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Abstract. Despite an increasing attention on the role of land in meeting countries’ climate pledges under the
Paris Agreement, the range of estimates of carbon fluxes from land use, land-use change, and forestry (LU-
LUCEF) in available databases is very large. A good understanding of the LULUCF data reported by countries
under the United Nations Framework Convention on Climate Change (UNFCCC) — and of the differences with
other datasets based on country-reported data — is crucial to increase confidence in land-based climate change
mitigation efforts.

Here we present a new data compilation of LULUCF fluxes of carbon dioxide (CO,) on managed land, aiming
at providing a consolidated view on the subject. Our database builds on a detailed analysis of data from national
greenhouse gas inventories (NGHGIs) communicated via a range of country reports to the UNFCCC, which
report anthropogenic emissions and removals based on the [PCC (Intergovernmental Panel on Climate Change)
methodology. Specifically, for Annex I countries, data are sourced from annual GHG inventories. For non-Annex
I countries, we compiled the most recent and complete information from different sources, including national
communications, biennial update reports, submissions to the REDD+ (reducing emissions from deforestation
and forest degradation) framework, and nationally determined contributions. The data are disaggregated into
fluxes from forest land, deforestation, organic soils, and other sources (including non-forest land uses). The CO,
flux database is complemented by information on managed and unmanaged forest area as available in NGHGISs.
To ensure completeness of time series, we filled the gaps without altering the levels and trends of the country
reported data. Expert judgement was applied in a few cases when data inconsistencies existed.

Results indicate a mean net global sink of —1.6 Gt CO, yr~! over the period 2000-2020, largely determined
by a sink on forest land (—6.4 Gt CO, yr~!), followed by source from deforestation (+4.4 Gt CO, yr~!), with
smaller fluxes from organic soils (+0.9 Gt CO; yr~!) and other land uses (—0.6 Gt CO, yr™1).

Furthermore, we compare our NGHGI database with two other sets of country-based data: those included
in the UNFCCC GHG data interface, and those based on forest resources data reported by countries to the
Food and Agriculture Organization of the United Nations (FAO) and used as inputs into estimates of GHG
emissions in FAOSTAT. The first dataset, once gap filled as in our study, results in a net global LULUCEF sink of
—5.4GtCO, yr~!. The difference with the NGHGI database is in this case mostly explained by more updated
and comprehensive data in our compilation for non-Annex I countries. The FAOSTAT GHG dataset instead
estimates a net global LULUCF source of +1.1 Gt CO, yr~!. In this case, most of the difference to our results
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is due to a much greater forest sink for non-Annex I countries in the NGHGI database than in FAOSTAT. The
difference between these datasets can be mostly explained by a more complete coverage in the NGHGI database,
including for non-biomass carbon pools and non-forest land uses, and by different underlying data on forest land.
The latter reflects the different scopes of the country reporting to FAO, which focuses on area and biomass, and to
UNFCCC, which explicitly focuses on carbon fluxes. Bearing in mind the respective strengths and weaknesses,
both our NGHGI database and FAO offer a fundamental, yet incomplete, source of information on carbon-related
variables for the scientific and policy communities, including under the Global stocktake.

Overall, while the quality and quantity of the LULUCF data submitted by countries to the UNFCCC signif-
icantly improved in recent years, important gaps still remain. Most developing countries still do not explicitly
separate managed vs. unmanaged forest land, a few report implausibly high forest sinks, and several report in-
complete estimates. With these limits in mind, the NGHGI database presented here represents the most up-to-date

and complete compilation of LULUCF data based on country submissions to UNFCCC.
Data from this study are openly available via the Zenodo portal (Grassi et al., 2022), at

https://doi.org/10.5281/zenodo.7190601.

1 Introduction

Land-based mitigation is increasingly recognised as a key
strategy to reach the Paris Agreement’s aim to “achieve a
balance between anthropogenic emissions by sources and re-
movals by sinks”. Global models indicate that changes in
land use and land management contribute to around 12 %
of the total global anthropogenic CO, emissions (Friedling-
stein et al., 2022), mainly through deforestation. Simultane-
ously, land uses, particularly forests, may contribute to cli-
mate change mitigation through carbon absorption (sink) and
storage (stock) in biomass, dead organic matter, soil, and
wood products.

Despite an increasing attention to the land use, land-use
change, and forestry (LULUCF) sector under the United
Nations Framework Convention on Climate Change (UN-
FCCC), including nature-based solutions to reduce COj
emissions and enhance CO, removals (e.g. Griscom et al.,
2017; Roe et al., 2021), notable differences still exist among
global land-related datasets, in both the magnitude of the
net CO, flux and its trend (IPCC, 2019; Harris et al., 2021;
Grassi et al., 2021; Friedlingstein et al., 2022; Deng et al.,
2022; Feng et al., 2022). These differences cause concern be-
cause, if not explained, they may jeopardise the confidence in
LULUCEF to achieve climate change mitigation.

Previous studies (Grassi et al., 2018, 2021) have analysed
the reasons for large differences in land use CO; fluxes —
globally in the order of several billion tonnes (Gt) of CO,
per year — between the country submissions to UNFCCC and
global models (Friedlingstein et al., 2022). There, the differ-
ences were found to be mostly due to different approaches to
assess the anthropogenic forest sink.

