Critical adjustment of land mitigation pathways for assessing countries’ climate progress
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ABSTRACT

Mitigation pathways by Integrated Assessment Models (IAMs) describe future emissions that keep global warming below specific temperature limits. These pathways are used as benchmarks against which countries’ collective greenhouse gas (GHG) emission reduction pledges can be compared. This comparison is needed to assess the collective progress of mitigation action against scientific data and to inform adequate emission targets under the Paris Agreement. Currently, however, a ~5 GtCO2 yr−1 mismatch exists between the global land-use fluxes estimated with IAMs and those computed from countries’ GHG inventories, hampering this evaluation exercise. Here we present a novel methodology for closing this gap, a “Rosetta stone” adjustment for translating IAMs’ land-use mitigation pathways to estimates that are more comparable with countries’ GHG inventories. This solution does not change the original decarbonization pathways, but reallocates part of the land sinkadjusts them to be consistent with GHG inventories, providing a blueprint for other studies. The adjusted cumulative emissions over the period until net zero for 1.5°C or 2°C limits are reduced by 120-192 GtCO2 relative to the original IAM pathways and related IPCC publications. Failure to take these sizeable differences into account would impair the accuracy and the environmental integrity of assessing collective progress towards the Paris Agreement’s climate goals. 

MAIN TEXT

Changes in land use and land management contribute around 14% of total global anthropogenic CO2 emissions1, mainly through deforestation. Simultaneously, terrestrial sinks - both natural and anthropogenic - absorb nearly a third of total anthropogenic CO2 emissions2, mainly in forests. Land use, land-use change and forestry (LULUCF) measures represent about 25% of the emissions reductions pledged by countries in their National Determined Contributions (NDCs) to the Paris Agreement3. Land-based mitigation4,5 is increasingly recognized as a key strategy for reaching the Paris Agreement’s aim to “balance anthropogenic emissions and removals”6,7. 
The Paris Agreement7 mandates a periodic Global Stocktake exercise, to assess countries’ collective progress towards meeting its long-term goals. This exercise will take place for the first time starting in 2022 and finishing in 2023. Any identified gap between globally aggregated reported and pledged emissions and emission pathways consistent with the Paris Agreement is expected to motivate increased mitigation ambition in subsequent NDCs (Supplementary section 1). Monitoring of historical progress is based on National GHG inventories (NGHGIs), while assessment of future actions is based on countries’ climate targets (NDCs in 2025 or 2030 and long-term strategies in 2050). Estimates of the appropriate level of mitigation are based on emission pathways consistent with limiting warming to 1.5°C and well-below 2°C, from models and scenarios developed by the scientific community8–10. This, however, requires that estimates used to derive the emission pathways and country data used to measure progress are comparable. 
Countries report national historical anthropogenic land CO2 fluxes as part of the LULUCF component of the NGHGIs, which are periodically submitted to the United Nations Framework Convention on Climate Change (UNFCCC). Independent global estimates of anthropogenic land CO2 fluxes assessed by the Intergovernmental Panel on Climate Change (IPCC)1,11,12 are from global-scale models. In global assessments, bookkeeping models and Dynamic Global Vegetation Models (DGVMs) are used to assess historical emissions2, and Integrated Assessment Models (IAMs) explore scenarios and pathways of future changes9,13,14. 
Previous studies highlighted that NGHGIs report values of global anthropogenic net CO2 emissions from land (mostly from forest land and deforestation) that are 4-5 GtCO2 yr−1 lower than those estimated by bookkeeping models and DGVMs for the period 2005-20141,15. Here we show that this large difference exists also between NGHGIs and IAMs, with an estimated 5.4 GtCO2 yr−1 gap for the period 2005-2015 (Fig. 1a). This gap represents a key barrier to the use of IAMs in helping to set adequate emission targets in context of the Paris Agreement. This issue has been acknowledged at the highest levels, such as in the Summary for Policy Makers of recent IPCC Special Reports (on Global Warming of 1.5ºC12 and on Climate Change and Land1) and during a UNFCCC plenary16. A viable solution is awaited needed by both the IPCC and the countriespolicy makers. 
The inconsistency between NGHGI and IAM estimates is almost entirely due to a difference in anthropogenic CO2 removals (4.7 GtCO2 yr−1, Fig. 1b), mostly occurring on forests. This difference is potentially a consequence of: (i) simplified and/or incomplete representations of land-use change and management in global models14,17, including the role of forest management in promoting biomass expansions and thickening18 and the impact of forest demography19; (ii) inaccurate and/or incomplete estimation of LULUCF fluxes in NGHGIs3, especially in non-forest land uses and in soils; and (iii) conceptual inconsistencies between global models and NGHGIs in defining estimating ‘anthropogenic’ CO2 fluxes from land, which make the estimates hardly comparable15. The impacts of (i) and (ii) are difficult to quantify, and result in uncertainties that will decrease slowly over time through improvements of both models and NGHGIs. By contrast, the inconsistencies in (iii) and their resulting biases can be assessed and addressed. 
The purpose of this study is to provide a means of making IAM land-use CO2 mitigation pathways more  comparable with NGHGIs at the global and regional levels, with the aim of facilitating the assessment of collective progress against the Paris Agreement’s mitigation goals. Extending previous studies15, we first show how the above-mentioned methodological inconsistencies definitional inconsistencies cause differences in estimated global anthropogenic land CO2 fluxes. Then, we use results from five IAMs (AIM-CGE20, GCAM421, IMAGE13, MESSAGE-GLOBIOM22, REMIND-MAgPIE23, see Methods) and one DGVM (LPJmL24) to apply a new method that, by adjusting IAM results, ensures comparability between IAMs and NGHGIs. Without this adjustment, country climate targets (based on the approach of NGHGIs) cannot meaningfully be assessed using the land mitigation pathways from IAMs. 

