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f) Checkfor updates Despite the adoption of the Paris Agreement 10 years ago, carbon dioxide (CO,)

emissions from burning fossil fuels continue to increase, pushing atmospheric CO,
levels to 423 ppmin 2024 and driving human-induced warming to 1.36 °C, within years
of breaching the 1.5 °C limit%. Accurate reporting of anthropogenic and natural CO,
sources and sinks is a prerequisite to tracking the effectiveness of climate policy and
detecting carbon-sink responses to climate change. Yet notable mismatches between
reported emissions and sinks have so far prevented confident interpretation of their
trends and drivers'. Here we present and integrate recent advances in observations
and process understanding to address some long-standing issues in global carbon
budget estimates. We show that the magnitude of the natural land sink is substantially
smaller than previously estimated, whereas net emissions from anthropogenic
land-use change are revised upwards'. The ocean sink is 15% larger than the land sink,
consistent with recent evidence from oceanic and atmospheric observations>*.
Climate change reduces the efficiency of the sinks, particularly on land, contributing
8.3 +1.4 ppmto the atmospheric CO,increase since 1960. The combined effects of
climate change and deforestation have turned Southeast Asian and large parts of
South American tropical forests from CO, sinks to sources. This underscores the need
to halt deforestation and limit warming to prevent further loss of carbon stored on
land. Improved confidence in assessments of CO, sources and sinks is fundamental for
effective climate policy.

Theincreaseinatmospheric carbon dioxide (CO,) concentration has
been systematically monitored since the late 1950s, marking the begin-
ning of comprehensive research into the global carbon cycle®. It soon
became evident that the observed increase in atmospheric CO, was
smaller than the CO, emissions from burning fossil fuels, indicating
that terrestrial ecosystems and/or the ocean acted as carbon sinks®.
Until the late 1980s, it was believed that the ocean was the main sink
of carbon, whereas the role of land ecosystems was unclear and was
oftenreferred to as the ‘missing sink”. The presence of alarge CO, sink
onland was confirmed later on, supported by field studies®, biomass

inventories’® or vegetation modelling®. Over the past 20 years, our
understanding of the global carbon cycle has rapidly improved, sup-
ported by the annual assessments of the global carbon budget (GCB)
activity of the Global Carbon Project. This activity has enabled continu-
ous community review of the anthropogenic perturbation of the global
carbon cycle*. The GCB assessments are widely used in science and
policy, including in the latest assessment of the Intergovernmental
Panel on Climate Change™.

The carbon balance among individual components of the global
carbon cycle provides a rigorous test of our understanding of the
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Fig.1|Revised components ofthe GCB. a, Net land-use emissions (£, ,c).

b, Land sink (S unp)- €, Ocean sink (Socean)- d, Budgetimbalance (B,,). The grey
barsontheleft show the GCB2024 estimate, the intermediate bars show the
incremental corrections from this study, and the coloured bars on the right
show the consolidated estimates. Components are averaged over the past

carbon cycle: mass conservationimplies that estimated net emissions
from fossil (E;os) and land-use change (£,,c) and uptake by the ocean
and land sinks (Socpay @and S, anp) Must balance the observation-based
atmospheric CO,growth rate G, perfectly. This has not been the case
throughout the history of the GCBreports, including in the latest 2024
update®® (hereafter GCB2024). GCB2024 reported a budget imbal-
ance (B Bim = Eros + ELuc = Stanp — Socean — Garm) OVer the past decade of
-0.4 +1.4 GtCyr™, whichis about10% of the observation-based atmos-
pheric CO, growth rate. Despite its large uncertainty, the negative B,
implies that estimated sources were too low and/or estimated sinks
too large. Over the past 65 years, the B,,, also showed a negative trend
of —0.14 + 0.04 GtC yr per decade, statistically significant at the 1%
level (P=0.003), with a positive B, in the early part of the record and
anegative B, in the most recent years (Extended Data Fig. 1).

A statistically significant trend in the B,, impedes robust inter-
pretation of trends in individual components of the GCB. Hence,
reducing the magnitude and trend of the B, is a prerequisite to reli-
ably assessing temporal changes in the strength of the carbon sinks.
Here we present and integrate recent advances in observations and
process understanding to improve our estimates of components of
the GCB, with direct impact on the magnitude and trend of the By,.
These improvements allow a more robust assessment of the human
interference on the global carbon cycle over the past 65 years, and
of the emerging impacts of climate change on the evolution of the
carbon sinks.
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decade (2014-2023). 6L, RSS, LCE and Skin T refer to the transient carbon
densities correction, thereplaced sinks and sources correction, the lateral
carbon exportcorrectionand the ocean cool skin temperature correction,
respectively (Methods). Error bars are1standard deviation uncertainty.