However, while of a similar order of magnitude, less at-
tention has been paid to differences between various country
submissions to UNFCCC, the different collections of UN-
FCCC country data (e.g. Grassi et al., 2021 vs. The Washing-
ton Post, 2021 (Mooney et al., 2021)), and other LULUCF

datasets such as FAOSTAT (Tubiello, 2020). These differ-
ences are mostly due to three main factors.

First, it is arduous to collect LULUCF carbon flux infor-
mation from some reports that countries submit to the UN-
FCCC, which here we broadly define as national greenhouse
gas inventories (NGHGIs). While data from Annex I (AI)
countries are straightforward to retrieve because they are
organised in annually submitted standardised tables within
the GHG inventories (GHGIs), non-Annex I (NAI) countries
submit their NGHGI information less regularly, not in a stan-
dardised format, and in a number of reports of different scope
and objectives: the national communications (NCs), the bien-
nial update reports (BURs), submissions under the REDD+-
(reducing emissions from deforestation and forest degrada-
tion, and the conservation and enhancement of forest car-
bon stocks) framework, and the nationally determined contri-
butions (NDCs). This highly heterogeneous and fragmented
reporting, together with sometimes unclear description of
methodologies, complicates the assessment of the LULUCF
fluxes reported by several NAI countries.

Second, different LULUCF datasets — and sometimes also
different country submissions to the UNFCCC — report emis-
sions and removals at different levels of aggregation of land
uses, carbon pools, and gases. This, together with differences
in methodological approaches, makes the comparisons be-
tween the datasets difficult.

Third, carbon fluxes are associated with complex and
highly dynamic biological systems, characterised by a
marked spatial and temporal variability. Estimating these
fluxes in a complete, accurate, and consistent manner is very
difficult, and different approaches may capture differently the
various natural and anthropogenic drivers.

While dealing with and finding solutions to the third factor
is crucial to further improve LULUCEF estimates, minimising
the “noise” and the bias from first two factors is equally im-
portant. In other words, before comparing country-reported
LULUCEF data with other LULUCEF datasets, one should first
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ask: am I using the most appropriate country data? Am I
comparing apples to apples?

From the end of 2024, under the Enhanced Transparency
Framework package finalised at COP26 (2021) (https:
/lanfcce.int/enhanced- transparency-framework, last access:
10 July 2022), all UNFCCC parties will start reporting GHG
fluxes and managed area with a harmonised format. This
will happen through biennial transparency reports (BTRs)
that will include, among other things, (i) a national inventory
report of anthropogenic emissions and removals, consisting
of a national inventory document (with a description of the
methods used) and common reporting tables (noting that Al
parties will continue to provide flux estimates on a yearly ba-
sis), and (ii) information to track progress towards targets as
defined in the NDC. This harmonised reporting is expected
to alleviate many of the concerns discussed above.

However, we cannot wait until the end of 2024 to get the
needed information. Notably, the first global stocktake un-
der the Paris Agreement will take place in 2022-2023, aimed
at assessing the countries’ collective progress towards meet-
ing the long-term goals of the Paris Agreement. The global
stocktake is a crucial step, because any identified gap be-
tween the globally aggregated country emissions (reported
and pledged) and emission pathways consistent with the
Paris Agreement is expected to motivate increased mitiga-
tion ambition in subsequent NDCs. Since progress in the im-
plementation of pledges will be monitored through NGHGIs,
confidence on NGHGISs is crucial because “If you can’t mea-
sure it, you can’t improve it”.

In this context, a better understanding of the LULUCF data
that countries report to the UNFCCC, and of the differences
with other relevant country-based datasets, is important to the
global assessment of climate efforts and, more broadly, to in-
crease confidence on land-related climate change mitigation.

In this study, we collected LULUCF CO; flux data from
Al countries” GHG inventories and from the most recent and
complete NAI countries’ reports to the UNFCCC (i.e. NCs,
BURs, REDD+-, and NDCs), complemented by any avail-
able information on managed and unmanaged forest area. To
ensure a complete time series 2000-2020, we filled the gaps
using standard statistical methods, with the aim to maintain
the levels and trends of the underlying, reported raw data.
Data are disaggregated into fluxes from forest land (includ-
ing harvested wood products), deforestation, organic soils,
and other fluxes (including non-forest land uses).

The objectives of this study are therefore as follows: (i) to
present a comprehensive and updated collection of carbon
flux data from the most recent and complete country reports
to the UNFCCC (i.e. the “NGHGI database”, NGHGI DB),
which can be used by the scientific and policy communities;
(ii) to assess the scale and understand the reasons for the dis-
crepancies among different collections of UNFCCC country
data, i.e. our NGHGI DB and the UNFCCC greenhouse gas
data interface (GHGDI); and (iii) to assess the scale and un-
derstand the reasons for the differences between our NGHGI

DB and the FAOSTAT LULUCEF emissions estimates, which
represent an alternative, independent source of data based on
country reporting to FAO’s Global Forest Resources Assess-
ment 2020 (FAO, 2020).

2 Methods

2.1 The NGHGI LULUCF database (NGHGI DB)

In this study, we use the term national greenhouse gas inven-
tories (NGHGISs) in a broad sense, including anthropogenic
GHG data submitted to UNFCCC through any official coun-
try report. The data in such reporting processes are estimated
using one of the relevant IPCC guidelines (IPCC, 1996,
2006, 2019). Although the Paris Agreement removes the pre-
vious distinction between Annex I (AI) and non-Annex I
(NAI) countries in terms of targets and reporting (retaining
some flexibility in GHG reporting for developing countries),
we use this distinction here because it still reflects relevant
differences in historical GHG data.