Different scopes led to different approaches to land-use fluxes 
The different scientific communities involved in global land flux modelling and NGHGIs have developed independent definitions of approaches to estimate ‘anthropogenic’ land CO2 fluxes that have different purposes and scopes. Global models focus on producing globally consistent estimates, which are assessed in IPCC reports1,11,12. Meanwhile, IPCC Guidelines for estimating NGHGIs25 focus on individual countries, aiming at pragmatic and consistent methodologies that are generally applicable. Approaches developed by both communities are valid in their own specific context. However, a meaningful comparison of ‘anthropogenic’ land CO2 fluxes between them is hampered by conceptual differences in the definitions estimation of: (i) the ‘anthropogenic’ flux, which differs in whether or not it includes the indirect impact of human-induced environmental changes (Fig. 2a), and (ii) ‘managed’ area, especially for forest land (Fig. 3a). 
To make the global model results and NGHGIs comparable, one can in principle either adapt the countries’ to the global models’ approach, or vice versa. Changing the countries’ approach, which is based on several UNFCCC decisions and well-established IPCC guidelines (see Supplementary section 2), is impractical in the short term. Therefore, we explore how global models’ output could be pragmatically adjusted to facilitate a like-with-like comparison. Specifically, we propose ways to reconcile different definitions methods for estimating of the ‘anthropogenic’ flux (Fig. 2b) and ‘managed forest’ (Figs. 3b-g) between global models and NGHGIs. We subsequently illustrate how these solutions can be implemented concomitantly (Fig. 4), show the impact (Fig. 5), and discuss the implications when comparing aggregated country climate targets and global mitigation pathways (Fig. 6). 

Conceptual inconsistencies in definitions estimating theof  ‘anthropogenic’ flux
Conceptually, land fluxes can be differentiated26 between those due to ‘direct human-induced effects’ (land use and land-use change, including harvest and regrowth); those due to ‘indirect human-induced effects’ (i.e. human-induced environmental change, including CO2 concentration, temperature, precipitation, and nitrogen deposition feedbacks); and fluxes due to ‘natural effects’ (including climate variability and a background natural disturbance regime, whose contribution is assumed to even out over time). Direct effects occur only in managed lands, while indirect and natural effects occur in both managed and unmanaged lands26. 
The approach used by countries to estimate ‘anthropogenic’ GHG fluxes follows the IPCC Guidelines25,27. Because most NGHGIs are fully or partly based on direct observations (e.g. national forest inventories), which cannot separate the direct human-induced effects from the indirect as well as natural effects26, the IPCC Guidelines adopted all GHG fluxes on ‘managed land’ as a pragmatic proxy to estimate ‘anthropogenic’ land GHG fluxes25,27 (Supplementary Info section 2).. GHG fluxes from unmanaged land are not considered anthropogenic and thus are not reported in NGHGIs. However, the degree to which direct and indirect effects are included in NGHGIs depends on the estimation method used, of which the complexity varies among countries. An earlier study15 concluded that the estimated NGHGI flux from managed forests includes the impact of all direct effects and, in most cases, most indirect and natural effects (Fig 2a, right; see Methods).
Different types of global models are used to quantify different land CO2 fluxes. DGVMs include a process description of land-related carbon fluxes, and therefore also capture the natural response of land to human-induced environmental change (indirect effects). IAMs focus on the ‘anthropogenic’ land CO2 fluxes, typically including only the direct effects (land use, land-use change, harvest and regrowth, Fig. 2a, left) on land that is identified as managed in the model (see Methods). Some IAMs are linked to a DGVM and use this (or similar) linkage to evaluate consequences of future land-use scenarios. 
Here we propose (i) to disaggregate the land sink due to indirect effects from DGVMs into fluxes occurring in managed and in unmanaged lands, and then (ii) to sum the fluxes from direct effects reported by IAMs with the fluxes from indirect effects estimated by DGVMs on managed land, to obtain ‘adjusted’ estimates more comparable with NGHGIs (Fig. 2b). 

[bookmark: _Hlk55903090]Conceptual inconsistencies in managed forest area 
The NGHGIs cover all managed land: forest land, cropland, grassland, wetlands, settlements and other land. While the relative importance of each land use varies between countries, fluxes from forest and deforestation typically comprise the vast majority of CO2 fluxes in NGHGIs (see Supplementary section 2). Furthermore, as indirect effects on non-forest lands are small compared to the effects in forest (see Methods), we concentrate only on managed forest here, because this is where most of the conceptual inconsistency occurs between IAMs and NGHGIs is. The IAMs typically consider ‘managed forests’ to be those forest areas contributing to commercial wood supply for timber, pulp and paper, or energy production (Fig. 3a). In contrast, the IPCC Guidelines25 used by countries define ‘managed land’ as areas “where human interventions and practices have been applied to perform production, ecological or social functions”, and ‘forest’ as “all land with woody vegetation consistent with thresholds used to define Forest Land in the NGHGI”. The countries’ definitions of managed forest are therefore flexible, must be applied consistently over time, and are typically much broader than the one used by IAMs. For example, managed forest in NGHGIs include all kinds of silvicultural activities (clear-cut, thinnings, etc.) and may include parks and protection forests, while IAMs include only those areas that are planted (afforestation), or subject to a (recent) wood harvest needed to fulfil timber demand, given rotation cycles and carbon densities (see Methods). 
A consequence of these different definitions approaches is that the area considered managed forest by countries – about 3 billion ha globally – is much bigger than the one used in IAMs, despite total forest areas (i.e. managed and unmanaged combined) being similar (Figs. 3b-g). When country data for unmanaged  and managed forest area are compared to the areas of ‘intact forest’28 – i.e. forest areas characterized by no remotely-detected signs of human activity (see Methods) – and ‘non-intact forest’, respectively, a good match emerges (third column in Figs. 3b-g), both at global and regional level. Since only few NGHGIs provide maps of their managed forests that can be used by IAMs, our method uses the non-intact forest map as proxy for managed forests in NGHGIs. This map can then be used to spatially separate the land sink from DGVMs (Fig. 2b) into fluxes occurring in managed and unmanaged lands.

Way forward to reconcile the inconsistencies 
To reconcile land-use CO2 estimates from IAMs and NGHGIs, we add fluxes estimated by DGVMs (indirect effects) in non-intact forest areas to the original IAMs’ anthropogenic land fluxes (direct effects). This approach is outlined in Fig. 4, which synthestizes the partial solutions presented in Fig. 2 (on direct vs. indirect effects) and Fig. 3 (on the extent of managed forest area). This approach assumes that the IAMs’ original flux captures the impact of the more intensive management activities (direct effects) occurring on a subset of the managed area used in the NGHGIs, while the DGVMs’ flux captures the indirect effects on all the NGHGIs’ managed area (see Methods). 
In this study we estimate the sink due to indirect effects in non-intact forest area with LPJmL runs associated with IMAGE (see Methods and Supplementary section 4). Given the large uncertainty of the future forest sink29,30, we tested the representativeness of our results, and concluded that the forest sink estimated by LPJmL is reasonably representative of available data in the literature (see Supplementary section 5). 

