance was primarily caused by errors in these bottom-up models.

Improvements in process models and inventories

The GCP carbon budget estimates are updated annually to incorporate
data re-evaluation and developments in process understanding, and
the use of larger model ensembles’. Consequently, inaccuracies in
budget components and the resulting imbalance are expected to
decrease over time. We analyze changes in budget components
between the 2017 and 2023 GCP reports to test this hypothesis. To
identify the components causing the imbalance RMS reduction, we
calculate an imbalance due to a component change between the 2017
and 2023 reports (see Methods), leaving other components
unchanged.

Figure 2 shows the time series of carbon-flux components and the
MBL CO, growth rate from the 2017 and 2023 GCP reports”®. All
components exhibit changes between the 2017 and 2023 estimates,
with the largest RMS differences observed in the land-use change
(0.23PgCyr?), the land sink (0.25PgCyr™), and the ocean sink
(0.22 PgC yr™). Fossil-fuel emissions and the MBL growth rate also
change notably, with RMS differences of 0.13PgCyr’ and
0.07 PgC yr™, respectively.
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Carbon Budget Components from GCP 2017 and 2023 Reports
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Fig. 2 | Carbon budget component estimates from the 2017 (dashed line) and
2023 (solid line) GCP reports. Negative values for ocean sink, land sink, cement
carbonation sink, and MBL annual growth rate are plotted to reflect their role in the
imbalance equation (Eq. 1). The dotted line in the fifth panel shows the whole-
atmosphere growth rate from the CAMS inversion, and the dotted line in the bottom
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panel shows the resulting budget imbalance. The 2017 cement carbonation value is
set to zero because cement carbonation sink was first included in the GCP 2020
report. Note that the y-axis scales of the panels differ. The values in parentheses for
each panel label are the respective RMS of the difference between the GCP 2017 and
2023 time series, which gives an estimate of the magnitude of the changes.

A few reasons for the changes in the component estimates are as
follows: The GCP ocean sink estimates changed between the 2017 and
2023 reports, with GCP 2023 using a combination of process models
and data-driven (fCO2-based”) approaches (as shown in Fig. 2). NOAA
MBL flask measurements were recalibrated to the 2019 WMO scale and
the derived growth-rate estimates from these recalibrated mixing ratio
measurement data were first used in the GCP 2021 report®?. The
growth rates can also change due to stabilization-latency effects in the
NOAA MBL time series, which introduce a latency before convergence
to the final growth rates levels (see Figure 9 of ref. 10). Beginning with
the 2020 GCP report?, the cement-carbonation sink was included after
its substantial role in atmospheric CO, removal was recognized’.
Between the 2017 report, in which it was not reported (i.e., assumed
zero), and the 2023 report, the RMS difference in this sink is 0.11 PgC
yr}, underscoring its significance.

Figure 3 presents the imbalance RMS change between the two
reports. The 16% reduction in the imbalance (from 0.91 to 0.76 PgC
yr!) indicates a significant decrease in the sum of errors. This
reduction in imbalance is comparable to the whole-atmospheric
growth rate correction when applied to the 2017 GCP report, which
results in an RMS imbalance of 0.77 PgC yr'when using the CAMS
flux inversion (see Supplementary Fig. 1). Note that applying the
growth rate correction yields a smaller percentage reduction for the
2017 GCP report (a 15% drop from a 0.91 PgC yr~! baseline) than for
the 2023 GCP report (a 25% drop from a 0.76 PgC yr~! baseline). This
occurs because the total error variance, which mostly determines the
RMS of the budget imbalance, is effectively the quadrature sum of

variances from multiple error sources (error variances combine in
quadrature if independent). Consequently, while a growth rate cor-
rection reduces the variance component associated with the growth
rate, its fractional impact on the overall RMS is smaller when the
initial RMS imbalance (and thus the total underlying error variance) is
large due to other substantial uncorrected error components.
Therefore, as bottom-up emission and sink estimates continue to
improve, growth rate errors will account for an increasingly domi-
nant share of the residual budget imbalance, underscoring the need
for further refinement of observational and modeling constraints on
global CO, growth rates.

