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Article 
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Abstract: Conventional greenhouse accounting inadequately describes land use/land use change 

and forestry (LULUCF) emissions, cooling emissions, and sequestration potential. As we enter the 

age of drawdown, we propose an accounting framework that offers greater consistency and 

transparency. By unfolding net accounting of LULUCF CO2 emissions; aggregating biosphere sinks; 

accounting for all emissions (heating and cooling); comparing sectors with emissions-based 

Effective Radiative Forcing (ERF) rather than global warming potential; and including drawdown 

potential of land use carbon opportunity cost (COC), this reveals fresh insight into sector 

contributions and mitigation potential. Consistent gross emissions reporting of LULUCF CO2 

emissions finds these to be at least 3.5 times greater than conventionally understood. Consolidating 

natural sequestration on ‘managed’ and ‘intact’ land, we find that since 1750 vegetation and the 

oceans have removed from the atmosphere an amount equivalent to 2.4 times cumulative fossil fuel 

CO2 emissions, demonstrating the immense drawdown potential of the biosphere. This accounting 

places deforestation (responsible for 77% of LULUCF emissions) as the main source of historic CO2 

emissions, and attributes drawdown potential COC to sectors. The most extensive land use sector, 

animal agriculture, was found to have contributed the greatest warming (52% of net ERF since 1750) 

and to offer the greatest drawdown potential COC. 

Keywords: emissions accounting; LULUCF; deforestation; avoided deforestation; carbon offsets; 

effective radiative forcing; carbon opportunity cost; emission sectors; animal agriculture; fossil fuel 

emissions 

 

1. Introduction 

A habitable planet for future generations will rely on our ability to rapidly draw down legacy 

emissions, as well as reducing current emissions. Many drawdown programs are working to do just 

that [1–3], but a rational response to this crisis demands greater clarity on effectiveness of mitigation 

options [4]. Terrestrial vegetation is a well-known large and increasing carbon sink, but accounting 

conventions have obscured our understanding of biosphere carbon flows. Large differences exist 

between national greenhouse inventories, bookkeeping models (as used in the Global Carbon 

Budget) and Dynamic Global Vegetation Models (DGVMs), these differences working to confuse, 

rather than clarify understanding [5]. While there are efforts to improve reporting transparency [6,7], 

this is within the existing convention framework. Our understanding of the climate impact of land 

and agriculture has suffered as a result [8,9].  

The aim of this study is to offer a consistent, comprehensive, and transparent approach to 

greenhouse gas accounting suitable for evaluating sector contributions and accommodating 

drawdown. Proposed changes to Intergovernmental Panel on Climate Change (IPCC) conventions to 

achieve this aim are summarised in Table 1 and addressed below. Some of these have been proposed 

by other authors, but none have combined them as here. Two topics have been quantified by others: 

5. (Compare sectors using ERF), by Dreyfus et al., 2022 [8], who quantified one sector only (fossil 
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fuels), and 6. (Carbon Opportunity Cost) by several authors. It appears that no other study has 

quantified all topics, looked at their combined effects, and related them to sectors, as done here. 

Table 1. Proposed changes to conventional IPCC greenhouse emission accounting . 

Proposed Accounting Change Description 

1. Consistent accounting of CO2 

sources 

Correcting inconsistent Gross accounting as applied to 

CO2 emissions from fossil fuels and Net accounting 

applied to CO2 from land use/land use change and 

forestry (LULUCF). 

2. Aggregate biosphere sinks Removing the artificial distinction between drawdown 

on ‘intact’ and ‘managed’ land 

3. Sector accounting to include all 

emissions: heating and cooling  

Correcting partial accounting: cooling emissions are 

rarely associated with sectors 

4. Clearly attribute land use emissions 

to industries/sectors responsible 

Introducing new LULUCF categories to allow 

transparent attribution to sectors 

5. Compare sectors using emissions-

based Effective Radiative Forcing (ERF) 

of individual gases, rather than 

conventional GWP100 

Major advances have been made in modelling ERF (IPCC 

AR6, 2021), making sector contributions more transparent 

and avoiding contentious emission comparison metrics 

6. Include Carbon Opportunity Cost 

(COC) 