A consistent comparison 
In our proposed method, we first estimate the CO2 sink associated with indirect effects in non-intact forests (Fig 5a-c for a selection of SSP2 scenarios). This sink represents around 70% of the total forest sink and 50% of the total land sink in the period 2005-2050. It decreases over time in the stringent mitigation scenarios (SSP2-1.9 and SSP2-2.6), while it is relatively stable in a weak mitigation scenario such as SSP2-6.0, mainly because of different CO2 concentrations and resulting CO2 fertilization effects. 
Comparing the original IAM results with the country LULUCF estimates of NGHGIs and the NDCs reveals a large discrepancy (Fig. 5d-f). This discrepancy is largely resolved when the original IAM results are combined with the indirect human-induced sink from non-intact forests (Fig. 5g-i).
For the historical period (2005-2015), the proposed adjustment reconciles IAM results with NGHGI estimates (Fig 5j) at the global level, for Annex I countries (advanced economies with annual GHG reporting commitments under the UNFCCC) and for non-Annex I countries (countries with less stringent reporting commitments). The match between IAMs and NGHGIs is improved in all the regions examined (Fig 5j). This pattern is largely confirmed also at the level of large countries (Supplementary section 6), with almost full reconciliation of the estimates in EU, Russia, USA, Brazil and Indonesia, but not fully in Canada and in China. This indicates that the gap between IAMs and NGHGIs is mostly a matter of different areas considered and different allocation of fluxes, and does not reflect large differences in land CO2 flux estimates over a given area (Supplementary section 7). Our scenario-specific results can be directly used by other studies at global and regional levels (Supplementary section 8), but additional analyses would be required for specific countries.
Our approach should not be seen as the only or the final method available to reconcile estimates between IAMs and NGHGI at country level, but rather as a pragmatic short-term fix to ensure comparability between global models and the collective countries’ effort during the Global Stocktake, which is essential for the implementation of the Paris Agreement. Many aspects of our method are expected to improve in the future. First, updated projections on the forest sink with a model ensemble would allow for further evaluation of the uncertainty of this sink and provide more confidence when using our approach in policy contexts. Second, the method relies on information which is appropriate at global level but not necessarily fully valid at country level, such the non-intact forest map as a proxy of managed forest, and assumes that the NGHGI fully captures the recent indirect effects. More country-specific information, such as maps of managed forest and the extent to which indirect effects are included in the NGHGI, would help the implementation of our approach at country level. Third, the effective reconciliation between NGHGIs and IAMs shown in Figure 5 may hide underlying uncertainties and inaccuracies through other compensating factors, such as incomplete representations of land-use processes, absence of nitrogen fertilization and forest age-structure dynamics in global models, and inaccurate and/or incomplete NGHGIs. 
In the medium term, countries should improve the accuracy, completeness and transparency of their NGHGIs - whenever possible also including estimates with and without the impact of indirect effects - and the clarity of the LULUCF’s role within their climate targets, which currently is often ambiguous31. In parallel, IAMs (and in general global models) should progressively improve the representation of managed forest areas32, forest management operations beyond land-use changes33,34, post-disturbance recovery and forest demography19 and the indirect effect of climate change on GHG fluxes. In this context, evidence from Earth Observation in combination with ground-based information will play a key role both in supporting the countries’ reporting and verification needs under the Paris Agreement35 and as a benchmark against which vegetation dynamics and the land sink in global models’ outputs might be evaluated2,36. Improvements on both sides (countries and global models) will raise confidence in land CO2 fluxes and support the implementation of our approach for assessing collective progress, as well as enable it to be extended to setting national targets.