Introducing the latest evidence

The net land-use change CO, emissions (£ ) assessed in the GCB are
derived frombookkeeping models forced by reported changesinland
use. Most bookkeeping models assume that land-cover types, such as
forest or pasture, have distinct but static equilibrium carbon densities
(thatis,amountof carbon per unitareaof afull-grown ecosystem)®. This
assumption allows toisolate the direct land-use impact (for example,
owing to deforestation, afforestation) from indirect human-induced
effects on vegetation'*" such as higher global biomass and higher soil
carbon densities owing to environmental effects (for example, owing
to atmospheric CO, increase)®. However, neglecting the effects of
environmental changes in E, . estimates results in an underestima-
tion of the historical £, trend'®". To address this issue, we replaced
the static carbon densities used in bookkeeping models by transient
valuesinformed by dynamic global vegetation model (DGVM)-derived
carbon dynamics™® (Methods). Accounting for transient carbon densi-
ties leads to anincrease in net £, ,c of 0.11 + 0.04 GtC yr over the past
decade, and additional emissions of 3.0 + 1.0 GtC since 1960 (Fig. 1a
and Extended Data Fig. 2b).

Theland CO, sink (S, x\p) is estimated in the GCB from DGVMs using
historical simulations that assume a constant pre-industrial land cover.
In doing so, the models do not double account for CO, fluxes associ-
ated withland-cover changes fromanthropogenicland use, which are
already included in £, ,c. However, given the historical reduction in
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Table 1| Global carbon budget as in GCB2024 and consolidated budget from this study

Garm Eos Eiye Sianp Net land Socean B
GCB2024 5.2+0.02 9.7+0.5 11+0.7 3.2+0.9 2111 29+04 -0.4+13
This study 5.2+0.02 97+0.5 1.2+0.7 27+0.9 1.4£11 3105 -0.02+1.3
Difference 0 0 +0.1 -0.5 -0.6 +0.2 +0.4
Atmospheric inversions 5.2+0.0 9.7+0.5 NA NA 1.4+0.5 31+05 0
Atmospheric O, 5.2+0.0 97+0.5 NA NA 1.0+0.8 3.4+0.5 0]

‘Net land’ is the net land CO, flux, calculated as S yyp—E,c. Atmospheric inversions and atmospheric O, do provide ‘Net land’ but do not separate E, ;¢ from S;ayp. The budget imbalance (By) is
the difference between anthropogenic net emissions (Eos+E,,c) and accumulation of carbon in the atmosphere, land and ocean (Gapy+S,ano + Socean)- By design, atmospheric inversions and
atmospheric O, budget imbalance is null. The uncertainty represents +1s.d. as in ref. 1. Annual CO, fluxes are averaged over the 2014-2023 decade. Units are GtCyr™. NA, not available.

forest cover and expansion of agriculture, assuming a pre-industrial
land cover leads to an overestimation of the land sink”?°. This is a
known bias now referred to as the replaced sinks and sources (RSS) 1%,
To address this issue, we developed a new correction method using
outputs from the DGVMs that resolve net land-atmosphere carbon
fluxes at the plant-functional-type level (Methods). Accounting for
evolving land-cover change leads to a decrease of the mean S, .\, by
0.5+ 0.3 GtC yr™ over the past decade, and a decrease of 21 GtC since
1960 (Fig. 1b and Extended Data Fig. 3d).

Theland and ocean CO, sinks in the GCB account for the lateral car-
bonexport (LCE) fromland ecosystemsto inland waters, coastal envi-
ronments and the open ocean using natural (pre-industrial) estimates
of 0.65 + 0.30 GtC yr™ (refs. 22,23) but neglecting its anthropogenic
perturbation. Recent advancesin understanding aquatic carboncycle
processes indicate an increase in carbon exported from terrestrial
ecosystems to the aquatic environment, with an increased outgas-
sing of CO, from these aquatic systems to the atmosphere, increased
carbonstorage inaquatic sediments and export to the ocean*** (Meth-
ods). Accounting for the anthropogenic perturbation of LCE leadstoa
decrease of the mean S, .\, by 0.07 £ 0.06 GtC yr over the past decade
(Fig.1b and Extended Data Fig. 3).

The ocean CO,sinkin the GCB combines independent estimates from
data products based on observations (fCO, products, where fCO, is
the fugacity of CO,)**? as well as global ocean biogeochemical mod-
els (GOBMs). fCO, products and GOBMs broadly agree on ocean sink
trends and variability, with remaining differences mostly explained by
limited data and seasonal biased sampling causing overestimation in
the decadal trends of fCO, products, and possible GOBM underesti-
mation of decadal variability?®, especially in the Southern Ocean®>.,
However, fCO, products suggest asubstantially larger ocean sink than
GOBM s (3.1+ 0.3 GtC yrversus 2.6 + 0.4 GtC yr™, respectively, over
2014-2023), which is also supported by independent constraints
derived from atmospheric CO, and oxygen (O,) observations> as well
asoceaninterior observations*. Multiple model evaluation efforts have
now shown that GOBMs underestimate the mean oceanic sink on the
order of10%, based on evidence of too weak overturning circulation®,
ocean interior constraints® and biases arising from spin-up strate-
gies®. In parallel, estimates from fCO, products could also be biased
low because they do not account for temperature gradients between
the measurement depth, usually several metres below the surface, and
the surface skin layer where the gas exchange takes place®¥. Account-
ing for the GOBM s bias and for skin temperatures and the warm layer
infCO, products leads to anincreased Socgan 0f 0.2 + 0.23 GtC yr ' over
the past decade, and an increase of 11 + 14 GtC since 1960 (Fig. 1c and
Extended Data Fig. 2¢).