Explicitly placing the major drawdown mechanism 

(biosphere sequestration) into carbon accounting 

7. Accounting for Drawdown Devising a new accounting framework that allows for 

COC and drawdown, with explicit spatial data 

1.1. Consistent CO2 Emissions Accounting 

IPCC inventory category Land Use/Land Use Change and Forestry (LULUCF) CO2 emissions 

come from deforestation (77%), degradation, including timber harvest and wood fuel (10%) and fire 

(13%) [10]. LULUCF emissions are reported as the net of emissions minus drawdown on all 

‘managed’ land [11]. This is the only net assessment of any greenhouse emission, CO2 or otherwise, 

an apparent inconsistency. The IPCC’s reasoning for applying net accounting to LULUCF CO2 was 

that CO2 flux between the land surface and the atmosphere was viewed as a change in C stocks, and 

that only the net change affected climate [11]. This category was therefore treated differently to all 

other emissions. Conventional accounting of LULUCF and fossil fuel CO2 emissions is shown 

schematically in Figure 1. 

 

Figure 1. Conventional but inconsistent IPCC accounting of CO2 emissions from fossil fuels (gross 

accounting) and LULUCF (net accounting), (77% from deforestation). Note that this refers to CO2 

emissions only, all other emission types are accounted consistently. 

VS

Actual
Emissions

Actual
Emissions

Reported
Reported

100% 28%

Fossil Fuels Deforestation
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Since this IPCC convention was agreed, there has been considerable reluctance to accept 

LULUCF CO2 as equivalent to fossil fuel emissions. Other than the net stocks rationale above, the 

main supporting argument is that fossil fuel carbon is seen as ‘truly new carbon’, additional to the 
biosphere carbon cycle [12]. A further factor that may be an important barrier to questioning LULUCF 

emissions conventions is that these emissions are obscure to those not technically involved due to 

their complexity [13]. 

In defence of consistent accounting, we would argue that the three trillion trees removed 

through deforestation [14] to be no different to ‘truly new’ fossil carbon, and that all carbon, once 
emitted, becomes part of biosphere and ocean stocks. Also, biosphere carbon cannot be considered 

separate to fossil fuel carbon because biosphere sequestration has almost doubled due to CO2 

fertilisation [15], hence the two stocks are intermingled. The fate of emitted CO2, no matter what the 

source, is exactly the same - most is taken up by the biosphere and oceans in the first year it is emitted 

[16], and atmospheric CO2 is rapidly mixed, cycling through vegetation every 1.5 years [17], creating 

a new, growing ‘stock’. Deforestation is certainly anthropogenic, but regrowth occurs despite human 
intervention; it takes place on other land; and would continue if deforestation were to cease. 

Houghton & Castanho, 2023 [18] argue that a reduction in deforestation would result in a rapid 

reduction in (gross) emissions, whereas the (gross) removals (by regrowing forests) would continue 

independently for decades. Hence, they argue that gross fluxes are more indicative of mitigation 

potential than net fluxes. Keith et al., 2021 also argue the benefit of gross accounting of ecosystem 

carbon stocks and flows to more completely describe impacts on both climate and biodiversity [19], 

and Mackey et al., 2022 argue that net accounting distorts mitigation strategies [20]. Both advocate 

gross accounting to fully describe carbon stocks and flows, which they see as critical to meeting Paris 

Agreement temperature goals.  

We believe that no arguments presented offer a strong reason to deny consistent gross CO2 

accounting, and that emissions and sequestration are more completely and transparently described 

with gross accounting. In practice, this seemingly obscure accounting inconsistency has substantial 

implications, overturning entrenched ‘framing’ that sees fossil fuel CO2 as the major emissions 

source, with LULUCF emissions as far less important. 

Gross accounting, as proposed here, increases total CO2 emissions from all sources by about 25% 

and LULUCF increases to about 30% of total emissions, rather than the conventionally accepted 14% 

[10,21]. Net accounting understates LULUCF emissions by a factor of 3 or 4 [22]. The corollary of 

under-reported land emissions is that the enormity of biosphere sinks is seriously under-appreciated 

[23]. This inconsistency could be resolved by discounting fossil fuel CO2 emissions to the ‘airborne 
fraction’ amount – the CO2 remaining in the atmosphere, or, as we propose here, by transparently 

exposing gross emissions and sinks consistent with all other emissions.  