The NGHGI LULUCEF database presented here (NGHGI
DB) is a significant update to data in Grassi et al. (2021), in-
cluding more recent data (until July 2022), greater coverage
of countries, more disaggregated categories, and additional
methodological information.

Data were compiled from various submissions to UN-
FCCC (Table 1). For Al countries, all information is sourced
from the GHGI 2022. For NAI countries, NC/BUR, REDD+,
and NDC submissions have been used, prioritising the most
recent one but also taking the completeness of information
into account. For each country, only one type of submission
is used in the NGHGI DB. In selecting the source of data for
NALI countries, expert judgement is applied in a few cases,
e.g. if a NC/BUR is clearly more complete than a slightly
more recent NDC, the former is used (see Table 1 of the on-
line dataset, Grassi et al., 2022). In most cases, these excep-
tions have little or no influence on the carbon fluxes, with the
notable exception of the Central African Republic (see later).

It is worth noting that, for NAI countries, NC/BUR,
REDD+, and NDC submissions differ in scope and objec-
tives (Table 1). Both NCs and BURs include a GHG inven-
tory section, concern land-based reporting, aim to include
all land uses, carbon pools, and gases, and to systematically
neither over- nor underestimate emissions/removals (which
means accuracy of estimates is in principle achieved). While
NCs are typically submitted every 4 years, BURs provide an
update of the information presented in NCs, typically every
2 years. The methods used (i.e. 1996 or 2006 IPCC guide-
lines), the amount of information, and the disaggregation of
the categories reported varies considerably among countries.

The REDD+ reporting is voluntary, with the objective
of receiving results-based payments. Reporting tends to be
activity-based and is rarely complete: 87 % of reporting
countries cover the entire national territory, 42 % include
both emissions and removals from forest land and con-
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Table 1. Overview of the main characteristics of the sources of data used in this study.

DATASET USED CO; flux Forest area Latest update Time series Comment by the authors

Annex I GHGI GHG Inventories  All land uses Yes 2021 1990-2019 Rather complete and generally reli-
countries (GHGI) able source. Based on the 2006 IPCC
(AD) https://unfcce.int/ghg- guidelines (IPCC, 2006). Reviewed

inventories- annually by UNFCCC experts. Stan-

annex-i- dardised tables.

parties/2021
Non- NC or National commu- In principle, all land Yes. Here we After 2018 for  Varies from The quantity and quality of informa-
Annex I BUR nications (NCs) uses. In practice, mostly used FRA 2020 most countries  country to tion varies considerably among coun-
countries or biennial update  forest land (FL) and de-  data to gap country tries, but is improving with time.
(NAI) reports (BURs) forestation (DEF) fill where this Technically assessed by UNFCCC

https://unfccc.int/
non-annex-I-NCs,
https://unfccc.int/

missing

information is

experts (not an in-depth review). Typ-
ically, not standardised tables. Num-
bers are taken from available tables

BURs or, in the absence of these, are ap-
proximately derived from the figures
reported. The 1996 or 2006 IPCC
guidelines are used.

REDD+  Submissions The following activities  Yes After 2018 for  Varies from The quantity and quality of informa-
to “reducing  may be reported: most countries  country to tion on forest and deforestation is typ-
emissions from DEF: reducing emis- that submitted country ically greater than that of NC/BUR,

deforestation and sions from deforesta-

forest  degrada- tion. DEG: reducing
tion” (REDD+) emissions  from  for-
https://redd. est degradation. CCS:
unfccc.int/ conservation of forest-
submissions. carbon stocks.

html?mode= ECS: enhancement of
browse-by-country forest-carbon stock.
SFM: sustainable man-
agement of forests.
DEF and DEG are the
most reported activities

under REDD+ but often estimates do not cover the
entire national forest land area and
all associated CO, fluxes. Estimates
tend to be activity-based and often do
not cover the forest land sink. Tech-
nically assessed by UNFCCC experts
(in-depth review). Non-standardised
tables. Generally, this source is used
in our NGHGI DB if estimates are
spatially complete (full national cov-
erage) and if more than one activity is
included (e.g. deforestation and for-
est degradation). Typically, the 2006
IPCC guidelines are used.

NDC Nationally deter-
mined contribu-
tions (NDCs)
https://www4.
unfccc.int/sites/
NDCStaging/
Pages/All.aspx

Mostly FL and DEE.

Yes, FRA 2020 Mostly
used to gap fill 2021

from  Varies from
country to
country

The quantity and quality of informa-
tion varies considerably among coun-
tries; typically, much less informa-
tion is provided than NC/BUR or
REDD+, and the methodological ba-
sis is not always clear. Not assessed
by UNFCCC experts, but when noth-
ing better was available, it is used
here because it is a highly relevant
information under the Paris Agree-
ment. Non-standardised tables. Num-
bers are taken from available tables
or, in the absence of these, are ap-
proximately derived from the figures.

versions to and from forest land (i.e. deforestation, for-
est degradation, and enhancement of forest-carbon stock),
24 9% cover all GHGs, and only 7 % cover all carbon pools.
The 2006 IPCC guidelines are typically used. Generally, a
larger amount of methodological information is provided in
REDD+ compared to other submissions by NAI countries,
and it is technically assessed by a team of independent UN-
FCCC experts.

