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Harmonizing direct and indirect anthropogenic land carbon
fluxes indicates a substantial missing sink in the global carbon
budget since the early 20th century
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1 | INTRODUCTION

Cumulative anthropogenic CO, emissions from fossil fuel combustion
and land use change since the industrial revolution are approximately
twice the amount of atmospheric CO, increase (Friedlingstein
et al., 2023). Ocean (25%) and land (31%) CO, uptake account for the
fate of those emissions not remaining in the atmosphere. Despite sub-
stantial uncertainty in the estimation of many of these terms, the
global carbon budget (GCB) is mostly balanced (Friedlingstein
et al,, 2023), which may imbue confidence in all budget terms. The
two land flux terms are of opposite sign (Canadell et al., 2007;
Friedlingstein et al., 2023; Le Quéré et al., 2013)—net carbon flux
from land use and land cover change (currently a source to the atmo-
sphere, caused by direct human activities in anthropogenic biomes—
anthromes) and the ‘natural’ land sink (caused indirectly by human
activities via their effects on global change, with the potential to occur
in all biomes). Since the 2017 GCB, these two land flux terms have
been calculated independently (Le Quéré et al., 2018). However, these
two terms cannot be independently verified with observations
(Pongratz et al., 2021; Walker et al., 2021) and, while desirable, the
independent calculation methods of these two terms use inconsistent
assumptions (Dorgeist et al., 2024; Obermeier et al., 2021). Making
the calculation of the two land flux terms more consistent (harmoniz-
ing) will (1) make estimates of the GCB more consistent, (2) better
align these estimates with the development of anthromes over the
industrial period, and (3) re-evaluate our confidence in the land flux
terms of the GCB.

In this manuscript, we use terminology that is consistent with the
Intergovernmental Panel on Climate Change (IPCC) reports on land
fluxes (IPCC, 2010)—direct and indirect anthropogenic land fluxes.
The GCB uses the terms land use change emissions and terrestrial or
‘natural’ land sink. Here we want to emphasize that these two land
flux terms are “two sides of the same coin,” both are caused by
human actions (and are thus anthropogenic), and that their observa-
tion and estimation are inextricably linked. The commonly termed
“natural” land sink (indirect anthropogenic land flux) is natural in that

natural processes are affected indirectly by human actions that cause

the assessment of the direct anthropogenic land use flux, greater ocean carbon
uptake, structural errors in land models, and in how these land terms are quanti-
fied for the budget.

e We caution against overconfidence in considering the GCB a solved problem and
recommend further study of methodological discontinuities in budget terms. We
strongly recommend studies that quantify the direct and indirect anthropogenic
land fluxes simultaneously to ensure consistency, with a deeper understanding of

human disturbance and legacy effects in anthromes.

anthromes, bookkeeping models, carbon cycle, dynamic global vegetation models (DGVMs),
global carbon budget, land cover and land use change emissions, natural carbon sink

global change, such as effects from rising atmospheric CO, concentra-
tion, N deposition, and climate change (IPCC, 2010), albeit in addition
to natural climate variability. In addition, there exists a truly natural
land sink driven by natural processes, and which is important over lon-
ger timescales, for example, peatland development and natural climate
change over the early-to-mid Holocene (Stocker et al., 2017). The
notion of direct and indirect anthropogenic carbon fluxes may also
become more important (potentially for the oceans as well) as we
move towards a more intentionally managed carbon cycle and the
assessment of country-specific or collective climate efforts.

In the GCB, the direct anthropogenic land flux (also known as
E uc) is calculated using three bookkeeping (BK) models (Gasser
et al., 2020; Hansis et al., 2015; Houghton & Castanho, 2023). BK
models are simple carbon-cycle models that estimate gross and net
ELuc based on a set of land cover classes, and a time series of land use
and land cover maps that specifies the extent of natural and anthro-
pogenic land cover, land cover transitions, and some classes of land
management (such as wood harvest). The land cover classes in two of
the three BK models are associated with invariable equilibrium carbon
area densities (hereafter, simply carbon densities). Turnover and
recovery times are used to calculate the temporal evolution of land
carbon following a land cover or land use transition.

The indirect anthropogenic land flux (also known as S, anp) is cal-
culated using Dynamic Global Vegetation Models (DGVMs) (Sitch
et al., 2015, 2024). DGVMs are process-based carbon cycle and land
surface models with various levels of mechanistic detail in process
representation driven by time-varying climate, atmospheric CO,, and
nitrogen deposition data. Land cover is represented by plant func-
tional types in various proportions on a given grid cell. Anthropogenic
land cover in the simulations used to estimate S| anp is typically static
and uses the land cover in the year 1700 throughout a simulation.

The assumption of 1700 land cover in the DGVMs is clearly incon-
sistent with the assumption of time-varying land use and land cover in
BK models. Given the declining proportion of forest from 1700 to pre-
sent (Figure 1la-d) and that DGVMs predict the strongest indirect
anthropogenic land flux in forests (Friedlingstein et al., 2023), the
assumption of static 1700 land cover over time leads to an
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FIGURE 1 Forest cover (primary and secondary) from the LUH2 dataset (Hurtt et al., 2020) used in this study and the 2019 global carbon

budget in (a) 1700, the start date of TRENDY simulations, (b) 1800, (c) 1900, (d) 2000, and (e) time series of global proportions of primary land,
forest, primary forest, and secondary forest with the proportions of primary land and forest land in 1700 (dashed lines) also shown over the whole
time period for comparison. (f) 5-year moving window average LASC and PTD (model mean + SD) from Obermeier et al. (2021). Non-forest areas
in Figure 1a-d shown in gray. LASC, loss of additional sink capacity; LUH2, Land Use Harmonization 2; PTD, present versus transient difference;