Implications when comparing climate targets with global mitigation pathways
The proposed approach to make the IAMs’ output more comparable to the NGHGIs does not imply changes in the understanding of the global carbon fluxes, but simply imposes a reallocation of part of the land sink (Fig. 6a-d, for SSP2-2.6). This is done by adjusting downward the original total ‘anthropogenic’ net CO2 emissions estimated by IAMs by the indirect CO2 uptake on non-intact forests (dashed black line in Fig. 6b). To avoid double counting, the natural net sink in the IAM pathways needs to be reduced (i.e. adjusted upward, dashed green line in Fig. 6d) to compensate for the reallocation of the indirect CO2 sink to the anthropogenic net emissions, and thus the total net flux of CO2 to the atmosphere remains unaltered (red lines in Fig. 6c-d). That is, we shift a portion of the IAMs’ net flux of CO2 from the natural sink to the ‘anthropogenic’ component, to achieve comparability with the NGHGIs. 
The implications when comparing climate targets with global mitigation pathways are illustrated in Fig. 6 e-j. Our solution focuses on LULUCF, where the mismatch exists (Fig. 6e); by adding the indirect effects from non-intact forests (Fig. 6f), we adjust the original IAMs pathways to derive NGHGI-comparable pathways for LULUCF (Fig. 6g). These changes do not affect non-LULUCF emissions (energy, industry), which do not require adjustments (Fig. 6h). However, the sum of LULUCF and non-LULUCF emissions (‘economy-wide’ emissions) then obviously also changes, and NGHGI-compatible mitigation pathways for economy-wide emissions are slightly lower than the original ones (Fig. 6i).
Our approach does not imply modifications of the original decarbonization pathways. This is illustrated by the absence of change in the models’ estimates of emissions from fossil fuels, industry and land use estimates of fossil fuels and land use in the adjustment from Fig. 6a to Fig. 6b. It simply ensures that an appropriate like-with-like comparison is made. If country climate targets using the NGHGI definition approach (thus with a larger forest sink than IAMs) are used together with IAM pathways to assess collective climate progress, adjustments have to be made. Here we present the adjustment of IAM results as a pragmatic way forward in the short term, although the same results would be achieved also by adjusting the country data. The same reasoning applies to the remaining GHG budget (i.e., the allowable emissions until net zero GHG emissions consistent with a certain climate target). For example, for SSP2-1.9 and SSP2-2.6 (representing pathways keeping warming to 1.5°C and 2°C), the NGHGI-comparable remaining GHG budget is 120-192 GtCO2 lower than the original remaining GHG budget (panel j). In the absence of these adjustments, collective progress would appear to be more on-track than it actually is. 
Overall, there is no change in scientific understanding of the mitigation effort needed. However, where countries did not account for the definitional mismatches above when setting their targets, including net zero targets, correcting for this (i.e. using NGHGI-comparable pathways as benchmark) will result in a perceived increase of the required mitigation effort. These implications should be urgently and clearly communicated. 
The assessment of the global 2030 “emission gap” between aggregated country NDCs and specific target mitigation pathways – as published annually by the UN Environment Program37 – is only affected to a limited degree. This is because some estimates of global land-use emissions used in this assessment already use the same land-use definitions approach as the IAM mitigation pathways38,39, or because historical data of global NDC estimates is harmonized to the historical data of global mitigation pathway projections (e.g. ref40). The latter procedure, however, is agnostic to the reasons for the observed mismatch, and often uses a constant offset41. The adjustment proposed in this paper would allow to resolve this mismatch drawing on an understanding of the underlying reasons, and thus provides a more informed and accurate basis for the estimation of the emission gap. 
The inclusion of indirect effects in climate targets may raise questions of equity when countries with different levels of ‘indirect’ forest sink are compared to each other or against IAMs. In both cases, equity may be enhanced through countries transparently identifying addressed by identifying transparently the direct and indirect components in climate targets, and factoring out indirect effects when appropriate. If this is not possible or impractical, our approach provides a pragmatic option for excluding the impact of indirect effects when assessing a country’s climate efforts against IAM pathways (i.e., the impact of indirect effects in climate targets would be counterbalanced by a similar impact in the adjusted IAM pathways). This does not suggest that indirect effects should or should not be included in climate targets, but simply facilitates a like-with-like (and thus scientifically more accurate) comparison of different country climate targets against IAM pathways, irrespective on their level of ‘indirect’ forest sink. In addition, if the aim is to compare the different efforts required for different mitigation targets (e.g. following SSP2-4.5 vs. SSP2-1.9), using the original IAM pathways directly (and thus including direct effects only) would allow a comparison not to be influenced by the different levels of indirect effects in different pathways. 
The future evolution of the forest sink is very uncertain. Depending on the scenario, the uncertain magnitude of the CO2 fertilization effect on forest growth37,38, uncertain spatial and temporal patterns of climate change, and the possibility of tipping points, the global forest sink may continue at current levels, weaken44, or even turn into a carbon source. Nevertheless, the proposed adjustment does not bring additional uncertainty into the NGHGI-comparable pathways. Currently, all these uncertainties on the future carbon sink are taken into account via the use of simple climate models or emulators, like MAGICC45 used in IAMs to evaluate whether a certain mitigation pathway is consistent with a specified climate target. The behaviour of the more complex Carbon Cycle models that contribute to the C4MIP project46 is represented by these emulators45. The uncertainty of the future forest sink is therefore always included, independently of whether these flows are labelled as anthropogenic (as countries do) or natural (as global models do). 
In conclusion, the current 5.4 GtCO2/yr mismatch between IAM outputs and NGHGIs on land-related GHG fluxes means that countries cannot use the original IAM pathways as a benchmark for their collective economy-wide climate action (i.e. including LULUCF). This mismatch is mostly caused by differences in how the anthropogenic forest sink is definedassessed. In this paper, we describe and apply a “Rosetta stone” solution that translates the IAM results to the countries’ definition approach and reconciles the gap between IAM estimates and NGHGIs at global and regional levels. Our scenario-specific adjustments, which can be used in other studies and refined with improved estimates of the future forest sink, offer NGHGI-comparable land-use pathways. Our solution does not change the original decarbonization pathways, but it reduces the perceived amount of allowable economy-wide cumulative net emissions for a given warming limit, relative to the original IAM pathways and related IPCC publications. Although further work is required to develop country-specific adjustments, countries that had previously used an incomparable benchmark may eventually need to update their target. The remaining GHG budget has an enormous conceptual importance for climate policy47. To be useful as a benchmark, however, this remaining budget must be conceptually comparable with national climate targets. The NGHGI-comparable emission pathways presented here provide essential information for the IPCC Sixth Assessment Report and the Global Stocktake and will enable a more accurate assessment of the adequacy of countries’ mitigation pledges under the Paris Agreement.  
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Figure 1. Global net anthropogenic land CO2 fluxes estimated by global models and reported in NGHGIs. 
a, Global net anthropogenic land CO2 flux from the IPCC Special Report on Climate Change and Land1 (blue line, using two bookkeeping models48), from IAMs (averages of five models for various SSP2 mitigation scenarios14,49, red lines, starting in 2005) and from the sum of LULUCF in NGHGIs (grey line, mostly forest sink and deforestation). Fluxes from forest and deforestation from NGHGIs are comparable to those reported by FAOSTAT50 (green dashed line, elaborated based on country reports to FAO-FRA 202051). The sum of conditional and unconditional NDCs for the land-use sector3 are shown as black lines. Positive fluxes indicate net emissions, whereas negative fluxes indicate net removals of CO2 from the atmosphere. The gap between IAMs and NGHGIs is equal to 5.4 GtCO2 yr−1 for the period 2005–2015. 
b, Global anthropogenic land CO2 emissions (mainly from deforestation), removals (mainly forest sink) and net flux, as estimated in IAMs (average surrounded by min-max range) and by the sum of NGHGIs (surrounded by 95% CI) for the period 2005-2015. See Methods for details.
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Figure 2. Main conceptual inconsistencies between IAMs and NGHGIs in estimating definitions of what is considered the ‘anthropogenic’ land CO2 flux, and proposed solution. 
a, Differences in defining estimating the anthropogenic land CO2 flux by global models (bookkeeping models and IAMs: ‘Land Use’) and NGHGIs (‘LULUCF’), including the attribution of effects influencing the land CO2 flux (as defined by the IPCC26) in managed and unmanaged lands. The anthropogenic land CO2 flux by global models typically includes only the CO2 flux due to ‘direct human-induced effects’ (land-use change, harvest, regrowth), although system boundaries make this attribution uncertain52. By contrast, NGHGIs consider anthropogenic all fluxes occurring in areas defined as ‘managed’ (see Fig 3a), typically including also most of the sink due to ‘indirect human-induced effects’ (climate change, atmospheric CO2 increase, N deposition etc.) and due to ‘natural effects’ (climate variability, background natural disturbance regime). These indirect human-induced and natural effects are modelled by some IAMs (e.g., via DGVMs), but are not included in the reported anthropogenic ‘Land use’ flux from IAMs and related IPCC Assessments. 
b, Proposed solution to the inconsistency, via disaggregation of the ‘Lank Sink’ flux from DGVMs (from indirect and natural effects) into CO2 fluxes occurring in managed and in unmanaged lands. The sum of ‘Land use’ flux (IAMs) and the ‘Land sink’ flux occurring on managed land (DGVMs) produces an ‘adjusted’ IAM CO2 flux which is conceptually more comparable to NGHGIs. This figure may be an oversimplification, e.g. not all NGHGIs include all indirect effects. DGVMs can also simulate CO2 flux due to land-use changes, but it is not considered here. See Methods for details.

a
	
	Definition ofForest area considered managed forest 

	IAMs
	Area of forest producing commercial wood supply for timber or energy. 