The NDCs outline the post-2020 efforts by each country
to reduce national emissions and adapt to the impacts of cli-
mate change, as requested by the Paris Agreement. While
the focus is on the future actions, historical emissions and
removals from LULUCF are sometimes included, although

typically with little or no methodological information and at
arather aggregated level.

While AI countries report a complete time series for the
period 1990-2020, most NAI countries do not. Since the lack
of data occurs especially for the 1990s, our study focuses on
the period 2000-2020, applying gap filling for NAI countries
when necessary.

Gap-filling was applied through linear interpolation be-
tween two points and/or through extrapolation backward (till
2000) and forward (till 2020) using the single closest avail-
able data (see Tables 4 and 5 of the online dataset, Grassi et
al., 2022, showing the original and gap-filled time series, re-
spectively). The overall gap-filling rate is 48 % (0 % for Al
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and 62 % for NAI countries), calculated by dividing the num-
ber of gap-filled data by the total number of yearly values in
the database for all the 196 countries. When normalised by
the contribution to the global carbon flux values, the gap-
filling rate is 30 % (0 % for Al and 40 % for NAI countries)
of the absolute total flux (calculated by summing the absolute
fluxes of the single land categories used here; forest land, de-
forestation, organic soils, other land uses). This indicates that
most of the NAI countries where the biggest fluxes occur re-
ported relatively complete time series.

Furthermore, we tested the potential impact of different
gap-filling methods on the level and trends of carbon fluxes.
Specifically, we compared the procedure described above
with two alternative approaches: (i) i.e. the average 2000-
2020 using the non-gap-filled data, and (ii) a gap filling
where the interpolation between two data is done taking the
most recent data to fill the missing years (while extrapolation
backward and forward is done as described above).

Data from this study are openly available on-
line via the Zenodo portal (Grassi et al., 2022) at
https://doi.org/10.5281/zenodo.7190601.

2.2 Area of managed land

The NGHGI data submitted to UNFCCC are expected to use,
as default, the “managed land” proxy following the 2003
IPCC GPG for LULUCF and the subsequent IPCC guide-
lines (IPCC, 2006, 2019), according to which all GHG fluxes
from managed land areas are considered “anthropogenic”,
while GHG fluxes on unmanaged land areas are not es-
timated because they are not considered “anthropogenic”.
Only a minority of countries explicitly reported information
on the implementation of this proxy (Ogle et al., 2018; Grassi
et al., 2021). For the rest, we considered that the managed
land proxy is implicitly used in all other country reports to
the UNFCCC, which means that information on the CO,
fluxes reported is sourced from managed land only.

Most Al countries consider their whole land surface as
managed, though some countries (for example, the United
States, Canada, and Russia) specifically report the area of
unmanaged lands (for forest land, grassland, and wetlands).
By contrast, the vast majority of NAI countries do not dis-
tinguish between managed and unmanaged areas, with some
not even reporting the forest area extent.

Given the importance of forest land in the LULUCEF fluxes,
here we focus mostly on the area of managed forest. When
the information of forest area was available in the NGHGIs,
we considered this area as managed, whenever it can be as-
sumed that it is the area over which the GHG emissions
are estimated. In this case, most countries simply indicate
the total area of managed land per each land use category,
and only few countries (e.g. Canada, USA, Brazil) explicitly
show maps of managed lands. Where this information is not
available, we used the area of secondary forests and planta-
tions from country reports to the FAO Forest Resources As-

sessment, (FRA; FAO, 2020) as a proxy managed forest (see
Table 3 of the online dataset, Grassi et al., 2022). In total,
the amount of area from FRA that was used to gap fill the
missing information from NGHGIs amounts to 71 Mha (2 %
of total forest area from NGHGTIs).

2.3 COo fluxes

The LULUCF CO, fluxes in the NGHGI DB are disag-
gregated into the following categories, following the 2006
IPCC guidelines (IPCC, 2006): forest land (FL, including
harvested wood products, excluding organic soils), defor-
estation (forest converted to other land uses), organic soils
(including organic soils from all land uses and peat fires),
and other land uses (including cropland, grassland, wetlands,
settlements, other land), following the mapping of Table 2.
When possible, data on FL were further split in the two sub-
components forest land remaining forest (FL-FL, i.e. forests
existing from 20 years or more) and land converted to forest
land (L-FL, i.e. forest established less than 20 years ago).
While data on FL and deforestation (typically the most im-
portant categories) are available for most countries, data for
organic soils and other are available for most Al countries
but only for some NAI countries (usually the largest in terms
of area, see Table 2 of the online dataset, Grassi et al., 2022).
For those NAI countries still using the categories of the re-
vised 1996 IPCC guidelines, the mapping to the categories
above from the 2006 IPCC guidelines is described in Ta-
ble 2. The categories used in our NGHGI DB represent a
compromise between very disaggregated information from
some countries (typically Al and a few NAI countries) and
very aggregated information from others. In a few cases —
generally for relatively small NAI countries — our categori-
sation required some approximation: for example, where the
country reported only “AFOLU net CO; flux” or “LULUCF
net CO, flux”, the flux was assigned to FL. where it is a net
removal, and to deforestation where it is a net emission (Ta-
ble 2). This is justified by the fact that when a more disag-
gregated reporting is available, the vast majority of the CO,
removals occur in FL and the vast majority of the CO; emis-
sions are associated with deforestation.