CO, emissions from fossil fuels (E;,s) include the oxidation of fossil
fuels from combustion, chemical reactions, decomposition of fossil
carbonates and the CO, uptake from the cement carbonation’. The GCB
estimate of Eqos (9.7 £ 0.5 GtC yr* for the 2014-2023 period) is a com-
posite of different datasets, aimed to give the best emission estimate
andreducebiases. The differences betweenindependent datasets are
well understood, with the range between different datasets around
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5% and with all showing similar trends>®. E;os misses minor emission
sources in some developing countries for decomposition of some
carbonates, estimated to be <0.5% of the global total. The cement car-
bonationsinkis probably the most poorly constrained element of Erys,
butat0.2 GtC yrinrecent years, the contribution to £;,s uncertainty
is small. Hence, we do not have any compelling reason to suspect a
substantial bias in the global £;os mean or trend that would require a
correctionin this study.

The atmospheric CO, growth rate (G, in the GCB is based on
marine-boundary-layer CO, mole fraction observations (inppm yr™),
which have only a small measurement uncertainty®. These measure-
ments are subsequently converted to mass growthrates in GtC yr " using
aconversion factor, which so far has been assumed to be a constant
value of 2.124 GtC ppm™, without associated uncertainty*°. However,
the surface fluxes that lead to changes in atmospheric mole fractions
are not instantaneously observed at the surface stations, given that
atmospheric mixing takes time. The surface network is also not fully
representative of the whole atmosphere*. Any variability and uncer-
tainty in the conversion factor would propagate into the estimated
annual CO, growth rate (G,;) and its uncertainty. Here we quantify
the annual conversion-factor values and their uncertainties using the
atmospheric inversions from the GCB (Methods). In Extended Data
Fig.4,we show these conversion factors and the resulting uncertainty
on G,y and the By,. Including annually varying conversion factors
would mainly reduce the variability of the By, (up to 40%) but has no
effect on its mean or trend. This interannual effect of the conversion
factor will be further evaluated and considered for inclusionin future
GCB assessments.

Consolidating the GCB

The inclusion of known missing processes and the associated cor-
rections on E; ¢, S anp aNd Soceay in the GCB2024 estimate! results in
aconsolidated GCB (Table 1, and Extended Data Tables1and 2). The
revised estimate of £, ., when accounting for transient carbon densi-
ties,is1.2 + 0.7 GtC yr*for the past decade (2014-2023). Although the
correction increases land-use-change emissions with time, the statis-
tically significant decline in E; ,c of 0.2 GtC per decade since the late
1990s, asidentified in GCB2024, remains (P < 0.001). About 75% of the
0.11+0.04 GtC yrincrease in £, is due to larger net land-use-change
emissions in South America, Southeast Asia and Africa. Itis noted that
although the net effect of anthropogenic land-use change is a source
of CO,totheatmosphere, parts of the world, including North America,
Europe and China, are currently net carbon sinks from land-use change.
Total global anthropogenic net CO, emissions (Eqqs + E;yc) increased
untilthe2000s but remained relatively constant after 2010 at around
11GtCyr™

Sianp 1S substantially reduced when accounting for evolving land-
cover change and for the increase in terrestrial carbon outgassed by
inland waters. The revised mean land sink is 2.7 + 0.9 GtC yr™ over
2014-2023 (Fig.1b and Table 1). As a result, the revised net land CO,
flux (Spanp — ELuc) is reduced by 31% from asink of 2.1+ 1.1GtCyr'toa
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Fig.2|Impactofclimate change on carbonsinks and atmospheric CO,
increase. a-c,Impact of climate change on the ocean sink (Socgay) as simulated
by GOBMs (a), the land sink (S, snp) as simulated by DGVMs (b), and their cumulative
effectonthe atmospheric CO, concentrationincrease since 1960 (c).

sink of 1.4 + 1.1 GtC yr* (Table 1). Conversely, the revised ocean CO, sink
isincreased by 8% when accounting for the effect of the warm layer and
cool skinonocean fCO, products and correcting for the known GOBMs
bias, reaching 3.1+ 0.5 GtC yr ' over the past decade (Fig. 1cand Table 1).
As aresult of these revisions, the ocean sink is about 15% larger than
theland sink whereas it was 10% lower in GCB2024 (Table 1), although
these differences remain within the uncertainty bounds of both fluxes.