In the three decades since IPCC greenhouse accounting conventions were first agreed, 

knowledge of biosphere carbon flows has improved dramatically. Although biosphere carbon flux 

uncertainties are large, in the order of +/-20% [22,24,25], they are improving due to recent advances 

in remote sensing with sophisticated DGVMs and book-keeping models [5]. We believe that the new, 

more reliable biosphere fluxes allow a full greenhouse accounting of CO2, and that net biosphere CO2 

accounting is no longer defensible. Reporting 100% of fossil fuel CO2 (gross) emissions but only 28% 

of LULUCF CO2 emissions (net) implies that when emitted these behave differently, which is 

disingenuous.  

Human activities not only cause deforestation, forest degradation and associated fire, they also 

cause fast-cycling of biosphere carbon to and from the atmosphere through the plant and animal 

biomass we use for food, fibre and biofuel [26]. The bulk of this biomass is agricultural production 

(20Gt CO2/yr, a similar amount to other gross LULUCF emissions) [27]. In some cases crop 

biosequestration is just as high as the native vegetation it replaced, due to fertilisation and irrigation, 

but it is not clear how much crops add to the atmospheric burden other than deforestation to make 

way for cropland [26]. Arguments have been made that this carbon should also be included in 

emissions accounting (particularly animal respiration) [28], but since there is no agreed estimate of 

the climate impact of this crop-feed-food-waste cycle, it has been excluded from this study. 
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1.2. Consolidating ‘Intact’ and ‘Managed’ Land Sinks and Emissions  

By IPCC convention, drawdown on ‘intact’ and ‘managed’ land is accounted separately [11]. 

While this distinction may have been justified for early national inventories, Nature does not 

discriminate between plants growing in each, therefore combining these sinks more correctly 

represents biosphere sink potential. Removing this artificial distinction will facilitate biosphere 

modelling with the new generation of DGVMs that benefit from rich remote sensing data, but 

struggle to relate to conventional inventories [5].  

1.3. Rectifying IPCC Partial Accounting 

Sectoral contributions are also obscured due to partial reporting. This is most obvious in the case 

of fossil fuels, where co-emitted aerosols, whose cooling has until now balanced out warming from 

CO2, are rarely reported. This may be due to the short-lived nature of aerosols, even though their 

cooling has had a long term impact [8,29]. This difference in atmospheric lifetime has implications 

for future warming, and there is evidence that this cooling impact is already abating as skies clear 

[30], so that by the 2060s warming from fossil fuel CO2 will dominate cooling from co-emitted aerosols 

[8].  

1.4. Less Contentious Comparison of Greenhouse Gases and Sectors 

Debate on how to compare the various greenhouse emission species has been robust, 

particularly comparing CO2 to CH4 [31,32], hindering mitigation efforts and sector comparisons [33]. 

100-year Global Warming Potentials (GWPs) are the IPCC convention choice for comparison, but 

recent advances in determining emissions-based Effective Radiative Forcing (ERF) and derived 

Global Surface Air Temperature (GSAT), as defined in the IPCC’s AR6 Supplementary Material 
6.SM.1 [29], present a less contested means of comparing sector contributions. ERF is also believed to 

produce more accurate estimates of agriculture’s climate impact than other commonly used climate 
metrics [34]. This does require, however, accurate proportioning of emission species to each sector, 

but once the proportion is defined, the ERF and GSAT attribution to sectors is trivial. Matthews et al., 

2009, validate the use of sector cumulative emissions; finding that climate response is not sensitive to 

background concentrations or timing of those emissions [35]. One benefit of climate metrics such as 

GWPs is that their time periods can be chosen for future climate target epochs [33]. In comparison, 

studies such as ours are backward-looking, however we believe that using ERFs to determine the 

cause of present-day warming brings fresh insights.  

1.5. Transparent Agriculture Emissions  

Agricultural emissions are particularly difficult to define, due to convention [36]. Although this 

sector dominates land use, the components that make up a complete picture of agricultural emissions 

are fragmented in various LULUCF categories and sub-categories, as well as the Agriculture 

category. Greater clarity in LULUCF subsection definitions is required both for emissions sector 

breakdown and for defining drawdown [5]. Opaque land and agriculture emission attribution stands 

in stark contrast to the fine detail on fossil fuel emissions readily available from national inventories. 

Many researchers tend to treat agricultural and land emissions as an afterthought, accounting 

for the ‘minor’ emission sources. This demonstrates the power of framing fossil fuels as the principal 
cause of global warming: early work defining the causes of climate change has framed the problem 

but at the same time unintentionally pointed to explicit solutions that may be less effective in 

mitigating climate change [37]. 