SD, standard deviation.

overestimate of the indirect flux. DGVMs predict that the indirect land
flux has historically been a sink, primarily because of the effects of
increasing atmospheric CO,. Thus, the clearing of forests represents a
loss in the potential carbon sink capacity associated with the indirect
anthropogenic land fluxes. In the literature, this is typically referred to
as the loss of additional sink capacity (LASC), which is not accounted

for in current DGVM simulations for the GCB (Dorgeist et al., 2024,
Obermeier et al., 2021, Pongratz et al., 2014), albeit this omission is
known and acknowledged by the GCB (Friedlingstein et al., 2023). The
LASC could also be thought of as a component of the direct human
land flux term, as the LASC arises through a combination of both direct

and indirect anthropogenic influence on land ecosystems.
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Nevertheless, two of the three BK models commonly used to cal-

People Pla

culate the direct anthropogenic land flux assume that the equilibrium
ecosystem carbon density for a given land cover class is constant
through time (Hansis et al., 2015; Houghton & Castanho, 2023). How-
ever, driven by time-varying climate and environment, the DGVMs
predict that equilibrium carbon area densities are not static and are,
for the most part and particularly in forests, net increasing with envi-
ronmental changes (Friedlingstein et al., 2023). The carbon density
parameters in BK models are typically based on data from “the
present,” albeit the most common values used are from Houghton
et al. (1983), which were taken from data published in the 1970's
(Schlesinger, 1977; Whittaker & Likens, 1973). Static carbon densities
through time mean that the BK models are inconsistent with the
DGVMs as the DGVMs predict lower equilibrium carbon area densi-
ties in previous decades and centuries. This inconsistency is termed
the present versus transient difference (PTD) and leads to BK models
calculating higher fluxes in the past than DGVMs would if attempting
to simulate the direct land flux (Dorgeist et al., 2024; Obermeier
et al,, 2021).

In this study, we aim to harmonize the anthropogenic land flux
terms of the GCB using pre-existing DGVM and BK model data. We
adjust the direct and indirect anthropogenic land flux terms to incor-
porate the LASC and PTD. To evaluate the consequences of this land
flux harmonization for our understanding of the GCB, we recalculate
the GCB and analyze the budget imbalance (BIM, the budget residual,
i.e., when source and sink terms in the budget do not sum to zero).

The BIM became a component of the GCB in 2017 when the indi-
rect anthropogenic land flux was first calculated from DGVMs
(Le Quéré et al., 2018). Prior to that, the indirect land flux was calcu-
lated simply as the residual of the other terms in the GCB, and so the
method determined that the budget was perfectly balanced. However,
several of the GCB terms are highly uncertain and thus errors in the
terms are expected to lead to non-zero budget residuals (imbalances).
If these residuals can be represented by a stationary statistical distri-
bution with mean zero, it could be inferred they are caused by random
variability (“aleatory” uncertainty) (Beven, 2016) without further
recourse to identifying specific causes and solutions beyond general
uncertainty reduction. However, should these residuals exhibit struc-
ture, we might infer causes related to the knowledge used in the bud-

get calculations (“epistemic” uncertainty) (Beven, 2016). For example,

TABLE 1
anthropogenic land flux.

Simulation CO, and N deposition
SO Pre-industrial

S1 Time-varying

S2 Time-varying

S3 Time-varying

S4 Pre-industrial

S5 Present

Sé Present

the existing BIM shows a consistent sign, roughly over the period
1930-1960 (Friedlingstein et al., 2023). This period is associated with
a transition in the land use and land cover dataset from estimates
derived from population and per capita land use data (pre-1960) to
FAO statistics of crop and pasture data (1960 to present) (Klein
Goldewijk et al., 2017). In this study, we apply change-point analysis
to the cumulative BIM to examine the structure in these residuals and
whether this structure might indicate uncertainty in our knowledge

related to these anthropogenic land flux terms.

2 | MATERIALS AND METHODS

The GCB is published on an annual basis by the Global Carbon Project
(Friedlingstein et al., 2023). Three BK models are used to calculate the
direct anthropogenic land flux (i.e., emissions from land use change,
E,uc) (Hansis et al, 2015; Gasser et al., 2020; Houghton &
Castanho, 2023), and the TRENDY DGVM model ensemble is used to
calculate the indirect anthropogenic land flux (‘natural’ land sink,
Sianp)- As described earlier, the standard calculations of these land
flux terms in the GCB are not consistent. The flux from DGVMs is
derived under transient environmental conditions, and thus, ecosys-
tem carbon densities evolve in response to changing environmental
conditions, particularly in forested areas. This contrasts with BK
models, which use static “present-day” (1970s) carbon densities. In
addition, DGVMs use a static 1700 land cover map while BK models
use time-evolving land cover.

Here we outline the TRENDY simulation ensemble and the
method for calculating the LASC and present versus transient differ-
ence (PTD). For further details, see Obermeier et al. (2021), Friedling-
stein et al. (2019), and Sitch et al. (2024). The standard TRENDY
ensemble consists of four simulations (S0-S3) that sequentially add
factors of environmental variation over the industrial period. SO is a
baseline simulation with time-invariant pre-industrial CO,, climate and
land use, S1 adds time-varying CO, and nitrogen deposition (hereaf-
ter, implicit when CO, is mentioned in methods) to SO, S2 adds cli-
mate change to S1, and S3 adds land use change to S2 (Table 1).