The corrections applied to E; ¢, S anp aNd Socean @re each within the
uncertainty of the initial estimates; hence, the revised estimates are
not statistically significantly different from the GCB2024 estimates
(Table1). However, the corrections applied here are based on known bio-
geochemical processes, which have not been considered in the GCB esti-
mates so far. Furthermore, high confidence can be placed on the sign
of each of these corrections: assuming constant vegetation densities
leads to an underestimation of £, ¢, assuming pre-industrial land cover
leads to an overestimation of S, 5\, ignoring historicalincrease in lateral
carbonexportalsoleads to an overestimation of S, 4\, and neglecting
the ocean cool-skin effect leads to an underestimation of Socan. Hence
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Fig.3|Consolidated GCB. CO, emissions from fossil fuels (E;,s), the revised
netland-use-change emissions (£, ), the revised land sink and ocean sink (S, xnp
and Sycean) both separatedinto their response to CO,and response to climate,
theatmospheric CO,growthrate (G,ry), and the residual budget imbalance
(B,v). Components are averaged over the past decade (2014-2023). The dashed
outlinesindicateanupdatein this study compared with GCB2024.

therevised estimate of £, ¢, S, snp @aNd Socpan represents animprovement
in their representation in the GCB. Furthermore, the revised budget,
with a smaller net land CO, (1.4 +1.2 GtC yr™) and a larger ocean sink
(3.1+£0.5GtCyr™), is fully consistent with the estimates from atmos-
phericinversions (1.4 + 0.5 GtC yrand 3.1+ 0.5 GtC yr*for the netland
fluxand the oceansink, respectively), and with estimates derived from
atmospheric O, observations (1.0 £ 0.8 GtC yr*and 3.4 + 0.5 GtC yr?,
respectively)***(Table1). The convergence of these independent esti-
mates gives stronger confidence that this revised budget provides more
robust estimates compared with GCB2024.

Thebudgetimbalance, whichwas—-0.4 +1.3 GtC yr™ over 2014-2023
in GCB2024, is reduced to near zero (-0.1+ 1.3 GtC yr™) (Fig. 1d and
Table 1), although it is not statistically significantly different from
the GCB2024 estimate. Finally, the statistically significant negative
trend in the B, over the past 65 years of —0.14 + 0.04 GtC per decade
(P=0.003) inthe GCB2024 estimate isnow reduced to anon-significant
trend of -0.06 + 0.04 GtC per decade (P=0.14), adding confidence
in the revised estimate of the GCB presented here (Extended Data
Fig. 2f).

Influence of climate change

With virtually no imbalance, the consolidated GCB provides a basis
for analysing the long-term evolution of the land and ocean sinks and
theirrolein mitigating the atmospheric CO, increase owing to anthro-
pogenic CO, emissions. Climate change is widely expected to cause a
reduction of CO,-induced land and ocean carbon sinks (relative to a
theoretical case with the same atmospheric CO, increase but no climate
change)?****, Using additional historical simulations of GOBMs and
DGVMs driven by the observed atmospheric CO,increase but undera
constant climate forcing (Methods), we estimate that the effect of cli-
mate change has reduced theland and oceansinks by 0.8 + 0.9 GtC yr™*
(-23%) and 0.18 + 0.1 GtC yr (-6%), respectively over the past decade
(Figs.2a,band 3), withtropical regions accounting for the largest effect
onland (Fig.4). The cumulative reductionin the land and ocean sinks
combined amountsto30 + 6 GtC (29 + 6 GtCand 2 +1 GtC, respectively)
since 1960, implying that the carbon-climate feedback has already
contributed 8.3 + 1.4 ppm (8%) to the increase in atmospheric CO,
concentration (Fig. 2c).

Thenetland CO,flux canbe decomposedinthree contributions: the
responsetoatmospheric CO,increase, the response to climate change
(for example, temperature, rainfall) and land-use change (Extended
Data Fig. 5). Over the decade of 2014-2023, the atmospheric CO,
increaseinduced a3.6 +1GtC yr'sink, whereas the effect of climate and
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Fig.4|Land CO,fluxes and attribution effects. Decadal mean (2014-2023)
ofthenetland CO, flux (S_anp — Evuc; centralmap and grey bars for each land
RECCAPregion) and attribution to the effects of atmospheric CO, increase
(CO, fertilization; green bars), climateimpact (red bars) and land-use change
(LUC; orange bars). CO, and climate flux uncertainties are calculated as the

land-use changeled toasource 0f 0.9 + 0.6 GtC yr*and1.2+ 0.7 GtC yr?,
respectively, bringing the netland CO, flux toasink of 1.4 £ 1.2 GtC yr™.
The combined effect of climate change and land-use change is largest
in the tropics. Although deforestation is the main driver of carbon
losses in Africa and Southeast Asia, climate impacts on ecosystems
are the dominant causes of carbon losses in South America (Fig. 4), in
line with observational evidence®*¢, Our findings reinforce the need
to halt deforestation and to mitigate climate change to prevent an
increasingly larger fraction of the terrestrial biosphere from becom-
ing asource of CO,.