1.6. Carbon Opportunity Cost and Accounting Framework 

Incorporating foregone sequestration, or land use carbon opportunity cost (COC) in emissions 

accounting has been proposed by several authors [38–40], and attributing COC to particular land 

uses has been the subject of several studies in the past decade [40–44]. Nature is actively prevented 

from returning land to its original carbon storage due to human use of that land, therefore restoration 
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potential (the carbon potential of restoring vegetation and soil) can be considered a valid 

anthropogenic climate cost equal to the sequestration potential of restoring soil and growing 

vegetation, estimated to be 1,710 Gt CO2 globally [45].  

This framework fits well with stocks and flows accounting, a more comprehensive system where 

all carbon sinks and emissions (intact and depleted carbon stocks) are valued [19]. Categorising 

yearly COC as an unrealised asset or unrealised income in this accounting framework would give it 

due acknowledgement, rather than it being invisible as it is in IPCC accounting. We suggest that 

yearly COC be part of the ‘flows’ (current account as a yearly drawdown rate) as well as the ‘stock’ 
(capital account as the total drawdown potential). This is analogous to an asset such as a rental 

property, but with no tenants, no rental income, a tangible cost to the owner. In this analogy, for the 

asset to realise its ‘income’ or sequestration potential requires a change of land use. For these reasons 

the stocks and flows approach is considered appropriate for both greenhouse and biodiversity 

accounting [19]. Note however that our study does not include COC as a yearly emission, because 

we do not look at yearly emissions, we investigate combined ERF since 1750, however we do include 

total COC to describe potential drawdown by sectors. 

Including yearly COC in national inventories would also help to level the global north/south 

divide, in that developed countries deforested long ago can be compared with those experiencing 

active deforestation [39]. At present, Brazil is being pressured to reduce deforestation, principally by 

the developed world, and as beneficial as that would be, COC accounting would refocus this critical 

attention on previously deforested nations as well as those experiencing current deforestation. 

Forest restoration potential is an order of magnitude greater than any other climate mitigation 

solution [2], therefore COC explicitly values this factor that has transformative climate potential.  

1.7. Accounting for Drawdown 

Although half the trees on Earth have been lost to deforestation [46], forests are still estimated 

to hold 90% of the world’s standing plant biomass carbon [26], and forests are still a large and 

increasing carbon sink [47,48].  CO2 and nitrogen fertilisation is increasing, perhaps even doubling, 

the biosphere sink [15,49]. Forest carbon storage is therefore increasing, and the loss of additional 

sink capacity (LASC) from deforestation is estimated to be 2.5Gt CO2 /year for the period 2008-2019 

[48].  

Indeed, Nature’s power to balance our emissions is immense. Until about 1750CE, the net 1100Gt 
of CO2 emitted by historic deforestation [50] was re-absorbed by vegetation, particularly peat [51]. 

Since then, emissions began to overcome this natural balance, leading to increased atmospheric 

concentrations. But the appearance of balance hid large scale carbon flows between the biosphere 

and the atmosphere, as deforestation has been gaining pace for 10,000 years. 

Drawdown urgently requires a comprehensive reporting and accounting system [52,53]. The 

race to ‘net zero’ is challenging businesses to better measure their climate impact and placing great 
pressure on the fast-developing sequestration industry [54], often facing ‘greenwashing’ criticism due 
to sequestration permanence or additionality [52,55,56]. The effectiveness of these carbon offsets, 

their permanence, as well as accounting transparency affects the credibility of this new but critical 

industry. A more appropriate accounting framework for drawdown would help to resolve this.  

A suitable accounting framework would include spatially explicit data (maps of COC potential) 

together with a verifiable register. Presently there are tree planting programs at all scales: 

international, continental, national, regional, and local; government carbon farming and biodiversity 

enhancement programs; a fast-growing carbon offset industry and carbon markets that would benefit 

from such a dataset. Additionally, there already exist multiple spatial datasets of sequestration 

potential and ecological function at a range of scales. These could be harmonised and enhanced to 

register data on ideal plantings for specific purposes – sequestration, biodiversity, forestry, 

agroforestry, flood mitigation, firewood, biofuel and others. National sequestration spatial data 

repositories such as those in USA/Canada [57] and Australia [58] could be brought together under a 

UN-led initiative.  
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2. Materials and Methods 