The indirect land flux (S anp) is calculated by subtracting the SO
net biome production (NBPsp, which has a mean of zero) time series
from NBP in S2 (NBPs»):

Description of dynamic global vegetation model simulations used in the global carbon budget to estimate the indirect

Climate Land use

Pre-industrial Pre-industrial
Pre-industrial Pre-industrial
Time-varying Pre-industrial
Time-varying Time-varying
Pre-industrial Time-varying
Present Time-varying

Present Pre-industrial

SUBD17 SUOWILLIOD SA[1e81D) 3|ceal|dde sy Ag pautenob ale sappiie YO ‘3N Jo Sa|nJ 10} Akeld 1 8uluQ A3|I UO (SUOI}IPUOI-pUe-SWLB}WIOD AS | IM AReaq | U UO//:SA1Y) SUO R IPUOD pue S L 8U3 88S *[GZ02/T0/20] uo Akelqiaulluo A|IM ‘6T90T €ddd/z00T 0T/10pwod A8 [Im Azeuq1jpuljuo yduy/:sdny woly papeojumoq ‘0 ‘1192252



WALKER ET AL.

P’:’J—S

SLAND:NBPsszBPso (Eq. 1)

To calculate the LASC and PTD used in this study (Obermeier
et al., 2024), three additional simulations were run (54-56) in TRENDY
version 8 used in the 2019 GCB (Friedlingstein et al., 2019; Oberme-
ier et al., 2021). S4 runs with pre-industrial CO, and climate and time-
varying land use change, S5 runs with present-day CO, (2018 value)
and climate (repeating 1999-2018 values) and time-varying land use
change, and Sé runs with present-day CO, and climate and static pre-
industrial land cover (Table 1).

LASC was calculated by subtracting the land use change flux esti-
mated with pre-industrial environmental conditions (NBPsg — NBPs,)
from the land use change flux estimated under time-varying environ-
mental conditions (NBPs, — NBPs3) (see Equation 4 in Obermeier
et al.,, 2021):

LASC = (NBPs, — NBPs3) — (NBPso — NBPs,) (Eq.2)

PTD was calculated by subtracting the land use change flux esti-
mated under time-varying environmental conditions (NBPs, — NBPs3)
from the land use change flux estimated with present-day environ-
mental conditions (NBPsg — NBPss) (see Equation 5 in Obermeier
etal, 2021):

PTD = (NBPss — NBPs5) — (NBPsz — NBPs3) (Eq.3)

The GCB data from Friedlingstein et al. (2023) are used to
calculate the BIM:

BIM = Err + ELuc — (Stanp + Socean + Gatm) (Eq.4)

where, Er¢ are fossil fuel emissions (including those from cement pro-
duction and the cement carbonate sink), Socean is the ocean sink, and
GatmMm is the atmospheric growth rate. All units are in Pg carbon per
year. We use the budget estimates of the GCB 2019 despite later
updates, because only for that budget were the additional TRENDY
S4-S6 simulations run. The harmonized budget imbalance (BIMy)
accounts for the LASC from S, anp by defining the indirect anthropo-
genic land flux as (Suanp — LASC) and accounts for the present
versus transient difference in land use change emissions because of
altered ecosystem carbon densities by defining the direct land flux as
(ELuc — PTD):

BIMy = Err + (ELUC — PTD) — (SLAND - LASC +Socean + GATM) (Eq. 5)

All the GCB calculations in this study are from the 2019 GCB
(Friedlingstein et al., 2023) and the associated TRENDY version
8. Uncertainty in the BIM was calculated by standard error propa-
gation for arithmetic sums, that is, the sum of errors in quadrature.
This results in large uncertainty in the BIM given the large
component fluxes and their associated errors, which may overesti-
mate uncertainty in the BIM given a perfect BIM would be equal

to zero.

Land cover data in Figure 1 are the Land Use Harmonization
2 (LUH2) dataset (v2h) (Hurtt et al., 2019, 2020) (https://luh.umd.
edu/) produced with data up to and including 2018. To calculate for-
est cover in this dataset, we summed the primary forest (“primf”) and
secondary forest (“secdf”) variables in each grid cell.

Change-point analysis was applied to the cumulative time series
of the standard budget imbalance (as derived in the GCBs, Equation 1)
and the harmonized budget imbalance (Equation 2). In order to not
presuppose a particular number of change points on the time series, a
set of candidate models was proposed based on visual inspection of
the curves (different sets of candidate models were used for the two
cumulative time series). Models were fitted to the data using the
default parameters of the “mcp” function in the “mcp” package
(Lindelgv, 2020). Model validation and estimate of fit used post hoc,
approximate leave-one-out cross-validation from the “loo” package,
which uses Pareto smoothed importance sampling to approximate
true leave-one-out cross-validation (Vehtari et al., 2016, 2023). Model
selection was based on expected log pointwise predictive density
(EPLD) using the “loo_compare” function of the “loo” package, with
the highest EPLD indicating better predictive accuracy compared to
the others. The pareto K estimate was used as a diagnostic for the
validity of the post hoc leave-one-out cross-validation. Final model
selection was based on the EPLD, pareto K, and visual inspection.

All data analysis and visualization was conducted in R v4.3.2 (R
Core Team, 2023) and commonly using “tidyverse” packages (Wick-
ham et al., 2019). Figures were produced using color scales from the
“viridis” (Garnier et al., 2023) and “MoMAColors” (Mills 2023) pack-
ages. Change point analysis was conducted using Bayesian Markov
Chain Monte Carlo (MCMC) with the package “mcp” (Lindelav, 2020)
which uses JAGS (Just Another Gibbs Sampler, https://sourceforge.
net/projects/mcmc-jags/) tools via the “rjags” package (Plummer
2023). Where necessary, error propagation was based on standard
arithmetic and product error propagation with 95% credible intervals

assumed as 95% confidence intervals from normal distribution.