Implications

Recent advances in observations and understanding implemented
here within the GCB have contributed to addressing some of the long-
standing issues and improving coherence between bottom-up esti-
mates from DGVMs and GOBMs and top-down estimates based on
atmospheric CO, inversions and O, observations. Important uncer-
tainties remain, as reflected by the large interannual variability still
present in the By, and global agreement between bottom-up and
top-down estimates could still be owing to compensating errors in
critical processes in components of the GCB. Further improvements
are required in several areas, including on the estimates of carbon
losses from land degradation; the understanding of the long-term
impact of fires on carbon storage; the representation of small-scale
physical processes in GOBMs; the understanding of the variability
of the biological ocean carbon pump; the Southern Ocean obser-
vational coverage for better fCO,-product representation; and the

102 | Nature | Vol 649 | 1January 2026

lospread among DGVMs from GCB2024. E, ,c uncertainty is calculated as
thelospread amongbookkeeping models from GCB2024. The uncertainty on
the net fluxis the square root of the sum of squares of the three component
fluxes. Percentage changes (%, right axis) are relative to the CO, fertilization
case (greenbars).

reconciliation of bottom-up and top-down estimates at the regional
level. Delivering on these issues hinges on continued monitoring of
atmospheric and surface-ocean CO,levels, which are fundamental to
carboncycle research. Maintaining regular assessments of the sources
and sinks of CO, and integrating the latest understanding will facili-
tate monitoring changesin the natural carbon cycle and lead to more
informed and effective decisions.
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Methods

Land-use change emissions and transient carbon densities
correction

Inthe GCB, £, . is estimated based on four bookkeeping models driven
by historical land-use-change data. All but one of the bookkeeping
models (OSCAR, see below) use static equilibrium carbon density
values for vegetation and soil from various sources, representative
of ‘present day’ carbon densities. The OSCAR bookkeeping model
doesnotrequireany adjustment asitalready endogenously simulates
changes in biome carbon densities under environmental changes, in
parallelto the bookkeeping calculation of £, (refs.18,47). Although not
used in GCB2024, the BLUE bookkeeping model also offers alternative
E,c estimates based on transient carbon densities”. To adjust for 5L
(the transient carbon densities) in BLUE, the static equilibrium carbon
densities are converted into transient densities based on the carbon
density evolution from DGVMs from the GCB (under simulations with
transient environmental changes but constant land cover, termed S2;
see below). Transient biomass carbon densities are derived based on
12 DGVMs and transient soil carbon densities based on 7 DGVMs pro-
viding the necessary providing the necessary plant-functional-type
(PFT)-level output.

Forthe other two bookkeeping models that use static carbon densi-
tiesin GCB2024 (H&C23 and LUCE), the E,,c estimates under transient
carbon densities are derived by scaling their £, values with the aver-
age ratio of EF,,c with transient densities to £, with static densities
estimated from OSCAR and from BLUE. Scaling is done individually for
each of the following £, ,,c subcomponents: total deforestation, total
forest (re-)growth, gross sources fromwood harvest, gross sinks from
wood harvest, and other transitions. The resulting component-wise
E,c with transient densities estimates are then summed to obtain the
net E, . estimate for H&C23 and for LUCE. The uncertainty on 8L is
estimated based on uncertainty estimates from BLUE and OSCAR. For
BLUE, we estimate the 8L uncertainty (1s.d.) across the estimates from
the 7DGVMs providing PFT-level output for soil and vegetation carbon”.
For OSCAR, the 6L uncertainty is estimated as weighted standard devia-
tion'®, The 81 uncertainty for H&C23 and LUCE is derived as the average
relative uncertainty of BLUE and OSCAR. The final 8L uncertainty is
estimated using a random-effects model considering both the uncer-
tainty estimates of each model and the variability of 5L estimates across
bookkeeping models. The transient carbon densities correction (8L)
leads to anincreasein E,,c of 0.11+ 0.04 GtC yr™' for the past decade.

Land sink

Replaced sinks and sources correction. Inthe GCB, the natural land
sink (S, snp) is estimated using simulations from an ensemble of DGVMs
that follow a common experimental protocol. Each model performs
several simulations toisolate drivers of changesin land carbon fluxes.
Sianpis estimated with the ‘S2’ simulation, where atmospheric CO,and
climate vary over time, but land cover is held at pre-industrial (year
1700) levels. This set-up is designed to isolate the direct effects of
increasing CO,, climate change and nitrogen deposition on land car-
bon uptake, while excluding effects of direct human-driven land-use
change. These latter are calculated separately in the £, flux estimated
with the bookkeeping models. As land cover is fixed at pre-industrial
levels, these S2 simulations represent the response of the land surface
to increasing atmospheric CO,, nitrogen deposition and changes in
climate with too much forest cover globally (as forest area has decre-
ased by about20% since1700). As carbon sinks in forests are typically
larger thanin other ecosystems, the S, ,np term is overestimated. This
issue is known as the replaced sinks and sources (RSS)”* (insome pub-
lications also called the loss of sink capacity?). To address this issue,
arecentstudy*® developed a correction method that adjusts the S, snp
estimate to reflect the actual historical land-cover distribution while
still excluding carbon fluxes associated with direct human influences