	NGHGIs
	‘Managed land’ is where human interventions and practices have been applied to perform production, ecological or social functions (IPCC 2006). Forest land includes all land with woody vegetation consistent with thresholds used in the NGHGI. 
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Figure 3. Inconsistencies between IAMs and NGHGIs in the forest areas that are considered ‘managed’, and proposed solution for their reconciliation. 
a, Definitions ofForest area considered ‘managed’ forest used by IAMs and NGHGIs. 
b-g, Areas of ‘managed’ and ‘unmanaged’ forest in 2010, from IAMs (average of five models ± min-max) and from NGHGIs, and area of Intact forest in 201328 and Non-Intact forest (total forest area from ref.53 minus Intact forest), for the World and the following regions: Developed Countries (OECD 90 countries and new EU member states and candidates), Reforming Economies of Eastern Europe and the Former Soviet Union (REF, excluding EU member states), Asia (ASIA, Asian countries with the exception of the Middle East, Japan and Former Soviet Union states), Latin America and Caribbean (LAM) and Middle East and Africa (MAF). Given the good match between Non-Intact forest area and NGHGIs’ managed area (which is not available on maps), this study uses the Non-intact forest area as a proxy to separate spatially the ‘Land Sink’ (from DGVMs, due to indirect effects, Fig. 2b) into fluxes occurring in managed and unmanaged areas. At global level, NGHGI data on total and unmanaged forest area match well with FAO-FRA 202051 data on total forest (ca. 4 Billion ha) and primary forest (ca. 1 Billion ha), respectively.
h, Illustrative map of Intact forests, of Non-Intact forests28 and of recently harvested area from IMAGE for the year 2010. Deforested areas are not included in any of the panels. See Methods for details.
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Figure 4. Implementation of the proposed solutions for reconciling the inconsistencies between IAMs and NGHGIs in the ‘anthropogenic’ forest CO2 flux.  Currently (upper figures), most IAMs consider ‘anthropogenic’ only the CO2 flux associated with direct effects (Fig. 2a, left) on a small fraction of the total forest area (managed area in the original IAMs’ map, Fig. 3b), while indirect effects on either managed or unmanaged area are not considered anthropogenic. In this paper (lower figures), we address the inconsistencies between IAMs and NGHGIs on direct vs. indirect effects (Fig. 2) and on the extent of managed forest area (Fig. 3) by adding the CO2 fluxes due to indirect effects (estimated by DGVMs, Fig. 2b) in non-intact forest area (used as proxy of managed forest area in NGHGIs, Fig. 3b) to the original IAMs’ anthropogenic land flux. The resulting ‘adjusted’ IAM results are expected to be more comparable to NGHGIs. In this study the indirect effects are estimated with IMAGE / LPJmL, whose original forest map for the year 2010 is reclassified according to the Intact / Non-intact forest map (Fig. 3c) without changing the other land uses (e.g., agriculture, urban). See Supplementary sections 3 and 4 for details.
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Figure 5.  Adjustment of the IAMs’ anthropogenic land CO2 fluxes to derive NGHGI-comparable estimates. 
a-c, Global land CO2 fluxes due to indirect and natural effects from IMAGE / LPJmL, for selected SSP2 RCP scenarios in the period 2000-2050. 
d-i, Global anthropogenic land CO2 fluxes, including original IAM results (d-f), adjusted IAM results (NGHGI-comparable, g-i), NGHGIs and unconditional / conditional climate pledges (NDCs) for 2030. The adjustment of IAM results (g-i) is done by adding the indirect human-induced sink of non-intact forests (thick green line in a) to the original IAM results (d-f).  
j, Anthropogenic land CO2 fluxes in the period 2010-2015, comparing the original and the adjusted IAM results (+/- min-max among models) to the NGHGIs (+ 95%CI), at global level, for Annex I countries, Non-Annex I countries and for the following regions: Developed Countries (OECD 90 and EU, OECD), Reforming Economies of Eastern Europe and the Former Soviet Union (REF), Asia (ASIA), Latin America and Caribbean (LAM) and Middle East and Africa (MAF). IAM data are from SSP database. NDC data (from ref.3) are illustrative and do not aim to assess the future emission gap in the land sector. See Methods for details.
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Figure 6. Impact of adjusting the IAMs’ land CO2 fluxes to the NGHGI approach on global CO2 fluxes and the GHG mitigation pathways. 
a-d, Global carbon fluxes, with ‘anthropogenic’ (a-b, including fossil fuels and land use for scenario SSP2-2.6, average of five IAMs) and other CO2 fluxes (c-d, including natural and atmospheric sinks), according to the global models’ approach (a and c) and adjusted to the NGHGI approach (b and d). This adjustment means reallocating part of the land sinks considered natural by global models (due to indirect human-induced effects on non-intact forests, dashed green area in c) to the anthropogenic component (b). This adjustment improves comparability with NGHGIs, but does not change the CO2 expected to remain in the atmosphere (red lines in c-d) since changes in natural and anthropogenic land fluxes fully compensate. 
e-g, Global anthropogenic CO2 fluxes from SSP2 scenarios: original IAM mitigation pathways and NGHGIs for LULUCF (e), indirect effects from non-intact forests (f), and combination of panels e and f to obtain NGHGI-comparable anthropogenic LULUCF pathways (g, that is, original IAM results adjusted to the NGHGI approach). The indirect effects in panel f decline over time with increasing mitigation ambition, mainly because of the weaker CO2 fertilization effect. In panel g, the dependency of the adjusted LULUCF pathways on the scenariotarget becomes less evident after 2030, because the for different scenarios the indirect effects in non-intact forest (f) compensate the effects of the original pathways (e) (increasing uncertainty visualized by grey shading in panel f and g). 
h-i, Global anthropogenic GHG emissions without LULUCF (h, where no adjustment is needed) and combination of panels g and h to obtain NGHGI-comparable pathways for global GHG emissions with LULUCF (i). NGHGI data are from PRIMAP HISTCR54 for non-LULUCF (primarily based on country data reported to UNFCCC) and from this study for LULUCF.
j, Adjustment of cumulative IAM fluxes (through the indirect effects in non-intact forests) from 2021 until GHG neutrality or 2100 (whatever comes first). This represents the impact of our approach on the NGHGI-comparable remaining GHG budget (as GtCO2 or %), relative to the original budget. The yearly values of these adjustments (see Supplementary section 8, including regional factors) can be added to the original IAMs’ fluxes to facilitate comparability with NGHGIs. Supplementary section 8 also includes a version of panels j-h covering CO2 only.