The colored crosses (and the “+“ signs) in Fig. 3 show the RMS
imbalance impact due to different component updates (see Methods).
We find that all carbon budget component updates lead to an imbal-
ance reduction. This shows that the component estimates have indi-
vidually improved, and the imbalance improvement is not due to a
compensatory effect where the improvement of one component off-
sets the worsening of another.

The causes of improving estimates or error reduction can be
broken into four broad effects: (1) standard error reduction due to an
increase in ensemble size, (2) improvement in process representations,
(3) forcing data improvement, and (4) model resolution improvement.
The process level improvements stem from numerous individual
advancements (see Table 3 of Friedlingstein et al.’, Table S1 of Le Quéré
et al®, and Sitch et al.*). Fossil fuel emission estimates have likely
improved due to additional effect of the availability of better emission
activity data from emerging economies®.
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Fig. 3 | Improvements in the global carbon budget imbalance for the 1985-2016
period. The y-axis represents the root mean square (RMS) of the annual imbalance
time series. The black crosses represent the imbalance RMS from different GCP
reports (x-axis). The STE box model (red triangle) annual growth rate (AGR) esti-
mates accounts for an STE time of 2 years. The growth rate estimates from the
CAMS (orange triangle) and Jena CS (green triangle) atmospheric flux inversions
account for troposphere-sampling errors of the MBL sites in addition to the STE.
The colored symbols (“+” and “x”) mark the imbalance when considering each
component update between the 2017 and 2023 GCP reports, one by one, while
keeping all other components unchanged from the 2017 report.

The ensemble size of models has increased. For instance, the
number of Dynamic Global Vegetation Models (DGVMs) used for the
land sink grew from 15 in GCP 2017 to 20 in GCP 2023, and the number
of ocean-biogeochemistry models (OBGCMs) rose from 8 to 10. The
number of book-keeping models for land-use change also increased
from 2 to 3. The GCP 2021 report” started using ocean sink estimates
as the mean of the estimates from the ocean process models and data-
driven sink estimates using fCO,-based SOCAT estimates. A larger
ensemble to estimate a carbon cycle component can, in principle,
reduce the standard error of the multi-model mean through the
familiar 1/+/N relationship.

The resolutions of meteorological and other forcing data, as well
as of the process models, have improved. In the GCP 2023 report,
ocean models included three models with 75 vertical layers, com-
pared to a maximum of 51 layers in the GCP 2017 report. More carbon
cycle processes are represented in the models used in the GCP 2023
report than in the GCP 2017 report. For example, better accounting
for the diffuse radiation effect on plant productivity has been shown
to significantly improve the budget imbalance during volcanic
eruption years, such as the 1991 Pinatubo eruption'®”. In the GCP
2023 report, 6 out of 20 land sink models accounted for this effect,
whereas none of the 15 land sink models did in the GCP 2017 report.
Simulation of fire ignition and suppression was absent in one-third of
the models in the GCP 2017 report, whereas in the GCP 2023 report,
only one-fourth lacked this feature. Peat fires were included in only
one land model in the GCP 2017 report, but in two models in the GCP
2023 report. Wood harvest was included in 40% of GCP 2017 DGVMs,
compared to 75% of GCP 2023 DGVMs. Nitrogen fertilization was
included in only 2 DGVMs in the GCP 2017 report but 10 DGVMs in
the GCP 2023 report.