3 | RESULTS

Harmonizing the direct and indirect anthropogenic land flux terms
by subtracting PTD from the direct flux and subtracting the LASC
from the indirect flux substantially modifies those fluxes. The direct
anthropogenic land flux over the most recent decade of the time
series, 2009-2018, increases by 18% from 1.51 + 0.10 (mean + SD)
to 1.78 £ 0.11 Pg C year™! (Table 2), while the indirect anthropo-
genic land flux decreases by 27% from 3.15+0.57 to 2.31
+0.57 Pg C year .

Over the full time series, 1850-2018, harmonization of the land
fluxes reduces both the cumulative direct estimate by 13% from 203
+ 60 to 177 + 65 Pg C (mean +* cross-model SD; Table 2, uncertainties
from Friedlingstein et al., 2019) and the cumulative indirect estimate
by 20% from 197 +40 to 157 + 43 Pg C. Over the modern instru-
ment record, 1959-2018, harmonization of the land fluxes slightly
increases the cumulative direct flux estimate by 4% from 80 + 40 to
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TABLE 2 Anthropogenic land fluxes and budget imbalance (BIM) terms for the standard and harmonized budgets.
Cumulative fluxes Annual fluxes
PgC Pg C year?
1850-2018 1959-2018 2009-2018 1999-2018
Mean SD Mean SD Mean SD Mean SD
ELuc 203 60 80 40 1.51 0.11 1.43 0.14
SLAND 197 40 130 25 3.15 0.60 2.95 0.75
LASC 40 15 31 11 0.84 0.07 0.73 0.12
PTD 27 25 -3 12 -0.27 0.04 -0.21 0.07
Sianp — LASC 157 43 100 27 2.31 0.60 2.22 0.72
E,uc — PTD 177 65 83 42 1.78 0.12 1.65 0.18
BIM 31 78 10 55 0.43 0.55 0.28 0.48
BIMy, (LASC and PTD harmonized) 44 83 44 58 1.53 0.52 1.22 0.54
BIM LASC harmonized 71 79 41 56 1.26 0.52 1.01 0.51
BIM PTD harmonized 5 82 13 56 0.70 0.54 0.49 0.50

Note: Direct and indirect anthropogenic land fluxes calculated in the global carbon budget (E; yc and S anp, respectively) and the loss of additional sink

capacity (LASC) and present transient difference (PTD).

83 + 42 Pg C and reduces the cumulative indirect estimate by 23%
from 130 + 25 to 100 + 27 Pg C (Table 2).

Accounting for the LASC and PTD increases, the annual mean
budget imbalance, 2009-2018, from 043+0.52 to 1.53
+0.50 PgCyear*1 (over 1999-2018 from 0.28 +0.46 to 1.22
+ 0.53 Pg C yearY). High interannual variability in the budget imbal-
ance (0.7 Pg C year™! standard deviation in the standard budget over
the full timeseries) makes it difficult to discern non-stationarity in
these budget residuals and obscures differences among the standard
and harmonized budget imbalances (Figure 2a). Analysis of the cumu-
lative imbalances provides a clearer picture of structure in these resid-
uals (Figure 2b).

Over the full time series, harmonization of land fluxes increases
the cumulative budget imbalance by 42% from 31.2 to 44.2 Pg C. The
harmonized cumulative budget imbalance starts to deviate strongly
from the standard budget imbalance in 1875. Similar to the standard
budget imbalance, the harmonized budget imbalance starts to increase
in the late 1920s, albeit from pronounced lower values. From about
1975, once again the harmonized budget imbalance breaks from the
trend of the standard imbalance with a continued increase while
the standard imbalance levels off.

By harmonizing the budget with just the LASC or the PTD sepa-
rately, it can be seen that the initial decline of the harmonized imbal-
ance relative to the standard imbalance is mainly caused by the PTD.
In contrast, the second main deviation of the harmonized imbalance
relative to the standard imbalance, the sustained post-1975 increase,
is predominantly caused by the LASC.

To more rigorously and quantitatively compare the standard
and the harmonized budgets, we apply change-point analysis to the
trends in the cumulative budget imbalances. For the standard
budget (Figure 2c), change-point model selection indicates that the
budget was balanced for three decades from 1850 to 1880s (1875-

1883, 95% Cl), followed by two decades of imbalance until the end of
the 19th century (1892-1902) at a mean rate of —0.46 (—0.28 to
—0.65) Pg C year™?, then was balanced through 1930s (1933-1935),
then did not balance for three decades to the mid-1960s (1962-
1967) at a mean rate of 1.07 (1.00-1.14) Pg C year %, and finally
through to the present day has been in balance.

For the harmonized budget (Figure 2d), change-point model
selection indicates that the budget was balanced (no trend in cumula-
tive imbalance) for about two decades from 1850 to 1870 or so
(1864-1874, 95% Cl) (Table 3), then was not balanced through to the
1910s (1908-1927) -044 (-0.37 to
—0.51) Pg C year™%, then was balanced through to the early 1930s
(1929-1935), and finally has not been balanced through to the pre-
sent day (2018) at a mean rate of 0.65 (0.63-0.67) Pg C year™ 1.

The standard and harmonized budgets share similar features:

at a mean rate of

(1) an initial period of balance; (2) a period of negative imbalance at
similar mean rates, representing either an overestimated global car-
bon sink or an underestimated carbon source; (3) another period of
balance; and (4) followed by a period of positive imbalance repre-
senting an underestimated global carbon sink or an overestimated
source.