This study provides a top-level sector attribution of ERF and GSAT to illustrate those sectors 

with the greatest land use impact and COC: ‘Fossil Fuel and Industry’ (shortened to ‘fossil fuel’ in 
the text below); ‘Animal Agriculture’; ‘Other Agriculture’; ’Forestry’; ‘Built-up Land’ and ‘Waste’. 
Animal Agriculture is identified separately due to its disproportionately high emissions and land 

use. These sector groupings require dissecting to a finer detail, but for the purpose of this study, they 

demonstrate the concepts. The agriculture categories include land and production emissions only, 

and do not include on-farm fossil fuel use, processing, or distribution of agricultural products. 

2.1. Errors and Accuracy 

Biosphere carbon flows are still highly uncertain, in the order of +/-20%, although knowledge is 

rapidly improving [5]. This study is intended to give an indicative example. It is not exhaustive, in 

that mean values are given without error bars or ranges and not all emission sources are included. 

Emissions are limited to carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), halocarbons, 

nitrogen oxides (NOx), non-methane volatile organic compounds (NMVOC), carbon monoxide (CO), 

sulphur dioxide (SO2), organic carbon (OC), black carbon (BC) and ammonia (NH3). A useful 

comparison of methods, models and accuracies used to determine biosphere carbon flows is given in 

Grassi et al., 2023 [5], and the IPCC special report on Climate Change and Land, Section 2.3, 2019 [59]. 

LULUCF emissions used here are considered very conservative because: a) deforestation 

emissions are based on FAO Forest Resource Assessment net in-country data [59]; b) gross forest loss 

from finer-grained remote sensing studies indicate that forest loss far exceeds current estimates 

[24,60], perhaps four times greater in extent than previous assessments [61]; c) DGVMs use coarse 

resolution, that understates flux [22]; d) agricultural land soil carbon loss is not included in LULUCF 

emissions [22]; e) uncounted crop harvest and grazed pasture carbon released rapidly as CO2 [22] 

(which, if included, would double these land emissions); f) human activities may be altering natural 

biosphere CO2 flux (Gross Primary Productivity), which is more than 20 times greater than these land 

emissions, at 520Gt CO2/year, as seen in Figure 5.12 of AR6 [62]. The final and perhaps most 

significant reason why the LULUCF emissions used in this study are conservative is due to the choice 

of start date – this study is limited to emissions from 1750-2021, therefore the pre-1750 emissions are 

ignored. The impact of this last point can be seen by comparing Figure 2 and Figure 4 below. 

Using cumulative emissions to relate warming to sectors is validated by Matthews et al., 2009, 

who found that the climate response to cumulative emissions is not sensitive to background 

concentrations or timing of those emissions [35]. A sensitivity analysis was carried out using the same 

dataset, but with recent emissions data (from 2000 to 2021). This approach is a test on sensitivity to 

emission sector proportions such as fossil fuels becoming the dominant CO2 emission source circa 

1970 (using the unfolded LUC emissions as derived in this study), and the dramatic rise in all 

emission species, particularly the 250% rise in airborne methane. Sensitivity analyses were also 

carried out on the conversion factor from net to gross land use emissions, as described in 

Supplementary Information. 

2.2. Data Sources 

See Supplementary Information table S1 for a full description of data sources. Cumulative 

emissions are used (where available) from 1750. 

This study has not applied time-discounted carbon costs, as used in models by Searchinger et al 

2018 [40] and Peng et al 2023 [63] to account for forest regrowth in order to value the carbon cost of 

forest products or alternative land use back to the year of harvest or deforestation. We believe that 

no discount rate is warranted when using gross accounting for all sources and sinks of CO2 as we do 

here, where cumulative ERF is calculated for the entire period from 1750, and any discounting could 

be equally applied to fossil fuel and LULUCF emissions, because emissions from both enjoy the same 

fate: biosequestration with part airborne fraction. Warming early in the post-1750 era is no different 

to more recent warming, both are cumulative, directly relating to emissions.  
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2.3. Attribution of radiative forcing and warming to sectors 

Emissions-based effective radiative forcing (ERF) and global surface air temperature (GSAT) are 

derived from the atmospheric concentrations for each emission species over time, as defined and 

discussed in IPCC AR6 Section 7 [64]. ERF and warming can be attributed to sectors based on 

proportions of each emission species. This allows for transparent attribution of warming, such that 

temperature increase due to any chosen human endeavour will be readily available to policymakers, 

but its accuracy is dependent on accuracy of proportioning. For attribution of land use emissions, 

including deforestation and fires, see Supplementary Material. 