The carbon budget imbalance analysis presented here can serve
as a diagnostic for attributing overall budget improvements to
specific component changes. For instance, substituting land sink
estimates in the GCP 2023 budget with those from only the six
models accounting for diffuse radiation effects yields an RMS
imbalance of 0.72PgCyr™!, a notable reduction from the
0.80 PgC yr! obtained using the multi-model mean from the four-
teen models omitting this process (all other GCP 2023 components
held constant). We also test whether increases in model ensemble
sizes are a driver of the observed imbalance reduction between the
2017 and 2023 GCP reports, as larger ensembles might theoretically
reduce the standard error of the multi-model mean. However,
our tests indicate that, for both land and ocean sinks, expanding the
ensemble size does not, in itself, lead to a reduction in the budget
imbalance. The RMS imbalance for GCP 2023 using only the land
sink models present in the 2017 ensemble is 0.758 PgC yr~!, closely
aligned with the 0.762PgC yr~' RMS imbalance using the full GCP
2023 land model ensemble; a similar outcome is observed for ocean
sink estimates. While a complete imbalance attribution of all chan-
ges between the 2017 and 2023 GCP reports is not undertaken here,
the budget imbalance analysis presented here can be utilized in
future investigations to quantify the influence of individual
modifications.

We also perform a suite of sensitivity tests (see Supplementary
Section 2) to check that the declining RMS budget imbalance reported
here reflects genuine component estimate improvements. We find
consistent imbalance reductions across three independent periods
(1960-1984, 1985-2004, and 2005-2016), further corroborating that
these advances arise from better forcing data and refined process
representations. In Supplementary Section 3, we discuss how the car-
bon budget imbalance (the net effect of all actual component errors)
relates to the GCP-reported uncertainty estimates for these
components.

Discussion

By integrating whole-atmosphere growth rate corrections with
improvements in component models between GCP 2017 and GCP 2023
reports, we show a substantial reduction in imbalance, from
0.91PgC yr! (the RMS imbalance of the GCP 2017 budget using its
original MBL-based growth rate) to 0.57PgC yr~! (using GCP 2023
components combined with our whole-atmosphere growth rate cor-
rection from CAMS inversion), equating to a 37% imbalance reduction.
We find that substantial error is introduced when MBL growth rate data
are used to represent whole-atmosphere growth rate, bolstering con-
fidence in bottom-up models by challenging the previous notion that
inaccuracies in these models were the primary cause of imbalance. The
whole-atmospheric growth rate correction, when applied to the 2017
GCP report, results in a similar improvement in imbalance to that
achieved through the combined improvements in carbon budget
components between the GCP 2017 and GCP 2023 reports. Our ana-
lysis also reveals improvements across all carbon budget components,
demonstrating that not only have collective inaccuracies decreased,
but individual component estimates have also advanced. The
improvements in bottom-up models and inventories are likely due to
the combined effects of enhanced meteorological and other forcing
data, improved process understanding, and increased model
resolution.

The Paris Agreement’s five-year Global Stocktake necessitates
urgent scientific refinement of carbon cycle understanding
for effective policy-making. Currently, persistent unexplained nat-
ural carbon cycle variability hinders the verification of reported
anthropogenic emission reductions under these agreements’.
Our final RMS imbalance estimate of 0.57 PgC yr™ is comparable to
the GCP uncertainty estimate for global fossil fuel emissions
(0.5 PgC yr™) or the emission reduction during the 2020 COVID-19
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pandemic (0.55 PgC yr™)’. This reduced imbalance, approaching the
scale of annual emission uncertainties and significant emission
anomalies (like the COVID-19 dip), suggests that the global
carbon budget imbalance can become an increasingly powerful tool
in the future to track large anthropogenic emission changes. Ulti-
mately, our results signify an enhanced understanding and
increasingly accurate representation of the Earth’s carbon cycle by
process models and emission inventories, which should improve
future climate projections and the monitoring of anthropogenic
emissions.

Methods

We analyze the global carbon budget imbalance from 1985 through
2016. The primary baseline budgets are taken from the GCP 2017° and
GCP 2023 reports. The analysis starts in 1985. For inversion-based
growth rates, this allows for a sufficient spin-up period (e.g., CAMS
begins in 1979), accounting for typical stratosphere-troposphere
exchange (STE) timescales of 2-4years. We estimate the whole-
atmosphere growth rate from a box model and as the global, annual
integral of the net surface CO, fluxes optimized by the CAMS and Jena
CS atmospheric inversion systems. The whole-atmosphere growth rate
is theoretically equal to the net fluxes, which are mainly due to surface
emissions and sinks, except for a minor contribution from CO
oxidation.