The cumulative harmonized budget imbalance differs from the
standard as follows (with the numbered list corresponding to those
in the preceding paragraph): (1) duration of initial balanced period,
about two decades in the harmonized budget and three decades in
the standard budget. (2) Duration of period of negative imbalance,
about five decades harmonized versus about two decades standard,
which despite similar rates (—0.44 versus —0.46 Pg C year™1) leads
to a difference in the cumulative imbalance of the period, —21.6
+ 2.7 Pg C versus —8.3 + 4.2 Pg C, respectively. (3) Duration of cen-
tral period of balance, about two decades versus about four decades.

(4) Duration of period of positive imbalance, about nine decades

SUBD17 SUOWILLIOD SA[1e81D) 3|ceal|dde sy Ag pautenob ale sappiie YO ‘3N Jo Sa|nJ 10} Akeld 1 8uluQ A3|I UO (SUOI}IPUOI-pUe-SWLB}WIOD AS | IM AReaq | U UO//:SA1Y) SUO R IPUOD pue S L 8U3 88S *[GZ02/T0/20] uo Akelqiaulluo A|IM ‘6T90T €ddd/z00T 0T/10pwod A8 [Im Azeuq1jpuljuo yduy/:sdny woly papeojumoq ‘0 ‘1192252



WALKER ET AL.

ts People Planet PP'P

(@) (b)
200+
— 34 = Direct flux harmonized
> f %) = Indirect flux harmonized /
o f l o 150 , .
o 27 Lo ‘I \\ I ( o Indirect flux standard
o | =
= AN | “/w | 5 Direct flux standard
5 4] b N Y S 100
= A\ /]‘ R V V i T
he) iy 'k Y MY TNy |
c J I WV i ®
3 0- Al 4 | l/' 'i‘ | ‘J u ' 50
- T T T T 0 T - T T T
1850 1900 1950 2000 1850 1900 1950 2000
year year
() @)
3
— = 75
L %
= standard
S ol g standar
n?’ 8 50 harmonized
= 1
o 14 | i ! I g indirect flux harmonized
8 A | | ’ © 7~
@ \, \ | | N " -g 25+ direct flux harmonized
g of T AR AL
E Co vt f I =
3 | 'Y 1 % 04
g “ g
=] | =]
@ i O 954
1850 1900 1950 2000 1850 1900 1950 2000
year year
@ (M)
O 40 O 40
o o
a, a,
© ©
e e
= 20 = 20
© ©
£ 5
2 o 2 o
© ©
E E
s A f [ 5 F N\ /»\
O 20 / A O 20{ | / A
1850 1900 1950 2000 1850 1900 1950 2000
year year

FIGURE 2 GCB standard and harmonized direct and indirect land carbon fluxes (top row: [a] annual; [b] cumulative). Standard and
harmonized budget imbalance (middle row: [c] annual; [d] cumulative), including the BIM calculated while using only the harmonized direct flux
(orange) and only the harmonized indirect flux (yellow). Change point models (bottom row) of (e) standard and (f) harmonized cumulative budget
imbalance (colored lines), the 95% predictive interval of the change point models are shown in gray polygon, and the posterior distributions of the
change points on each MCMC chain are shown as blue lines of different shades (these distributions do not correspond to the y-axis). BIM, budget
imbalance; GCB, global carbon budget; MCMC, Markov Chain Monte Carlo.

years harmonized versus about three decades standard (with a
further five decades of balance in the standard budget), and rate,
0.65 Pg C year™! versus 1.07 Pg C year™*. The differences in dura-
tion and rate in the final period of each budget lead to a cumulative
imbalance difference during those periods of 55.9 + 2.2 Pg C from
the early 20th century to present in the harmonized budget versus
32.1+39 Pg C in the middle third of the 20th century in the
standard budget.

4 | DISCUSSION
In this analysis, we have shown that harmonizing assumptions in esti-
mates of the direct and indirect anthropogenic land fluxes (E yc and

Sianp) of the GCB results in a longer period of budget imbalance during

the 20thcentury (close to a century versus three decades) and a greater
cumulative imbalance since the early 20th century (56 Pg C versus
32 Pg C) (Figure 2 and Table 2). Harmonization also indicates an imbal-
ance of a longer duration in the later third of the 19th and early 20th
centuries. The additional imbalance of the harmonized budget during
the later two-thirds of the twentieth century is mainly driven by the
LASC (Figure 2b), that is because of increasing expansion of anthromes
and anthropogenic forest loss that reduced the proportion of ecosys-
tems with the capacity to increase their carbon densities in response to
accelerating global change. In other words, DGVMs predict the greatest
CO,-driven increases in carbon stocks in forests, and thus anthropo-
genic forest loss reduces the global capacity of the land sink to respond
to increasing CO,. When correcting for this loss of carbon uptake capac-
ity, we find that instead of reducing uncertainty or closing the imbalance

of the GCB, the correction results in a greater budget imbalance.
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TABLE 3 Comparison of final

GCB Parameter Mean 95% Cl lower

Standard Change point 1 1880 1875
Change point 2 1898 1893
Change point 3 1934 1933
Change point 4 1964 1961
Intercept 1 2.81 2.30
Intercept 2 -5.82 —-6.30
Intercept 3 26.74 26.35
Sigma 143 1.27
Slope 1 —0.46 —0.65
Slope 2 1.07 1.001

Harmonized Change point 1 1868 1864
Change point 2 1917 1908
Change point 3 1932 1929
Intercept 1 1.33 0.14
Intercept 2 —19.45 —21.29
Sigma 2.42 2.16
Slope 1 -0.44 -0.51
Slope 2 0.65 0.63

95% Cl upper R hat .
change-point models for the standard
1883 1.0055 and harmonized cumulative global carbon
1903 1.0020 budget (GCB) imbalance.
1935 1.0030
1967 1.0001
3.36 1.0014
-5.30 1.0016
27.12 1.0000
1.58 1.0000
-0.29 1.0062
1.14 1.0027
1873 1.0108
1927 1.0057
1935 1.0325
243 1.0056
—17.80 1.0276
2.70 1.0003
—-0.37 1.0123
0.67 1.0036

Note: Mean parameter values are shown with 95% credible interval (Cl lower and upper) and assessment
of convergence (R hat, potential scale reduction factor, values <1.05 indicate convergence).