METHODS

Country data submitted to UNFCCC
In this study we use the term national greenhouse gas inventory (NGHGI) in a broad sense, including anthropogenic historical GHG data included in any country GHG report submitted to UNFCCC. Although the Paris Agreement removes the previous distinction between Annex I and Non-Annex I countries in terms of targets and reporting55 (retaining some flexibility in GHG reporting for developing countries), we use this distinction here because it still reflects relevant differences on historical GHG data (see below). A general description of NGHGI estimation, reporting, accounting and review under the UNFCCC is included in Supplementary section 2.1, including an explanation of why “reported” GHG estimates, and not those filtered by the “accounting rules”, are used here. 
The global historical (2000-2017) LULUCF country CO2 dataset used here (Figure 1a) is an update to November 2020 of ref15. It includes data from all Annex I countries (for which a complete time series 1990-2018 is available) and from most of non-Annex I countries (incomplete time series, here gap filled for the period 2000-2017). To date, this dataset is the most comprehensive collection of the available country LULUCF estimates (see Supplementary section 2). 
In principle, LULUCF includes all land uses (forest land, cropland, grassland, wetlands, settlements, other land). In practice, while almost all Annex I countries report all land uses, many non-Annex I countries report only on forest land and deforestation (i.e. forest converted to other land uses). When splitting the net LULUCF flux in the three categories ‘forest’, ‘deforestation’ and ‘other’ (i.e., cropland, grassland, wetlands and settlements if not already included under deforestation, including peat decomposition in Indonesia), forest and deforestation represent more than 95% of the sum of absolute fluxes from the three categories in both Annex I and Non-Annex I countries (see Supplementary section 2). This does not mean that ‘other’ fluxes are unimportant – e.g. emissions from agricultural organic soils or removals from grasslands may be relevant in some countries – but simply that at global their net sum is close to zero in NGHGIs. In Figure 1b, ‘emissions’ include fluxes from deforestation and, for Indonesia, peat fires; ‘removals’ include fluxes from forest land and from ‘other’. 
In terms of gases, although the information sources used (see below) include reporting for all GHGs, in this paper we consider only CO2 to allow comparability with IAM data. Exceptions are few non-Annex I countries where it was not possible to separate CO2 from non-CO2 emissions (mainly CH4 and N2O from forest fire). However, this contribution is assumed to be small, e.g., for Annex I countries, the non-CO2 emissions from fires are around 6% of the total CO2-equivalent LULUCF sink. 
In terms of carbon pools, the change in carbon stock in biomass is always reported for forest land and typically represents the vast majority of LULUCF fluxes. Dead organic matter and mineral soils are reported by the vast majority of Annex I countries and the biggest non-Annex I countries for conversions between land uses, but these pools are often assumed to be in equilibrium for forest land remaining forest land. Emissions from organic soils and peatland are typically reported when relevant. Since most of IAMs do not include carbon stock changes in harvested wood products (HWP), country data on HWP are not included here. Based on the information reported in the NGHGIs (mostly from Annex I countries), HWP represents a global sink of about -0.1 GtCO2/y (average 2005-2015), therefore its omissions in our comparison does not significantly affect our analysis.
The key statistics on the information sources of country GHG data used in this study are illustrated in Supplementary Table 2. A summary of the most relevant historical data used in this study (area of managed forest and LULUCF CO2 emission and removal fluxes) are presented in Supplementary Tables 3 and 4 for all Annex I and for the main non-Annex I countries, respectively. 
Data from Annex I countries (43 countries with advanced economies and annual NGHGI reporting commitments under the UNFCCC). The 2000-2017 time series of LULUCF CO2 estimates used in this study is taken from the National Inventory Submissions56 submitted in 2020, and in most cases include all land uses, most of carbon pools (except harvested wood products) and CO2 emissions from fires.  
Data from non-Annex I countries (152 countries with less stringent reporting commitments to UNFCCC). The periodicity, accuracy and completeness of NGHGI reporting varies considerably among non-Annex I countries. For this reason, where necessary, we applied filters and gap-filling for the period 2000-2017. 
For these countries, a priority hierarchy of data sources was established. First, only post-2015 country submissions to UNFCCC were considered, generally prioritizing the more recent one: Nationally Determined Contributions (NDC57, typically submitted in 2015), National Communications or Biennial Update Reports (NC58/BUR59), REDD+ submissions60 (if covering the entire country territory). This filter restricted the LULUCF CO2 data to 105 countries, representing 98% of forest area of all non-Annex I countries (see Supplementary Table 2). This number is larger than in similar recent analyses15, witnessing the relatively rapid improvement in the quantity (and in some case quality) of NGHGI information from non-Annex I countries. Notably, the recent updates from many non-Annex I countries allowed to disaggregate the total LULUCF CO2 flux into “emissions” (mainly deforestation, but also peat fires in Indonesia) and “removals” (mostly forest sink), see Fig. 1b. Data from non-Annex I countries includes mostly forest-related CO2 fluxes (including deforestation and fires), with only few countries reporting also cropland and grassland. In few cases, additional criteria were used to exclude data that was considered not plausible (see Supplementary Table 3). 
For the remaining 47 non-Annex I countries (typically small countries), either the information submitted to UNFCCC was considered old for this paper (<2015) or was not available. In this case, data on forest-related CO2 fluxes (including deforestation, afforestation and forest regrowth) was obtained based on the country reports to FAO FRA 2015, as elaborated by ref.61. In order to approximate what the countries will likely submit under the Global Stocktake, in this paper we focus only on CO2 information directly provided by the countries to UNFCCC or elaborated based on country data reported to FAO-FRA. Non-forest GHG data reported in the FAOSTAT database50, although potentially valuable to gap fill incomplete country GHG data, are not used here because it is not directly based on countries data.
Second, since many non-Annex I countries do not report a complete times series, any missing data between 2000 and 2017 was obtained by linear interpolation of available data (if the gap was between two data) or by backward/forward extrapolation of the closest data.
Use of the managed land proxy. The vast majority of countries that submitted GHG data to UNFCCC implicitly use the “managed land” proxy (i.e. that all GHG fluxes from managed lands are “anthropogenic”) following either the 2003 IPCC Good Practice Guidance or the 2006 IPCC Guidelines; however, only a minority explicitly report information on the implementation of this proxy15,62. While the lack of such information is often associated with the assumption that most or all land is managed, there is a clear need of greater transparency by countries on this issue62. 
All Annex I countries use the 2006 IPCC Guidelines25. Most of these countries consider all land as managed (e.g. most of EU countries), while some countries (e.g. USA, Canada, Russia, few EU countries) specifically report the area of unmanaged lands (for forest land, grasslands and wetlands, without estimating the corresponding GHG fluxes, consistently with IPCC Guidelines). 
The vast majority of the 105 non-Annex I countries for which GHG data submitted to UNFCCC is used in this paper follow either the 2003 IPCC Good Practice Guidance or the 2006 IPCC Guidelines, therefore implicitly using the managed land proxy. However, an explicit separation of managed and unmanaged areas is reported only in few cases (for example, Brazil). When available, here we considered as “managed forest” the area of forest used to compute the GHG fluxes reported to UNFCCC. Where this information was not available, we used the areas from the country reports to FAO-FRA 201561, assuming the area of “primary” forests as proxy of “unmanaged” forest and the area of “secondary” forests and plantations as proxy of “managed” forest. Overall, 98% of the information on forest area in Fig. 3 comes from country reports to UNFCCC (NGHGI, NDC, NC/BUR, REDD+) and 2% from FAO-FRA 2015.
While the direct effects are in principle always fully included in the NGHGIs, the inclusion of indirect effects depends on the estimation methods used, which differ in approach and complexity among countries.  Especially for non-Annex I countries, these methods are not always reported in a transparent way. Previous studies15 concluded that the impact of recent indirect anthropogenic effects is included in the NGHGIs of the vast majority of Annex I countries’ (with few exceptions, e.g. Australia, Canada, Japan) and at least in the most important non-Annex I countries (in terms of forest CO2 sinks: China, Brazil, Malaysia, Mexico and India) (see Supplementary Table 1).
The values of NGHGI uncertainty in Fig. 1b and in Fig. 5j are based on available information from countries’ reports to UNFCCC (reported in an almost complete way by all Annex I countries, while only by few non-Annex I countries), complemented by expert judgement as described in Supplementary Information of ref.3 and then aggregated at regional and global level. Overall, the uncertainty on the net LULUCF CO2 flux is estimated to be around 35% for Annex I countries and close to 50% for non-Annex I countries. Given the incomplete information on the uncertainty of NGHGIs (especially for non-Annex I countries), these values should be considered as order-of-magnitude estimates.
For the projections up to 2030, here we use the data from Nationally Determined Contributions (NDCs)57 as extracted by ref.3, for both Annex I and non-Annex I countries, normalized with the here updated data for the 5-years average around 2010. Despite the considerable uncertainty in the land-use contribution to the NDCs, the trends found by ref.3 are consistent with other independent assessments (e.g. refs.31,63). In the context of this paper, these trends (as shown in Figs. 1 and 5) are illustrative and do not aim to quantify the future emissions gap in the land sector.