onland cover (forexample, from deforestation, af/reforestation). The
method uses asubset of seven DGVMs that simulate net biome produc-
tionatthe PFT level andinclude separate soil and litter carbon pools for
each PFT. These models provide outputs from both the S2 simulation
and the S3 simulation (varying CO,, climate, and land use/cover). We
extract the PFT-level net biome production from the S2 simulation
and combine it with the time-varying land-cover fractions from S3.
This allows us to reconstruct a corrected net biome production flux
that reflects how the land system would respond to CO, and climate
under the actual, changingland cover, while excluding anthropogenic
land-use change emissions and sinks. We then compute the bias as the
difference between the original S, ,5p (from the S2 simulation) and the
reconstructed, land-cover-corrected S, ,yp. The global correction is
derived by summing grid-cell-level biases across the models, and the
uncertainty is estimated from the inter-model standard deviation.
This correction leads to adecrease of S, \yp by 0.5 + 0.3 GtC yr™ for the
2014-2023 period.

Lateral carbon export correction. In the GCB, the impact of human-
induced changes in lateral carbon transfers on the land and ocean
carbon sinks and G, have so far been excluded. Here we account for
anthropogenic impacts on these lateral fluxes by taking the average
of two recently published estimates: a data-ensemble method** and
aprocess-based model that includes land-aquatic lateral exchanges
and CO, fluxes with the atmosphere?. The two estimates are quanti-
tatively consistent, are supported by arecent global assessment using
another land surface model enabled for land-aquatic lateral exchanges
(H.Zhang, personal communication) and are very close (within10%), for
their present-day carbonexport estimate, to arecent global assessment
relying on process-based models, observations and machine learning®.
Extended DataFig. 3 provides an overview of the different components
of the carbon export correction. The anthropogenic perturbation
(2014-2023 minus pre-industrial) on the lateral land-to-inland water
carbon flux (F/;) amounts to 0.54 + 0.44 GtC yr*and is partitioned
into increased aquatic CO, evasion (F',,, 0.34 + 0.26 GtC yr™), aquatic
carbon storage (F/s, 0.09 £ 0.03 GtC yr™) and carbon exports to the
ocean (F/;;, 0.11+ 0.08 GtC yr™).

To estimate the impact of this enhanced lateral carbon export on
Sianp, We use the process-based estimate?, which allows to separate the
lateral land-to-inland water carbon flux (F;;) depending on the origin
of the exported carbon. Incidentally, one half (0.27 + 0.31 GtC yr™)
results from the transfer of dissolved CO, from the soil water column
to the aquatic system, and the other half (0.27 + 0.31 GtC yr™) results
from the transfer of terrestrial organic carbon to the aquatic system.
The former (numbers in orange in Extended Data Fig. 3) represents
alateral displacement of CO, produced by soil heterotrophic respi-
ration to the aquatic system (F’,,, orange values), with no impact on
the combined terrestrial + aquatic CO, flux to the atmosphere, and
hencenoimpactonsS, 4. Thelatter (numbersinredin Extended Data
Fig.4) represents anadditionalloss from terrestrial ecosystems carbon
reservoirs to the aquatic system, which canimpact S, \np- Indeed, out
of the 0.27 + 0.22 GtC yr™ of organic carbon lost from the terrestrial
reservoirs, about one-quarter, 0.07 = 0.06 GtC yr’, is transferred to
inland waters, decomposed and released back to the atmosphere as
CO,, hence impacting S, sy (F'14, red values), whereas the remaining
three-quartersare stored in other reservoirs (0.09 + 0.03 GtC yr™ bur-
iedinaquatic systems, Fsand 0.11+ 0.08 GtC yr exported to the open
ocean, F';;), withnoimpacton S, ,p.

We do not correct the GCB estimate of the ocean sink (Socean), that
is, we assume that the terrestrial carbon exported to the ocean (F/,
0.11+ 0.08 GtC yr™) remains stored in the ocean, as the fate of the
land-derived carboninthe coastal and open ocean remains too uncer-
tain to be quantified with confidence?.

In summary, the LCE correction leads to a 0.07 + 0.06 GtC yr™*
reduction of §, ,np, With the uncertainty estimated by combining the



uncertainties reportedin the original studies for enhanced CO, outgas-
sing??.No LCE correction on Sy, Was applied here.

Oceansink bias correction

In the GCB, the ocean carbon sink (Socay) is calculated as the mean
of the ensemble average of GOBMs and the ensemble average of
observation-based estimates (fCO, products). Both approaches are
subject to known biases that are quantified here.