Atmospheric inversions

CAMS. The CO, atmospheric inversion of the operational Copernicus
Atmospheric Monitoring Service (CAMS) assimilates atmospheric
mixing ratio observations (surface air-sample measurements) in the
LMDz atmospheric transport model. During the assimilation process,
the LMDz model is inverted in a variational framework to yield statis-
tically optimal CO, surface emissions and sinks at weekly and grid-
point scales. For CAMS version v22rl used here, available surface air-
sample measurements at 159 sites between January 1979 and
March 2023 were assimilated; the model resolution was 79 layers in the
vertical, 1.27° in latitude and 2.5° in longitude. More details on the
inversion system can be found in Chevallier et al.’®, and references
therein.

Jena CarboScope (CS). Atmospheric tracer transport in the Jena
CarboScope inversions is simulated by the TM3 atmospheric chemical
transport model at a resolution of ~4° in latitude by 5° in longitude,
with 19 vertical layers driven by meteorological fields from the NCEP
(National Centers for Environmental Prediction) reanalysis. The run
“s76_v2023” of the Jena CarboScope employed here uses 8 atmo-
spheric CO, measurement sites that span its estimation period from
1976 to 2022. CarboScope uses a fossil-fuel CO, emission prior from
GridFED, an ocean CO, exchange prior based on the interpolation of
SOCAT pCO, data. In contrast to the CarboScope run used in the GCP
2023 report, the run s76_v2023 used here has explicit interannual
degrees of freedom (i.e., no regression against predictor variables). For
more details on the setup, see Appendix A of", with slight updates
described on the website of CarboScope*.

Although the two inversions differ in aspects such as the number
of assimilated measurement-site networks and vertical model resolu-
tion, they both incorporate data from a common core MBL network.
This MBL network provides the primary observational constraint for
estimating the annual global CO, growth rate in these inversions. Both
inversions are designed to track the global CO, growth rate while also
capturing key transport processes, including stratosphere-
troposphere exchange.

To demonstrate that the inversions not only reproduce the MBL
observations but also capture large-scale transport effects—such as
the slow stratosphere-troposphere exchange—we compare the
CAMS-inversion-simulated CO, mole fractions against NOAA MBL

observations (Supplementary Fig. 2)* and AirCore profiles (Supple-
mentary Fig. 3)*. Our analysis shows that the optimized CAMS fields
reproduce the MBL mixing ratio measurements and resolve the
stratosphere-troposphere CO, mixing ratio gradient observed by
AirCore.

Two-box model

To isolate the impact of stratosphere-troposphere exchange (STE) on
the inferred whole-atmosphere CO, growth rate, we employ a two-box
model representing the troposphere and stratosphere. This model
simulates the exchange of CO, between these two reservoirs, where air
is exchanged carrying the CO, mixing ratio of its box of origin. The net
rate of CO, mixing ratio change in each box is driven by the difference
in their respective CO, mixing ratios, modulated by a characteristic
exchange timescale.

Let Ciropo(t) and Cypyaeo () denote the mean CO, mixing ratios (in
ppm) in the troposphere and stratosphere, respectively, at time ¢. We
use K, =2.124 PgC ppm~" as the conversion factor representing the
CO, mass required to raise the mean atmospheric mixing ratio by
1ppm®. The troposphere is assumed to contain a fraction Siropo=0.8
of the total atmospheric air mass, and the stratosphere a frac-
tion fgirago = 0.2"

The model dynamics are described by the following system of
ordinary differential equations:

dCstrato(t) - Ctropo(t) - Cstrato(t) (2)
dt T

dctropo(t) — E net(t) _f strato Ctropo(t) B Cstrato(t)
dt f tropoK atm f tropo T

Here, 7 is the characteristic exchange timescale between the two
boxes, representing the e-folding time for stratospheric mixing ratio
adjustment (i.e., the stratospheric air residence time). E..(f) (in
PgC yr™!) denotes the net CO, flux (from surface sources/sinks and
atmospheric chemical production) entering the troposphere. The
factor fqato/firopo iN EQ. 3 ensures CO, mass conservation during
exchange between the reservoirs with differing air masses.