Other datasets
FAO data in Fig. 1a are from FAOSTAT50. They refer to emissions and removals in biomass from forest land and deforestation, computed by ref.51 as carbon stock change using data in country reports to FAO-FRA 2020. While in these country reports the forest carbon stock values in principle refers to the entire forest land area reported to FAO (i.e. without differentiating between primary, naturally regenerated and planted forest categories), in most cases it can be noted that the dynamics of carbon stocks in forest land are those typical of managed forest only (F. Tubiello, pers. communication). The above means that these estimates are not always fully comparable with NGHGIs, because of possible differences in the pools and in few cases in the area included (some NGHGIs may report GHG fluxes on less area that FAO-FRA 2020, but they often include non-biomass pools). Overall, the net global impact of these differences is considered to be small. 
The PRIMAP-hist dataset54 in Fig. 6 combines several published datasets to create a comprehensive set of GHG emission pathways for every country and Kyoto gas, and all UNFCCC member states. In the PRIMAP-HISTCR dataset used here, country-reported data (CRF, BUR, UNFCCC) is prioritized over third party data (CDIAC, FAO, Andrew, EDGAR, BP).

Integrated Assessment Models (IAMs)
All IAM scenario data we use in this study is based on the Shared Socio-economic Pathway 2 (SSP2)22. The SSPs depict five different global futures (SSP 1–5) with substantially different socio-economic conditions that aim to reflect different socio-economic challenges to mitigation and adaptation9. SSP2 describes medium challenges of both kinds and is intended to represent a future in which development trends are not extreme in any of the dimensions, but rather follow middle-of-the-road pathways22. The SSPs can be combined with different climate policy assumptions. Here, we use results of SSP2 combined with different end-of-century radiative forcing levels64, namely 1.9, 2.6, 3.4, 4.5, 6.0, baseline. These scenarios have been derived by five different IAMs with global coverage65,66: AIM20, GCAM21, IMAGE13, MESSAGE-GLOBIOM22 and REMIND-MAgPIE23. The vast majority of IAM data used here have been taken from the public SSP web-database hosted by IIASA (https://tntcat.iiasa.ac.at/SspDb/dsd?Action=htmlpage&page=welcome), with the rest from the modelling teams directly (particularly from IMAGE and LPJmL).
All IAMs have in common that they contain land-use modules, which differ, however, in their representation and parametrization of biogeochemical, biophysical and socio-economic processes as well as their spatial resolution14. All IAMs are driven by the same projections of economic growth and population, developed for the SSPs. For other characteristics of the storylines (such as yield increases, land-use change regulation and trade), the modeling teams have made their own assumptions on how to best represent the described trends of these drivers. More detailed descriptions of the individual land-use modules can be found in the Supplementary section 3 of this paper and in the Supplementary Material of ref.14. 
[bookmark: _Hlk63112578]While IAMs differ in how they calculate area of managed forest, they all in principle base it on following elements: (i) forest product demand (mostly based on FAO statistics and then projections in the future), (ii) carbon density of forests / timber that can be harvested per ha / increments (iii) estimates on length of rotation cycles / year to maturity. Consequently, the area of managed forest represents the area required to provided historic and future demand for wood products in continuous harvest rotations. The resulting area is substantially lower than both FAO’s non-primary forest (secondary forest and plantations) and NGHGIs’ managed area, as large forest areas are in reality multi-purpose, not subject to clear-cuts only, and have no or much longer rotation length (period from one harvest to the next) than assumed by IAMs. See Supplementary section 7 for more details.
The emissions from IAMs in Fig. 1b are those from land use changes, predominately tropical deforestation.