The evidence for the underestimation of the ocean CO, sink using
GOBMs, already mentioned in GCB2024' comes from a number of stud-
ies, whichall suggest an underestimation of around 10%. Comparison
with interior ocean estimates of anthropogenic carbon accumula-
tion suggests an underestimation of 8% (ref. 4) to 17% (ref. 33) for the
periods 1994-2007 and 2004-2014, respectively. GOBMs produce a
lower ocean sink compared with atmosphericinversions (by 16%) and
atmospheric O,-based estimates (by 24%), for the decade 2014-2023',
although uncertainty ranges overlap. Process-based evaluation of
the Earth system models also suggests a 9-11% underestimation of
the ocean sink owingto biasesinsimulated Atlantic Meridional Over-
turning Circulation, Southern Ocean ventilation and surface-ocean
Revelle factor®, also qualitatively supported by regional studies® %,
A composite analysis of GOBMs and Earth system models suggests
that GOBMs underestimate the ocean sink by 10% owing to inadequate
spin-up strategies®*. Regionally, eddy-covariance CO, flux data sug-
gest a substantial underestimation of the Southern Ocean sink by
the GOBMs*. Allin all, although all lines of evidence have their own
uncertainties, they consistently support that GOBMs underestimate
the ocean sink. We thus have high confidence (90% confident) that
the correction onthe GOBMs estimate is positive. Hence, we propose
acorrection of +10% + 8% based on the evidence provided above, with
the uncertainty consistent with a 90% chance the correctionis positive
(Z-score =-1.28). The upwards scaling of the GOBMs by 10% results in
anincrease of the GOBM sink estimate by 0.26 + 0.21 GtC yr™ for the
2014-2023 period.

Observation-based estimates (fCO, products) are built on direct
measurements of the fugacity of CO, (fCO,, which equals the partial
pressure of CO, (pcoz) corrected for the non-ideal behaviour of the
gas) from the Surface Ocean CO, Atlas (SOCAT)? that are gap filled
using various statistical, regression and machine learning approaches.
The air-sea CO, exchange is then calculated from the air-sea partial
pressure difference of CO, and a wind-dependent bulk gas transfer
formulation. These calculations do not consider temperature gradients
arising from the surface warm layer and cool-skin effect (the less than
1-mme-thick surface micro-layer that cools through ocean heat loss to
the atmosphere), which are mechanistically well understood but have
historically been difficult to quantify. A recent study based on a field
study of direct air-sea CO, fluxes suggests that the measurements need
tobe adjusted to consider a cool-skin effect (0.42 GtC yr™, increasing
sink), which is in part offset by the effect of temperature differences
between the measurement depthand the oceansurface (0.24 GtC yr™,
decreasing sink), resulting in an upwards adjustment of the sink of
0.18 GtC yr* (ref. 37). This is broadly consistent in magnitude with a
GOBM model study that implemented the cool-skin effect®. For the
cool-skin and warm-layer corrections of the fCO, products, the field
study estimate comes without uncertainty>. However, based on the
uncertainty estimate of the modelling study* and our expert judge-
ment, we have medium confidence (66% confidence) that the correc-
tion is positive. Uncertainties remain, for example, owing to the lack
of dedicated field campaigns and choice of rapid or equilibration
model for the cool-skin correction®**¢, and should be resolved in the
future to increase confidence. Hence, we propose a correction of
0.18 £ 0.4 GtC yr™, with the uncertainty consistent with a 66% chance
the correctionis positive (Z-score = -0.45). Additional warm bias lead-
ing to potential enhanced underestimation of the ocean sink has been
identified also from variable sample depth and potential artificial

warming in the ship environment, but these factors are less well
understood and constrained*?¢ and thus not further considered
here.

Inourrevised assessment, weincrease the GOBMs estimate by 10 + 8%
and the fCO, products estimate by 0.18 + 0.4 GtC yr™. These two cor-
rections combined lead to an increase of Socpay by 0.22 +0.23 GtC yr™
for the 2014-2023 period.

We note that the adjustment of both GOBM and fCO, product esti-
mates does not resolve the discrepancy between them, but it does
align the GCB mean ocean sink closer to independent estimates
based on observations of the ocean interior and of atmospheric
oxygen*,

Atmospheric CO, growthrate estimate

In the GCB, the global atmospheric CO, annual growth rate is derived
from CO, mole fraction observations at the surface (inppm yr™), which
are converted to mass growth rates (G,, in GtC yr™) using a conver-
sion factor with a constant value of 2.124 GtC ppm™ (ref. 40). Here we
estimate the uncertainty in the conversion factor and hence G, using
the 14 atmospheric inversions included in GCB2024, following the
method by ref. 57. We use the model-sampled mole fractions at the
surface stations to calculate the annual CO,growth rate (inppm yr™),
following the same calculation for the observations as developed by
ref.41, similar to the method used by the National Oceanic and Atmos-
pheric Administration®. We calculate the annual net input of CO, in
the atmosphere (in GtC yr™) as the sum of the annual fossil-fuel emis-
sions and the inverse-derived net land and ocean sinks. The annual
ratio of this net annual input of CO, divided by the annual growth rate
gives the conversion factor (in GtC ppm™). This is repeated for each
inverse model and results in annual estimates of the conversion fac-
tor (Extended Data Fig. 4a), with their standard deviation. It is noted
that not allinversions are available over the complete period, and we
therefore focus the analysis on the period covered by mostinversions
(2001-2023). The conversion factor shows statistically significant
interannual variability thatis larger than the standard deviation of the
14 inverse models (Extended Data Fig. 4a). We subsequently propagate
the uncertainty in the conversion factor resulting from (1) the annual
uncertainty in the observation-based growthrate, (2) the meaninteran-
nual variability over the 2001-2023 period and (3) the mean standard
deviation of the inversions over 2001-2023, to estimate the resulting
uncertainty on G, (in GtC yr™) (Extended Data Fig. 4b). Finally, we
propagate this combined uncertainty to the GCB B,, where the uncer-
tainty band represents the uncertainty in the B,,explained by the Gy
uncertainty (Extended Data Fig. 4c). Years within this uncertainty band
therefore do not have a statistically significant B,y,. No adjustment on
G itselfis made here as the year-to-year changes in the conversion
factor need further evaluation.