Our objective is to estimate E,..(t), which serves as the box-model
derived whole-atmosphere CO, growth rate (G'j""), based on observed
tropospheric CO, changes. Rearranging Eq. 3 yields:

©)

dCtropo(t) +fstrat0 Ctropo(t) - Cstrato(t)

Enet(t) :ftropOKatm dt ft T @
ropo

We first estimate the time series of tropospheric CO, mixing ratio
Ciropo(?) using the annual CO, growth rates from the GCP 2023 report

as % and the initial condition Cy;q,,(0) =280 ppm in the year 1750

(t=0). The stratospheric CO, mixing ratio can also be expressed
analytically as:

. "t S/T
Cstraro(H) =€~ /T {Cstrato(o) + /0 T Ctropo(s)ds} S

Cirato(8) is then obtained by numerically integrating Eq. 5 initialized
with Cg.00(0)=280 ppm. This formulation shows that Cg.,.(0)
depends on its initial state and past tropospheric mixing ratios. It is an
exponentially weighted moving average of tropospheric mixing
ratios with characteristic timescale 7. This “stratospheric memory”
effect imposes a lagged temporal smoothing when inferring whole-
atmosphere growth rate from tropospheric CO, changes. With
Ciropo(t), its derivative %, and the calculated Cg,(¢) (using sci-
py.integrate module in Python for Eq. 5), we compute FE,.(f)
using Eq. 4.

Nature Communications | (2025)16:6818


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-61588-2

A STE time 7 of 2 years was implemented in the box model. The
simulated CO, mixing ratios and the resulting stratosphere-
troposphere mixing ratio difference from this box model are shown
in Supplementary Fig. 4. This simulated difference aligns well with
observed differences from AirCore profiles and CAMS 3D mole frac-
tion field data. Sensitivity tests assessing the influence of varying  on
the budget imbalance reduction are presented in Supplementary
Table 1.

Individual component’s imbalance impact
To isolate the impact of updates to an individual carbon budget
component C on the overall budget imbalance, we recalculate the
imbalance time series by starting with the budget imbalance from the
2017 GCP report (Byy, 17) and effectively substitute the 2017 estimate of
component C (C;) with its 2023 estimate (C,;), while keeping all other
components at their 2017 values.

The resulting imbalance due to the update in the component C,
denoted By, , is calculated as:

Bipt,c =B, 17+ 6¢c(C — Cyy) (6)

Here, C;; and C»; are the multi-model mean estimates for component
C from the 2017 and 2023 GCP reports, respectively. The factor §. is
+1if component C is a source term in Eq. 1 (i.e., fossil emissions £ or
land-use change emissions £,). Conversely, 6 is —1if component Cisa
sink term (ocean sink S, land sink S;, cement carbonation S.) or the
atmospheric growth rate (G,), assuming these sink/growth values are
positive numbers in the component data. The term (C,; — Cyy)
represents the change in the estimate of component C between the
two reports.

Data availability

The carbon budget component and imbalance data used in this study
are sourced from the Global Carbon Budget papers”®. The CAMS flux
inversion data can be accessed from the following URL: www.ecmwf.
int/en/forecasts/dataset/cams-greenhouse-gas-ghg-flux-inversions
(last access 29 July 2024). The Jena CarboScope (CS) flux inversion data
are available at: www.bgc-jena.mpg.de/CarboScope/ (last access 29
July 2024).
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