The change-point analysis on cumulative data was used in this
study to investigate broad trends and minimize the influence of
inter-annual variability. We avoid over-interpretation of the esti-
mated start and end dates of trends for methodological reasons
described below. We primarily focus the remaining discussion around
the later period of budget imbalance from the early 20th century
with an average budget imbalance of 0.65 Pg C year 2. The positive
imbalance of the harmonized budget since the early 20th century
indicates an underestimated sink term (atmosphere, ocean and land),
an overestimated source term (fossil fuel and net land use change),
or further missing components and inconsistencies in the budget cal-
culation (analogous to those investigated in this study). In the follow-
ing sections, we discuss various alternative explanations, noting that
any explanation needs to account for why the imbalance started in
the early 20th century and persists through to the present at a rela-
tively constant rate.

4.1 | Potentially underestimated sink terms since
the early 20th century

Of the sink terms in the GCB (atmosphere, ocean and land), the recent
growth in the atmosphere's CO, pool is tightly constrained, with an
annual growth rate of 5.2 + 0.02 Pg C year™! over the past decade
(Friedlingstein et al., 2023). Atmospheric CO, has been measured by a
network of flasks since 1959. However, for the years prior to 1959,
atmospheric CO, is estimated from merged ice-core data (Joos &

Spahni, 2008). Because of this methodological discontinuity, the

dating accuracy and precision of the concentrations before and after
1959 are different. The air trapped in ice is a little older than the ice
itself and represents an average of atmospheric composition over sev-
eral years, depending on the varying rate of ice accumulation across
sites (King et al., 2024; MacFarling Meure et al., 2006). For some of
the cores used in Joos and Spahni (2008), the air age estimate is
thought to be sufficiently precise to resolve sub-decadal (4-5 year)
variability but not inter-annual variability (Etheridge et al., 1996;
MacFarling Meure et al., 2004; Trudinger et al., 2002). Where both
ice-core and flask records exist, these different methods generally
show good agreement over multi-year timescales but less good for
individual years (Etheridge et al, 1996; MacFarling Meure
et al., 2006). Thus, overall, we suggest that the atmosphere is an
unlikely candidate for an additional sink.

For the ocean sink, recent data-constrained estimates have
demonstrated a roughly 10% greater sink than unconstrained ocean-
model estimates, equivalent to about 0.25 Pg C year™! over 1990-
2020 (Terhaar et al., 2022). The addition of these revised data-driven
estimates to the latest GCB increases the cumulative ocean sink
(1959-2018) by 9.3 Pg C (Friedlingstein et al., 2023) compared with
the 2019 budget. So the ocean sink is a likely candidate for some of
the missing sink since the early 20th century identified within.
However, it is unlikely to be solely responsible given the ocean sink is
primarily driven by atmospheric CO, concentrations, which have
increased significantly since the early 20th century (MacFarling Meure
et al., 2006).

The indirect anthropogenic land flux (land sink, S, anp), driven by

CO, and climate change, is highly uncertain (0.8 Pg C year™ %) (Arora
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et al,, 2020; Friedlingstein et al., 2023) and is a potential candidate
for the greater sink. This sink is primarily driven by the effect of
increasing CO, on plant photosynthesis and subsequent downstream
effects on biomass production, standing biomass, and soil organic
matter formation. While the CO, response of terrestrial ecosystems
is represented in the TRENDY model ensemble, it has been sug-
gested that the CO, response could be significantly greater given a
particular set of ecological assumptions (Haverd et al., 2020) which
align historical gross primary production (GPP) predictions with global
scale inference from ice-core measurements of atmospheric carbonyl
sulfide (OCS) (Campbell et al., 2017). However, the empirical GPP
inference from OCS cannot be directly linked to increasing CO,, and
if the GPP trend were solely a CO, response, it would mean the
relative global GPP increase is directly proportional to the relative
atmospheric CO, increase (i.e., 1:1), which is not what is expected
from leaf and canopy-scale understanding (Walker et al., 2021). The
effects of greater carbon availability on tree growth (from
CO,-stimulated GPP) are further limited by various factors which are
less well represented in DGVMs (Walker et al., 2021), which makes
the indirect flux an unlikely candidate to explain the large BIM. At
the landscape scale, models assume an equally strong impact of the
CO, effect in managed and unmanaged lands, which is unlikely (see
Grassi et al, 2023 for further discussion). Multi-scale (primarily
satellite) estimates of recent live biomass trends (2000-2019) indi-
cate a net land vegetation sink at about 50% of the standard GCB
net land sink (Xu et al., 2021), albeit these trends are highly uncertain
with potential biases (Araza et al., 2023) and do not include changes
in soil carbon.

The CO, response of plants is further an unlikely cause of
the imbalance since the early 20th century as the imbalance rate is
constant over a long period while the CO, response (or the indirect
land flux more broadly) has increased significantly over the same

period.