In addition to the categories above, we provide informa-
tion also on harvested wood products (HWPs) and natu-
ral disturbances such as fires, insects, and wind throws (i.e.
whether they are excluded from the NGHGI).

In terms of carbon pools, FL and deforestation data always
include above- and below-ground biomass; data for the other
carbon pools (dead organic matter, mineral soils, harvested
wood products) are reported by the vast majority of Annex I
countries and by the largest NAI countries (including Brazil,
China, India, Indonesia, Mexico). For Annex I countries, we
provide the main statistics on carbon pools retrieved from the
individual tables of NGHGIs.

Although most NGHGTIs include reporting for all GHGs,
in this study we consider only CO,. Exceptions are some
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Original categories in the country reports

Categories in this study

IPCC2006 A. Forest land FOREST LAND
categories
1. Forest land remaining forest FOREST LAND
land
2. Land converted to forest land FOREST LAND
B. Cropland If this category has no further disaggregation (e.g. in many NAI countries), it is
assigned to “OTHER” or to “DEFORESTATION” depending on the additional
information available in the country report
1. Cropland remaining cropland OTHER
2. Land converted to cropland If this category has no further disaggregation, it is assigned to “OTHER”, or
(more often) to “DEFORESTATION”, depending on the additional informa-
tion available in the country report. If further disaggregation is available (e.g.
all AI countries), the mapping follows this more detailed information (e.g.
“forest converted to cropland” becomes “DEFORESTATION”, while “grass-
land converted to cropland” becomes “CROPLAND”)
C. Grassland As above for cropland
1. Grassland remaining grassland OTHER
2. Land converted to grassland As above for land converted to cropland
D. Wetlands As above for cropland
1. Wetlands remaining wetlands OTHER
2. Land converted to wetlands As above for land converted to cropland
E. Settlements As above for cropland
1. Settlements remaining settle- OTHER
ments
2. Land converted to settlements  As above for land converted to cropland
F. Other land As above for cropland
1. Other land remaining other Not applicable
land
2. Land converted to other land As above for land converted to cropland
G. Harvested wood products FOREST LAND
IPCC 1996 Changes in forest and other FOREST LAND
categories ~ woody biomass stocks
Abandonment of managed lands =~ FOREST LAND

Forest and grassland conversion

If this category has no further disaggregation, it is assigned to “OTHER”, or
more often to “DEFORESTATION” (e.g. if it is an emission), depending on
the additional information available in the country report. If further disaggre-
gation is available, the mapping follows this more detailed information (e.g.
“forest converted to pasture” becomes “DEFORESTATION”, while “pasture
converted to cropland” becomes “OTHER”)

Managed soil

OTHER

Biomass burning

FOREST LAND
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Table 2. Continued.

Original categories in the country reports

Categories in this study

Mixed cat-
egories

“AFOLU CO, removals” or
“LULUCF CO; removals”
land)

FOREST LAND (this is supported by the fact that, when a more disaggregated
reporting is available, the vast majority of the CO, removals occur in forest

“AFOLU COj emissions” or
“LULUCF CO; emissions”

DEFORESTATION (this is supported by the fact that, when a more disag-
gregated reporting is available, the vast majority of the CO, emissions are

associated to deforestation)

“AFOLU net CO» flux” or “LU-
LUCEF net CO; flux”

FOREST LAND where it is a net removal, DEFORESTATION where it is a
net emission (this is supported by the fact that, when a more disaggregated re-

porting is available, the vast majority of the CO, removals occur in forest land
and the vast majority of the CO, emissions are associated with deforestation)

Emissions from managed ORGANIC SOILS for Al countries are taken from the detailed reporting in CRF tables, and are subtracted from the respective categories (forest
land, deforestation, other). For NAI countries, only Indonesia reports emissions from peat decomposition and peat fires, which we both assigned to ORGANIC SOILS.

NALI countries for which it was not possible to separate CO»
from non-CO», emissions (mainly CH4 and N,O from for-
est fires). However, based on information available from Al
countries and the largest NAI countries — for which non-CO,
emissions are around 6 % of the total CO;-equivalent LU-
LUCEF flux — the global contribution of non-CO;, emissions
in our NGHGI DB (i.e. from NAI countries that do not sepa-
rate GHGs) is assumed to be negligible.

For the purpose of our analysis, we introduced two indica-
tive thresholds to assess the plausibility of the net forest sink
reported in the NGHGISs, selected on the basis of various
considerations, including the distribution of the forest sink
per unit of area among countries (see Fig. S1 in the Supple-
ment), the typical range of IPCC default factors, and expert
judgement. In particular, we considered the net forest sink
as “biophysically impossible” — and therefore not included
in our NGHGI DB — when the average for the period 2000-
2020 is greater than —307CO, ha~! yr~! at country level (if
occurring over > 1 Mha). The only case that could be poten-
tially included in our NGHGI DB and that fell in this cate-
gory was the Central African Republic. In this case, the for-
est sink reported in the most recent country submission (i.e.
—0.7GtCO, yr~!, from the NDC 2021, corresponding to an
area-specific sink of about 35 rCO; ha=! yr‘l) was excluded
from the NGHGI DB, and the value from the NDC 2016
(forest sink of —0.3GtCO, yr~!, or 15/COy ha=! yr=!) was
used instead.