3. Results 

Figure 2 (a) shows the inconsistent but conventional cumulative gross fossil fuel/net land use 

CO2 emissions accounting as used in IPCC and Global Carbon Budgets. In contrast, Figure 2(b) 

applies consistent gross accounting to both, showing that cumulative gross LULUCF CO2 emissions 

since 8,000BCE are four times greater than those of fossil fuel/industry. Derivation of the LULUCF 

CO2 net to gross conversion factor of 3.5 is given in Supplementary Information table S2. 

 

Figure 2. (A) Conventional but inconsistent accounting of cumulative CO2 emissions from fossil fuels 

(gross accounting) and land use (net accounting) from 1750-2021 [65]; (B) Consistent gross accounting 

of cumulative fossil fuel and land use CO2 emissions, with deforestation emissions extended to when 

deforestation began, about 8,000BC [45,65,66]. Cumulative pre-1850 LULUCF CO2 emissions from 

Kaplan (2011) [50]. 

Figure 2(b) establishes that LULUCF emissions have been the main driver of CO2 emitted since 

the beginning of agriculture, circa 8,000BCE, continuing onward as shown from 1750 to the present. 

In the late 1700’s, CO2 emissions outpaced drawdown, leading to increased atmospheric 

concentrations and the airborne fraction (the dotted line in fig. 2B) rising to 35% of current gross CO2 

emissions. CO2 fertilization has increased the biosphere sink, but has been unable to keep pace with 

emissions [16]. Growth in CO2 atmospheric concentration coincided with the rise of fossil fuel 

emissions, but rather than being the main driver, it was the combination of growing LULUCF and 

steeply growing fossil fuel emissions that contributed. LULUCF emission estimates in Fig.2(b) are 

considered highly conservative for reasons given under Errors and Accuracy above. 

The ratio of carbon-14 to carbon-12 has been used to determine the origin of atmospheric CO2. 

C14 has a half-life of about 6,000 years, so fossil fuel/cement CO2 does not contain this isotope, 

whereas other atmospheric or organic CO2 does [67]. This work shows that the present-day 

atmosphere contains about 70% fossil fuel/cement CO2, which is consistent with CO2 emission 

proportions over the decade 2012-2021 [65] corrected for gross LULUCF. The similarity is to be 
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expected due to the rapid (1.5 year) cycling of CO2 between the atmosphere and the biosphere/oceans 

[17], whereby historic emissions would be sequestered in increasingly long-lived woody material, 

soil and the ocean and recently emitted CO2 would dominate the rapid cycle. Yearly atmospheric 

growth and total emissions over this same decade show an airborne fraction of 35%, demonstrating 

the large scale of this CO2 cycling through the biosphere, as well as rapid intermixing of LULUCF and 

fossil fuel emissions.  

Figures 2(b) and 3 highlight the unexpectedly large scale of biosphere drawdown, indicating 

that the cumulative CO2 airborne fraction (of an increased total due to gross accounting) is 20% for 

the period since 1750. Figure 3 depicts the cumulative CO2 flux, showing COC potential for 

drawdown is approximately equal to total fossil fuel emissions. 

 

Figure 3. Cumulative Gross CO2 emissions and drawdown since 1750 (GtCO2) with COC [45,65,68]. 

It is likely that COC as depicted in Figure 3 could be an underestimate. Forests are estimated to 

hold 90% of the world’s standing plant biomass carbon [26], and Crowther et al., 2017, found that 

three trillion (half the world’s) trees, have been lost due to deforestation [46], which explains this 

1690Gt CO2 value, but does not account for sequestration potential of soil carbon, particularly from 

the world’s cropland soils [69]. Perhaps of more significance is that CO2 and nitrogen fertilisation is 

increasing the biosphere sink, by a factor of two, even as deforestation increases [15,70]. For clarity, 

Figure 4 graphs cumulative CO2 emissions since 1750 as used in this study for sector comparisons. 
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Figure 4. Cumulative gross fossil fuel and LULUCF emissions since 1750, as used in this study. 

Note that limiting our emissions analysis to post-1750 significantly understates both LULUCF 

emissions and drawdown before 1750 (more accurately depicted in Figure 2(B)), but for this study 

1750 has been adopted for consistency with the ERF data. 