4.2 | Potentially overestimated source terms since
the early 20th century

Of the sources, fossil fuel emissions estimates are well constrained
from national energy-use statistics (Briggs et al., 2023; Gilfillan &
Marland, 2021), albeit estimates become increasingly less well
constrained the further back in time the data go. Also, because of the
large flux, the absolute uncertainty in fossil fuel emissions is substan-
tial (20 Pg C cumulative 1960-2022), equating to about half the
uncertainty in the direct and indirect land flux terms over the same
period (45 and 35 Pg C, respectively) (Friedlingstein et al., 2023).
Occasionally, revisions in the energy mix of a nation and thus
conversion factors used to calculate the carbon intensity of energy
production impact estimates of global fossil fuel emissions (e.g., Liu
et al., 2015). Emissions reduction goal-setting could incentivize coun-
tries to report inflated figures but the evidence suggests “there are no

indications of systematic manipulation or bias” (Briggs et al., 2023).

P’:’J—9

Overall, overestimated fossil fuel emissions are an unlikely candidate

People P

to explain the large BIM, albeit they are such a large flux that small rel-
ative changes can be substantial. Further, as with the ocean flux and
indirect anthropogenic land flux, there is no why fossil fuels would
account for a constant imbalance of 0.65 Pg C year™?! since the early
20th century when fossil fuel emissions have grown 10-fold over the
same time period.

The direct anthropogenic flux (land use change, E yc) is highly
uncertain (0.7 Pg C year™ %) (Friedlingstein et al., 2023). This flux has
been much more consistent since the early 20th century,
1.4 Pg C year ! in the 1930s to 1.3 Pg C year ! in the most recent
decade (Friedlingstein et al., 2023). The direct flux is the net sum of
two terms: carbon losses (e.g., from deforestation, peat drainage) and
carbon gains (e.g., from land abandonment and subsequent forest
regrowth). These gross terms are both larger than the net direct
anthropogenic flux; thus, the budget imbalance is relatively smaller
compared to the gross terms and could arise from either a lower loss
of carbon from ecosystems than previously estimated or a greater
gain as ecosystems recover from past land use.

The sources of land cover information used to generate the direct
land flux estimates have an important change in their methods in
1960. Post 1960, FAO land cover statistics were used while pre-1960
land cover information was reconstructed from population estimates
and historical reviews (Houghton, 2007; Houghton et al., 1983; Klein
Goldewijk et al, 2017). The 1930 to 1960 period was of huge
upheaval across the world, propagated in the Global North, with the
great depression, the second world war, and the post-WWII great
acceleration as new economic institutions and the cold war drove
industrialization. It was a period of widespread land abandonment
and reorganization of land management practices (McNeill &
Engelke, 2016), including the transition from draught-animal power to
the internal combustion engine in many places and the beginnings of
industrial fertilizer and pesticide use.

The transition in land cover methods from population-based esti-
mates to FAO data is a likely candidate for the budget imbalance in
both the standard and the harmonized GCB. The standard budget only
shows an imbalance from 1934 to 1964, which spans the method dis-
continuity and the period of social and economic upheaval. However,
the continued imbalance to the present in the harmonized budget
may be picking up legacy effects of this land cover and land use
upheaval. One key legacy effect of land use change is carbon uptake
because of forest regrowth and recovery following land abandonment
and protection. In the bookkeeping models used to calculate the
direct anthropogenic land flux, recovery is usually governed by a sin-
gle rate parameter for a given land cover class. A recent study using
DGVMs showed that across the northern hemisphere, models under-
estimate NBP by around 50% in forests under 80 years old, which
contributes to a 1.1 + 0.8 Pg C year~! mismatch in model and atmo-
spheric inversion estimates of the northern carbon sink (O'Sullivan
et al,, 2024). Simple representation of secondary forest regrowth in
BK models (and DGVMs) is a potentially strong candidate for the

missing sink and requires further attention.
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4.3 | Remaining conceptual and epistemic
inconsistencies

There are remaining inconsistencies in the budget calculation, even
after LASC and PTD harmonization, resulting in part from using
DGVMs to make these calculations and their inability to cleanly sepa-
rate all the key terms of the terrestrial carbon budget (Dorgeist
et al., 2024). While our harmonization resolves an important part of
the inconsistencies in the current calculation of terrestrial fluxes, the
obtained direct and indirect anthropogenic fluxes are not yet fully
consistent: The LASC term also includes the impact of changing envi-
ronmental conditions on land use fluxes (Dorgeist et al., 2024), which
should rather be attributed to the direct anthropogenic flux—whereas
in our harmonization, it is attributed to the indirect anthropogenic
flux. The resulting effect of these inconsistencies is likely a small over-
estimation of both the indirect anthropogenic land sink and the direct
anthropogenic carbon emissions, still remaining after the harmoniza-
tion. However, these inconsistencies cannot be quantified with the
currently available DGVM simulations, and their magnitude thus
remains unspecified. Additionally, all budget terms can be subject to
revisions to the GCB estimation methods. For example, as well as the
upward-revised ocean sink discussed earlier, other budget terms have
changed (1959-2018) in the 2023 GCB and the cement carbonation
sink has been added (Friedlingstein et al., 2023).

Including the LASC, as implied by the name, leads to a reduction
in the land sink predicted by DGVMs as anthropogenic land use
change reduces forest cover. Lower forest cover reduces the land
sink as models predict the greatest sink in forests (Friedlingstein
et al., 2023), many of which are still considered primary forests in the
model simulations. This model prediction implies that in equilibrium
forests, biomass production can still be increased by higher available
photosynthate carbon and soil carbon can be increased by greater
litter inputs. However, there is little observational evidence to sup-
port this (Jiang et al., 2020; Lajtha et al., 2018; Walker et al., 2021),
which implies the modeled land sink in primary forests may be
overestimated.