Furthermore, we considered the net forest sink as “implau-
sible” when the average for the period 2000-2020 is greater
than —107CO, ha~! yr~! at country level (if occurring over
> 1 Mha). Five countries were included in this category (with
a forest sink between —14 and —18 tCO, ha™! yr_l), collec-
tively covering about 70 Mha of forest: Central African Re-
public (using the NDC 2016), Mali, Namibia, Malaysia, and
the Philippines. For these countries, data are included in the
NGHGI DB but are considered separately in the discussion
(i.e. numbers are considered unlikely, but not impossible).

It is to be noted that we did not apply an analogous method
for screening countries which might overestimate gross emis-
sions and/or underestimate gross removals. Also, a country
not filtered out by the above threshold does not mean that its
forest sink estimates are necessarily accurate.

2.4 Uncertainties

Assessing estimates of uncertainties in the LULUCF sector
of NGHGISs is challenging, due to the frequent lack of data
and insufficient methodological information (McGlynn et al.,
2022).

As per IPCC guidelines (2006), uncertainty is here de-
fined as the lack of knowledge of the true value of a variable
that can be described as a probability density function (PDF)
characterising the range and likelihood of possible values. It
refers to random errors, although the central value of the PDF
may be affected by unknown/unquantified biases. Systematic
errors (biases, which refer to lack of accuracy), once identi-
fied/quantified, should be removed while uncertainties are to
be reduced so far as practicable. Following the IPCC (2006),
NGHGIs estimate uncertainty at 95 % confidence interval.

Based on the values of uncertainty collected in Grassi et
al. (2017), complemented by expert judgement, in this study
the uncertainty on the net LULUCF CO» flux was estimated
to be 35% for Al countries (where the dominating com-
ponent flux is FL) and 50 % for NAI countries (where the
dominant flux component is deforestation). These values are
similar to those collected by McGlynn et al. (2022) for the
LULUCEF estimates reported by six Al countries (average
33 % uncertainty) and 12 NAI countries (average 47 % uncer-
tainty). It should be noted that the estimated % uncertainty
has a broad range across countries (e.g. from 14 % of Japan
to 102 % of Cambodia, McGlynn et al., 2022), and may be
affected by the closeness to zero (i.e. when emissions and re-
movals nearly balance out, the aggregated % uncertainty is
likely to be higher). Given the incomplete information on the
uncertainty of NGHGIs (especially for NAI countries), the



values used in this study should be considered as rough ap-
proximations. We then averaged this information at Al and
NAI level and aggregated it at global level using Eq. (3.2)
from IPCC (2006), vol. 1, chapter 3.

It is worth noting two problems concerning the application
of the IPCC guidelines for the estimation of the annual net C-
stock changes and associated uncertainties in forest land that
may lead to a bias in the assessed uncertainty.

The first is about the so-called “informal harvesting”, i.e.
harvest that is likely not captured by national statistical sys-
tems. It includes harvest that does not meet the criteria set by
the country for data collection (e.g. often, wood harvested by
small landowners for domestic uses is not captured in statis-
tics), and harvest that is illegally harvested and therefore not
reported to the national statistical system. Informal harvest-
ing varies largely among countries and may add a bias when
the IPCC “‘gain—loss” approach is used to the estimate the
annual net CO; flux from forests. In some cases, this is cor-
rected through proxy data or expert judgement (for instance,
Italy reports an annual informal harvest equal to 50 % of its
total harvest, see Italian NIR 2021, annex 14), but in several
other cases it may remain uncorrected. In principle, the IPCC
“stock difference” approach is not affected by this problem
as it compares the forest biomass stocks between two differ-
ent inventories.

The second problem is the ambiguity in the use of the stan-
dard error of the mean (SE) vs. the standard deviation of the
population (SDp) to calculate the uncertainty of the carbon
flux estimates. The SE is to be used to quantify the uncer-
tainty of a variable that applies to the entire population from
which the mean value of the variable has been unbiasedly in-
ferred, e.g. the increment of the entire forest land when the
increment value is derived from an unbiased forest inventory.
In this case, the variability of the population does not deter-
mine uncertainty in the knowledge of the true value (only
random errors in measurements matter). In contrast, SDp is
to be used to quantify the uncertainty of a variable when the
mean value of the variable (e.g. the average per hectare for-
est biomass carbon stock) is applied to only a portion of the
population from which has been inferred (e.g. the deforested
area). This means that the variability of the population con-
tributes to the uncertainty in the knowledge of the true value;
thus SDp always applies to every IPCC default value used
in NGHGIs. Although such guidance is provided by IPCC
(IPCC, 2019, volume 1, chapter 3), countries do not always
properly use the standard error vs. the standard deviation,
which leads to underestimating uncertainties when the stan-
dard error is used instead of the standard deviation, or over-
estimating uncertainties when the standard deviation is used
instead of the standard error.