Cumulative emissions have been broken down into sector contribution proportions to assign 

ERF and GSAT to sectors, a valid approach because climate response to cumulative emissions is not 

sensitive to background concentrations or timing of those emissions [35]. Figure 5 presents the results 

of applying the proposed accounting framework changes as summarised in Table 1 to emissions data 

from 1750 to the present, excluding COC. The data presented should be taken as indicative, rather 

than definitive, due to the uncertainties described in Errors and Accuracy above, and conservative, 

for reasons given in section 2.1. More information on ERF and GSAT is given in Supplementary 

Information. Relative ERF contributions of each sector are given in Figure 5(b). 

 
(a)         (b) 

Figure 5. a): Effective Radiative Forcing by sector and emission species not including carbon 

opportunity cost. Note that warming from fossil fuel warming is offset by aerosol cooling. Data are 

provided in Table S6. (b): Net Effective Radiative Forcing by sector not including carbon opportunity 

cost. 

Dreyfus et al., 2022 [8] used ERF in a similar way looking at fossil fuel and short-lived climate 

forcer contributions to warming, except they used conventional net LULUCF emissions, where they 
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found fossil fuels had caused 20% of cumulative global warming to 2015. Here we find net warming 

from fossil fuels to be 16% of warming since 1750 (Figures 5 and 6), and the leading sector, animal 

agriculture, to be responsible for 51% of ERF, corresponding to 0.690C warming (see also Table S6). 

In addition, Dreyfus et al. found methane to be responsible for 50% of GSAT change, whereas we 

find it to have caused 43% of total GSAT. These differences may be partially explained by the data: 

1750 to 2021 in this study, whereas theirs was up to 2014. 

 

Figure 6. Net Effective Radiative Forcing by sector with carbon opportunity cost (drawdown 

potential). Data are provided in Table SM6. 

Drawdown potentials (COC) for each sector are given in Table S7, but the scale of each can be 

related to land area used by each sector. The 2014 IPCC AR5 report, chapter 11 [27] provides a 

breakdown of land use and biomass appropriation, finding that the top three human land uses are: 

animal grazing pastures (37% of the ice-free land); managed forests (22%); and cropland (12%).  

4. Discussion & Conclusions 

This study highlights the defining role that the biosphere and forests in particular play in both 

disturbing and moderating Earth’s climate. Nature has been balancing atmospheric greenhouse gases 
for 10,000 years, re-absorbing all carbon emitted until just 270 years ago. This is well known, as is the 

fact that current deforestation and fossil fuel carbon is mostly reabsorbed by the biosphere. This we 

have taken for granted, seeing the biosphere as a self-correcting system, but the appearance of balance 

conceals substantial carbon flows. While the biosphere flux figures given here are still uncertain, there 

are some important conclusions to be drawn. 

Firstly, to give it due credit, Nature has drawn down 80% of combined fossil fuel and LULUCF 

CO2 emissions since 1750, as shown in Figure 3. Secondly, LULUCF CO2 emissions are 3.5 times 

greater than conventionally represented. Thirdly, cumulative historic fossil fuel CO2 emissions are 

secondary to LULUCF, even though yearly fossil fuel CO2 emissions overtook LULUCF circa 1970 

(using gross accounting as we do here). Note that reforestation and afforestation sequestration 

potential are not altered by gross accounting as used here, other than the increase due to CO2 and 

nitrogen fertilisation. However, consistent accounting reveals that the current airborne fraction of 

CO2 from all sources is 35%, therefore Nature is already drawing down 65% of yearly CO2 emissions, 

performing a major mitigation role. 

These results lead to a new mitigation emphasis. Deforestation and avoided deforestation’s 
climate impact increase by a factor of 3.5 (see Table S2 for derivation of this factor), substantially 

increasing the climate payoff for preserving forest. Likewise, industries that drive deforestation or 

prevent forest regeneration through their land use deserve closer scrutiny. Indeed, any endeavours 
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that enhance biosphere sequestration or preservation will be seen as far more potent, bringing new 

emphasis to the value of every tree and every hectare of forest. 

Removing the artificial distinction between ‘managed’ and ‘intact’ land facilitates modelling 
with DGVMs and remote sensing data, circumventing the difficult task of discriminating between 

these two land uses. This is particularly important for national inventories, to account for all 

vegetation within national borders as one. 