Climate change impact on the GCB

The land and ocean sinks in the GCB account for both the effect of
increasing atmospheric CO, and climate change over the historical
period. As described in GCB2024, the DGVMs and GOBMs performed
two simulations: one accounting for changes in atmospheric CO, and
climate, and one with the same prescribed increase in atmospheric
CO,, but with a constant climate forcing, representative of a natural
climate (1900-1910 for the DGVMs, late 1950s for the GOBMs). The
difference between these two simulations is the effect of climate
change on the land and ocean sinks (S, snp™™, Socean™™), as simulated
by the DGVMs and GOBM s (Fig. 2 and Extended Data Fig. 5). We add
these climate change effects on the revised estimates of S, ,yp and
Socean to estimate the land and ocean sinks in the absence of climate
change. The impact on atmospheric CO, (Fig. 2¢c) is estimated as
G ™= AF % (S, anp’ ™ + Socean'™), where AF is the airborne fraction.
Thetheoretical atmospheric CO,growthrate, inthe absence of climate
change, is then estimated as Gupy — Gary®™™-
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Data availability

All data presented in this paper are available via Zenodo at https://
zenodo.org/records/16367993 (ref. 58).

Code availability

Nonew code was generated for this study. Figures withmaps were done
using the R statistical environment.
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Extended DataFig.1|Budgetimbalance. (B,,) asreportedin the GCB2024,
asreportedinthe GCB2024, showing a statistically significant negative trend
(dottedline) of -0.14 + 0.04 GtC/yr per decade (p-value = 0.003). Units are GtC/yr.
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Extended DataFig.2|Consolidated global carbon budget. Revision (in red) compared to the GCB2024 estimate (in black) of (b) net land-use emissions,
(c) oceansink, (d) land sink, and (f) budget imbalance. Panels (a) fossil CO2 emissions and (e) atmospheric CO2 growth rate are unchanged. All fluxes are in GtC/yr.
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Extended Data Table 1| Decadal average of all components of the consolidated global carbon budget (GtC/yr)

Gatm Eros ELuc SiLanD Net Land Socean Bim

GCB2024

5.2+0.02 9.7+0.5 1.1£0.7 3.2+0.9 2.1+1.1 2.9+0.4 -0.4+1.3
Revised
Evue oL (+(1)'ﬁg'(7) " 3.240.9 2.0+1.1 03413
Revised 2.750.9
Stano RSS (-0.46+0.3) 1.51.1 0.1%1.3
Revised 2.7+0.9
Stano LCE (-0.07+0.06) 1.421.1 0.2¢1.3
Revised 3.1+£0.5
Socean (+0.22+0.23) -0.02+1.3
This Study 5.2+0.02 9.7+0.5 1.210.7 2.7+0.9 1.411.1 3.1+0.5 -0.02+1.3
Atmospheric 52400 07405 N/A - - 31505 o
inversions pe——c FLss A410. 1+0.
Atmospheric
oxygen 5.2+0.0 9.7+0.5 N/A N/A 1.0£0.8 3.4+0.5 0

Net Land is the net land CO, flux, calculated as S, 4, - E,uc- Atmospheric inversions and atmospheric oxygen do provide Net Land but do not separate E, ¢ from S, 5. The budget imbalance (B,,)
is the difference between anthropogenic net emissions (Eqos+E, ) and accumulation of carbon in the atmosphere, land and ocean (G * S ano* Socean)- By design, atmospheric inversions and

atmospheric oxygen budget imbalance is null.



Extended Data Table 2 | Decadal average of all components of the consolidated global carbon budget (GtC/yr)

1960s 1970s 1980s 1990s 2000s 2014-2023
Eros 3.0£0.2 4.7+0.2 5.5+0.3 6.4+0.3 7.8£0.4 9.7£0.5
Net emissions

ELuc 1.610.7 1.4+0.7 1.4£0.7 1.6+0.7 1.5£0.7 1.2+0.7
Gam 1.7+0.07 2.8+0.07 3.4+0.02 3.1+£0.02 4.0+0.02 5.2+0.02

Socean 1.320.5 1.6+0.5 2.1+0.5 2.3+0.5 2.5+0.5 3.1+£0.5

Partitioning
Sianp 1.0£0.5 1.7+0.8 1.5£0.8 2.0£0.6 2.4+0.7 2.7+0.9
Bim 0.5¢1.0 0.1£1.2 -0.02+1.2 0.4+£1.2 0.3+1.1 -0.1+1.3
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