2.5 Comparison with other datasets

We compare our NGHGI DB with other datasets that are con-
ceptually close and also based on country data. First, the for-
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est area is compared with data in the Forest Resources As-
sessment (FRA) database (FAO, 2020). Second, the carbon
fluxes are compared with two other sources:

i. The LULUCEF data directly derived from the UNFCCC
GHG data interface (GHGDI, UNFCCC, 2022a); the
data for Al countries (https://di.unfccc.int/flex_annex|1,
last access: 10 July 2022) are the same as the ones
used in our study (even if the disaggregation is dif-
ferent), whereas those from NAI countries (https:/di.
unfccc.int/flex_non_annex1, last access: 10 March 2022
— which include only NC and BUR submissions) differ.
To ensure comparability, for NAI countries we gap filled
the time series of the UNFCCC GHGDI with the same
methodology applied in this study (see above). The orig-
inal (not gap filled) NC/BUR data from the UNFCCC
GHGDI and those collected to build our NGHGI DB
are shown in Tables 7 and 8, respectively, of the online
dataset (Grassi et al., 2022). We note that a compila-
tion of UNFCCC country-reported data (from the UN-
FCCC GHGDI) is available also in the FAOSTAT web-
site, for download and visualisation alongside the FAO
emissions estimates (FAO, 2021).

ii. The LULUCF estimates within the FAOSTAT GHG
database (Tubiello, 2020; FAO, 2021), which is used
regularly in IPCC assessment reports, in scientific stud-
ies (e.g. Tubiello et al., 2021) and by some countries as
an input into data quality analysis in support of their
NGHGIs. Our analysis complements and updates the
comparisons of carbon flux estimates between country
data to UNFCCC and FAOSTAT for forest land done
by Tubiello et al. (2021), which focused on Al and few
large NAI countries.

The FAOSTAT GHG database (Tubiello, 2020) includes LU-
LUCF CO; fluxes associated with (1) net forest conversion
(associated with positive net forest land area loss, tracked
separately for FRA forest land sub-categories naturally re-
generating forest and planted forest), which we compare to
our deforestation data; (2) forest land, arising from a combi-
nation of carbon stock changes per unit of area and net for-
est area gains between successive FRA periods; and fluxes
from (3) drainage and fires in organic soils, which we com-
pare to our “organic soils” category. The first two cate-
gories are based on country reporting to FAO (via the FRA)
of forest land area and above- and below-ground biomass
data (FAO, 2020; Tubiello et al., 2021). The latter two cate-
gories are conversely estimated using geospatial information
(Conchedda and Tubiello, 2020; Prosperi et al., 2020; Rossi
et al., 2016).

Several aspects need to be considered when comparing our
NGHGI DB and FAOSTAT. First, forest land in FAOSTAT
is not disaggregated into a managed and unmanaged com-
ponent, and the values of carbon stocks include all the for-
est area (Tubiello et al., 2021), in contrast to the managed
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Figure 1. Global forest area reported to UNFCCC (as consolidated and gap filled in the NGHGI DB) (managed and unmanaged) and FRA
(primary and secondary + plantations) for the year 2015 at global level (a) and for five macro regions (b—f). For the NGHGI DB, about 1 %
of total forest area in NAI countries is gap filled with FAO data (i.e. 2, 43, and 1 Mha in panels d, e, and f, respectively).

forest area included in the country NGHGIs data. This is
the main reason why, as explained in Tubiello et al. (2021),
FAOSTAT data cannot a priori be assumed to reflect an-
thropogenic fluxes. In practice, on carbon stocks/ha, the
FRA 2020 reports from Canada and Russia explicitly aim to
be consistent with UNFCCC reporting and the correspond-
ing managed area, which for these countries is smaller by
0.3 billion ha than their total forest area. For comparisons,
the global managed forest area considered in our NGHGI DB
(about 3.6 billion ha, Fig. 1) is within 15 % of the total FAO
forest land area (4.0 billion ha).

Second, while the methods used by NGHGIs differ among
countries (but all follow the IPCC methodological guidance),
FAOSTAT applies the same carbon stock change estimation
method to all countries, using the FRA data on biomass
stocks and area as inputs. To this regard, our comparison
with FAOSTAT data includes an assessment of the complete-
ness/uncertainty of estimates for FL and Deforestation for
NAI countries. The approach is illustrated in Fig. S2. Specif-
ically, the dataset (i.e. NGHGI DB or FAOSTAT) which in-
cludes an estimate for FL or deforestation while the other
does not, or the estimate is zero, is considered more complete
or less uncertain. Whenever the two datasets appear equally
complete or incomplete (for FL and deforestation), then the
completeness of the carbon pools is considered.

3 Results and discussion

3.1 The NGHGI DB: general features

A total of 186 countries out of 196 UNFCCC parties submit-
ted data on LULUCF CO; emissions/removals to UNFCCC,

covering 99.9 % of the global forest area (Table 3). Contrary
to Grassi et al. (2021), where LULUCF data were available
only for 106 NAI countries, the NGHGI DB presented here
includes data for 143 NAI countries. These improvements re-
flect recent submissions (either NC/BUR, REDD+, or NDC)
from countries that did not provide LULUCF data before.

Most of the submissions used in the NGHGI DB are re-
cent, i.e. in or after 2019 (80 % of countries, corresponding
to 86 % of absolute CO; flux, i.e. the flux calculated by sum-
ming the absolute fluxes of the various land categories). Fur-
thermore, approximately 70 % of countries (80 % of absolute
CO; flux) used at least in part the 2006 IPCC guidelines to
estimate the CO; fluxes.