Regarding drawdown accounting, we suggest that spatially explicit data (maps of COC potential 

and other values such as biodiversity) together with a verifiable register of carbon ownership, would 

offer valuable tools. Interpretation and decisions on reforestation/afforestation/revegetation is also a 

large and costly undertaking that would ideally involve all levels of government, community groups, 

landholders, and traditional owners. Such a harmonised database could inform all those concerned 

with drawdown, and we suggest this could be the basis of a defined drawdown pathway, critical to 

a concrete climate action plan. 

Our results present a substantial reordering of sectors responsible for global warming, due to 

three major factors: the boosted impact of industries that are causing deforestation or occupy 

formerly deforested land; cooling aerosols; and the warming impact of methane, since it has no 

cooling aerosols co-emitted. Cooling aerosols, as shown in Figure 5(a), although they are short-lived, 

have masked 74% of ERF from fossil fuel warming, but if cooling were to diminish, this would result 

in future warming. This is the ‘Faustian bargain’ [71] that may cause additional near term warming 

by as much as 0.5-1.0oC if cooling emissions are reduced [72]. Efforts to reduce aerosols due to their 

health impacts are effectively removing this cooling [73], so that we may experience additional 

warming in the near term [30]. This emphasises the urgency for decarbonising and drawing down 

legacy carbon, a task that could be facilitated with this proposed COC data and accounting 

framework.  

As a cautionary note, as Figure 3 shows, even with the greatest ambition, the maximum 

biosphere drawdown potential is about equal to the already-released fossil fuel CO2 and also equal 

to the additional CO2 loading in the atmosphere plus the oceans, therefore with ongoing emissions 

natural climate solutions will have no further sequestration capacity. Table S7 lists the COC of 

selected sectors, showing that regeneration of forests and soil on abandoned and grazing land (not 

including animal feed crop land) would sequester 825Gt CO2, or 80% of current atmosphere loading 

[68]. This offers considerable mitigation potential and suggests further forward-looking research is 

needed with the accounting framework presented here to better illuminate mitigation solutions. It 

also argues for a greater sense of urgency to take advantage of the greatest, and growing, mitigation 

measure: restoring forests.  

A significant finding here is ‘the cow in the room’: animal agriculture is clearly identified as the 
leading cause of current global warming. Unlike fossil fuels, this sector has caused far more warming 

than cooling, as seen in Figure 5(a). Surprisingly, animal agriculture’s greatest ERF impact has been 
from CO2, not methane (Figure 5 (a)). However, methane has been responsible for 39% of ERF from 

this sector, and a substantial 43% of total net ERF. Other studies have shown that methane has caused 

0.51oC, or almost half the global warming to date [8]. Methane therefore presents itself as a prime 

target for mitigation, particularly since it is the only means available to slow warming in the near 

term [8,74]. Animal agriculture also offers the greatest COC, the greatest CO2 sequestration potential, 

bringing cause for optimism that if we were willing to change enough land use, this could have a 

major impact on future warming. This necessitates difficult decisions on land use and the task of 

reducing animal production and demand. 

The accounting framework presented here disrupts conventions that appear to be overdue for 

challenge. We believe that these findings could facilitate a breakthrough in understanding and 

mitigating the climate crisis, and that consistent accounting would lead to more competent 

engineering solutions, enhancing credibility of the many dedicated climate scientists working 

towards this goal. This emission accounting framework is not prescriptive or detailed but is offered 

to provoke discussion and further development of this approach, which we believe will illuminate 
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several opaque aspects and inconsistencies of current climate accounting and assist our transition to 

the age of drawdown. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 

paper posted on Preprints.org. Table S1: Historic emissions data sources. Table S2: Derivation of LULUCF net 

to gross conversion ratio. Table S3: Attribution of LULUCF CO2 Emission to Sources. Table S4: Attribution of 

Emission Species to sectors. Table S5: Attribution of Sector Proportions to Emission Species. Table S6: Attribution 

of Effective Radiative Forcing (ERF) and Global Surface Air Temperature (GSAT) to Sectors. Table S7: Carbon 

Opportunity Cost (COC) Attribution. Video 1: Consistent LULUCF CO2 accounting. References 

[5,10,18,21,22,27,29,40,42,45,47,48,59,62,65,66,68,70,75–81] are cited in the Supplementary Materials. 
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