Adjusting the BK estimates for the emissions from land use
change by the PTD (as derived from DGVMs) reduces the cumulative
estimates for the period 1850 until 2018 but increases the more
recent estimates for the period 2009-2018 (Table 2). This is because
transient simulations with DGVMs predict increasing ecosystem car-
bon density with historical environmental change. BK estimates based
on transient carbon densities also find larger emissions in recent
periods (Dorgeist et al., 2024). The standard BK model setup used by
GCB instead assumes time-independent static carbon densities for a
given land cover class. The PTD harmonization implies that primary
forests had substantially lower carbon densities during pre-industrial
times, yet again there is little direct evidence. A number of studies
suggest that tropical primary forests have been accumulating carbon
over the past four decades (Hubau et al., 2020), but it is likely that
many of these forests were subject to multiple, cryptic anthropogenic
disturbances in their past (McMichael et al., 2017), with impacts on
the carbon cycle that are unclear.

5 | CONCLUSIONS

While independent estimates of budget terms are desirable and can
provide confidence in those estimates when they all sum to balance
the budget, independent estimates can also allow inconsistent
assumptions to creep into the method. Current estimates of the GCB
are based on terms that are, to varying degrees, incompatible with
each other, as has been seen in similar studies that reconcile model
estimates of the land terms and national greenhouse gas inventory
reporting (Grassi et al., 2018, 2023). We want to be clear that this
conclusion is not a criticism of the GCB efforts. The budget is an
exemplar of community science (coordinating >100 scientists) that rig-
orously integrates and updates many data streams on an annual basis
with little central support. Much of the work performed on the project
is on a voluntary basis. Our goal here is to highlight that global carbon
budgeting is not as solved as might be implied by a relatively closed
budget, as currently is the case for the standard budget (Friedlingstein
et al,, 2023). Harmonizing the budget, as we have carried out here,
requires adding simulations to the annual GCB project cycle (Table 1,
S4-56). To avoid additional simulations acting as a barrier to participa-
tion, these simulations could be added to the protocol on an optional
basis to harmonize the budget with a subset of models. Understanding
where on the land surface and for which land cover types harmoniza-
tion makes the most difference is also essential for reconciling
national greenhouse gas inventories with the GCB, facilitating the
tracking of climate mitigation by country and sector (Grassi
et al., 2018, 2023). Disaggregation by land cover requires tracking net
biome production, and thus heterotrophic respiration, separately for
each land cover type within a grid cell. We recommend modeling
teams develop the capability to disaggregate heterotrophic respiration
by land cover class.

Harmonization of anthropogenic land flux terms indicates a
greater budget imbalance since the early 20th century. A budget imbal-
ance of similar period and magnitude has been indicated in a multi-
scale observation and constrained modeling study (Lienert &
Joos, 2018). While they did not specifically diagnose the causes of this
imbalance, they found that adding additional processes related to the
direct anthropogenic flux was as responsible for as much variation in
cumulative NBP as model parameter uncertainty. Dorgeist et al. (2024)
also find a similar increase in the BIM (1960-2021) with similar
improved accounting for the direct and indirect fluxes and suggest
underestimates of the ocean sink as a good candidate for re-missing
sink. Uncertainties exist in all budget terms including method disconti-
nuities in the atmospheric CO, and direct land flux terms, model struc-
tural errors in land and ocean terms. Because of the timing of the
budget imbalance and its consistency since the early 20th century, the
most plausible hypotheses for causes of the imbalance include as fol-
lows: the discontinuity of methods in the direct anthropogenic land
flux and structural errors associated with the calculation of this flux,
remaining inconsistencies in the harmonization method, and with a
likely contribution from a larger ocean sink in more recent years.

Given the large uncertainties in budget terms and remaining

inconsistencies in the method, we are not overly confident in the
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exact quantification of the missing sink (or smaller source) of 56 Pg C
since the early 20th century. Rather than motivating a hunt for these
exact numbers, we hope to motivate the community to take a deeper
dive into understanding the historical terrestrial carbon cycle. In par-
ticular, increased efforts to reconcile 1900 to present day data for
atmospheric CO, concentrations and human land cover and land use
will be beneficial. We also highly recommend studies that simulta-
neously assess uncertainties and structural errors in both the direct
and indirect anthropogenic land fluxes. Too often studies assess only
one or the other, especially those assessing the indirect flux.

Current observational constraints cannot separate the direct and
indirect terms, and the harmonization method used in this study
shows that these two terms are intimately related. This is a critical
point, as currently no observation can constrain the direct and indirect
fluxes individually, only their sum can be constrained. Thus any study
evaluating one or the other flux against an observational dataset is
inherently accepting the errors embedded within the flux that is not
of primary interest to that study. Further, if one flux is revised follow-
ing the application of a new method, the other flux would require revi-
sion in the opposite direction (assuming their original sum matched
the observational constraint).

Harmonizing two assumptions that are made when calculating
the land carbon terms of the GCB leads to a greater budget imbalance.
As with any budget, from a household budget to that of a nation or
large multinational corporation, if the calculations do not balance, we
know that we need to revisit our calculations and try to find the error.
What these results indicate is that we need to continue to deepen our
understanding and more finely resolve our estimates and associated
uncertainties of the components of the GCB, in particular the highly
uncertain land terms (direct and indirect anthropogenic fluxes). A
more refined understanding of these two fluxes is essential for
improving model predictions of the future land sink, which is in turn
critical to estimate the remaining carbon budget as well as Nationally
Determined Contribution to meet internationally agreed upon global
temperature targets (Gidden et al., 2023). A more refined understand-
ing and ability to model anthropogenic disturbance regimes in anthro-
mes will lead to a greater ability to diagnose sources and sinks in the

GCB and predict the carbon cycle under future scenarios.
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