Calculation of the adjustment factors
[bookmark: _Hlk55907527]The adjustment of the IAM results presented here (Figs. 5 and 6) uses the forest sink due to indirect effects in non-intact forests, as estimated by LPJmL in combination with IMAGE. The LPJmL model 4.024 is fully coupled and an integral part of IMAGE67. In this coupling29, IMAGE provides gridded land use, climate and CO2 concentrations to LPJmL, and receives agricultural production, vegetation structure, carbon stocks and fluxes, and water fluxes, all on an spatial grid of 0.5 degree resolution and annual time steps. The gridded precipitation and temperature in IMAGE is derived from a change in global mean temperature calculated by the internally coupled MAGICC model45, plus a pattern scaling based on IPCC’s AR5 climate model output67. As 30-year averages are used from the climate model patterns, interannual variability is added within LPJmL29. LPJmL coupled to IMAGE accounts for forest management, following IMAGE’s forest harvest and management module with three different management types and calibrated rotation cycles and harvest characteristics67,68. We derive the indirect effects by grid-cell and time step via counterfactual LPJmL runs with and without climate change. 
The Intact Forest map was produced by the Intact Forest Landscapes (IFL) project28 (www.intactforest.org). Intact Forest Landscapes are defined as areas within the current forest landscapes extent characterized by no remotely-detected signs of human activity or habitat fragmentation and large enough to maintain all native biological diversity. Forests are defined as areas with a tree canopy cover greater than 20%, as identified by the Global Forest Change dataset by ref.53, derived from Landsat imagery. IFLs in 2000 covered globally 30% of the total forest area over 65 countries. IFLs were identified based on the absence of settlements, infrastructures (roads, railways, pipelines, power transmission lines, waterways), agriculture or timber production, and industrial activities in the last 70 years including oil and gas exploration and extraction, or peat extraction. Human activity and disturbances were identified with moderate resolution satellite imagery and existing settlements and infrastructure maps, and used to map altered and fragmented forest areas in the Forest map and consequently the remaining intact areas. IFL maps are available for the years 2000, 2013, and 2016. In this work, Non-Intact forest were derived by spatially subtracting IFLs areas from the same global Forest maps from the Global Forest Change dataset, coherently with the approach used to identify IFLs. While non-intact forest represents a good proxy for “managed” forest in NGHGIs at global level and for individual regions (see Fig 3), this is not necessarily valid for all individual countries.
To calculate the forest sink due to indirect effects in non-intact forests, the original gridded map from IMAGE/LPJmL for the year 2010 is reclassified according to the satellite-derived intact / non-intact forest map from refs28,53 for the year 2013 (Fig. 3h), without changing the other land-uses (e.g., agriculture, urban). The procedure is described in detail in Supplementary section 4. For the future, any projected change in the original IMAGE managed forest area (due to afforestation, deforestation or new harvest in previously unmanaged forests) is taken into account and the associated CO2 flux counted as land-use flux (see Supplementary Figure 4). 
Since the changes in future forest area differ among IAMs, when necessary the adjustment (originally developed by IMAGE/LPJmL) were slightly corrected as a function of the difference in future forest area changes between each IAM and IMAGE (see Supplementary section 4 for details). The impact of this correction is small, i.e. within +/-10% of the original adjustment when averaged among models, depending on the scenario and the year. 
[bookmark: _Hlk55898466]In calculating the adjustment to IAMs, here we consider only the impact of indirect effects in forest areas. The rationale for not considering the possible indirect effects on non-forest areas include: (i) evidence from models that most of land sink occurs on forests (see Fig. 5 a-c and ref.15) – this is confirmed by inventory methods (e.g. ref.69) and by the NGHGIs of Annex I countries (where the sink of non-forest land categories is very small compared to the forest sink); (ii) non-forest land is scarcely reported in Non-Annex I countries: for the purpose of this paper, it is not meaningful to correct IAM results for something that is very partially reported by countries; (iii) while most countries include most of indirect effects on their forest CO2 estimates, it is more difficult to assess the extent to which the impact of indirect effects is captured in on non-forest land (when reported by countries); (iv) while “intact/non-intact forest” is a good proxy for “managed/unmanaged forest”, no similar reliable proxy exist for other land uses (e.g., grassland).
Our approach assumes that indirect effects estimated by LPJmL are additive to the direct management effects estimated by IAMs (no double counting expected) because none of current IAM models and scenarios include recent and future indirect effects (refs14,65 and Supplementary section 3). 

Representativeness of the forest CO2 sink from LPJmL
Given the data requirement for this study (e.g. spatially gridded data from a DGVM linked to an IAM), only LPJmL is available as a model to estimate the indirect human-induced forest sink. However, since the future forest sink is known to be very uncertain29,30, we tested the representativeness of our results by comparing LPJmL results to comparable data from other models. Specifically, we compared the forest sink due to indirect effects from LPJ-mL with the results from eight DGVMs for the period 2005-2014 and with the latest available data in the ISIMIP database up to 2100 (https://www.isimip.org/), and the whole land sink from LPJmL to comparable data in the IPCC 5th Assessment Report. Based on these comparisons, we conclude that the forest and whole land sinks in LPJmL are reasonably representative of available data in the literature (see Supplementary section 5). 
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