In terms of land use categories, the reporting by Al coun-
tries is more complete than NAI countries (Table 4, Table 2
in the online dataset, Grassi et al., 2022). The most reported
land use is forest land (98 % and 90 % for Al and NAI coun-
tries, respectively). While reporting on deforestation appears
less complete in terms of the number of countries (98 % and
54 % of Al and NAI countries, respectively), those countries
not reporting this category are generally small and with little
forest area, i.e. they likely have small emissions from defor-
estation. Overall, it can be assumed that the majority of coun-
tries where significant fluxes from deforestation are likely to
occur do report some data. This, however, does not necessar-
ily imply that the reported data are accurate. Emissions from
organic soils are assumed to be reported (even if sometimes
not explicitly separated from mineral soil) by all Al coun-
tries where a relevant area of organic soil occurs on managed
land. By contrast, only few NAI countries report emissions
from the drainage in organic soils, and Indonesia is the only
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Table 3. Statistics on the sources used in this study for Annex I (AI) and non-Annex I (NAI) countries.

Source used

No. of countries

1

Forest area Absolute? CO, flux (%)

Mha %
Al countries GHGI 43 2023 47 % 25 %
NAI countries NC/BUR 110 1842 43% 59 %
REDD+ 19 172 4 % 5%
NDC 14 292 7 % 12 %
No LULUCEF data 10 4 0.1% 0%
Total 196 4333

! The forest area includes 71 Mha which are gap filled from FRA 2020 (see online Table 3, Grassi et al., 2022, and next section).
2 The absolute flux is calculated by summing the absolute fluxes of the various categories (forest land, deforestation, organic soils,

other).

Table 4. Statistics on land use categories reported in NGHGIs and used in this study. The % refers to the share within the categories (world,

Al or NAI countries).

LULUCF ‘ Forest land ‘ Deforestation ‘ Org. soils ‘ Other
No. of n % n % n % n % n %
countries
World 196 185 9% | 178 91% | 124 63% | 35 18% | 91 46%
Al 43 43 100 % 42 98% 42 MB% | 32 T4% | 36 84%
NAI 153 143 93% | 137 90% 82 54 % 3 2% | 55 36%

one to report the emissions from peat fires. Nonetheless, sig-
nificant improvements are expected in the coming years as a
result of several international initiatives on peatlands.

In terms of carbon pools, Table 5 reports the key statis-
tics for the main land use categories of Al countries. The
majority of these countries report the most important pool in
each category (i.e. living biomass in forest land, soils in crop-
land and grassland). Furthermore, the countries not reporting
are generally the smaller ones. For example, for “forest land
remaining forest land”, the 42 countries reporting on living
biomass cover 100 % of the total forest area of Al countries
(only Monaco does not report); for the 31 countries reporting
on dead organic matter this share reaches 95 %, and for the
20 countries reporting on mineral soils it is 93 %. While the
most important NAI countries include living biomass, dead
organic matter, and mineral soils, the CO, fluxes are often
not separated by pools.

3.2 Forest land area

Here we compare the information on forest area compiled in
the NGHGI DB with the data reported by countries to FAO
via the FRA (FAO, 2020) as disseminated in FAOSTAT.
Overall, 150 countries reported information on forest land
area under the UNFCCC. Conversely, 189 countries reported
data to FAO on forest land area, including in most cases its
disaggregation into FRA components of naturally regenerat-
ing forest (a category that includes both primary and natu-

rally regrowing, or secondary, forest) and planted forest (Ta-
ble 6). The difference in the number of country reporting be-
tween UNFCCC and FAO is due to a group of NAI countries,
corresponding in FRA to a total area of 71 Mha (about 2 % of
the global forest land area in 2015). The FAO data for these
countries were used in the NGHGI DB to gap fill the missing
UNFCCC data (see Table 3 in the online dataset, Grassi et
al., 2022).

Similarly, the area of unmanaged forest could be derived
only from nine NGHGISs (Table 6), compared to 91 countries
that reported primary forest to FAO. While all Al countries
explicitly report both managed and unmanaged forest area to
UNFCCC (with unmanaged area being often zero), the vast
majority of NAI countries do not explicitly make this separa-
tion in their NGHGISs. In the absence of additional informa-
tion (e.g. see the information collected and the assumptions
made for Colombia, Ecuador, and Peru, Table 1 in the online
dataset, Grassi et al., 2022), and following the example of
most Al countries, we assume that forest land area reported
to UNFCCC is managed. The significance of this assump-
tion is that, according to the IPCC guidelines (IPCC, 2006),
all emissions and removals from managed lands are consid-
ered “anthropogenic”, while those from unmanaged lands are
considered as non-anthropogenic and therefore do not need
to be reported. The lack of specific information on managed
land area from many NAI countries (particularly on managed
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Table 5. Statistics on carbon pools (number of countries reporting, average CO, fluxes) for the main land use categories and sub-categories

in the NGHGISs of Al countries.

C pools— No. of countries reporting Average for Al countries 2000-2020
(MtCO, yr—1)
Land use category  Land use sub-category Living Dead Soil Soil Living Dead Soil Soil
biomass organic mineral organic | biomass organic mineral organic
matter matter

Forest land Forest land remaining 42 31 20 19 —1833 —217 —163 26
forest land
Land converted 40 35 36 15 —168 —50 -3 2
to forest land

Cropland Cropland remaining 38 4 35 28 —6 2 1 121
Cropland
Land converted to 38 19 38 17 43 7 34 10
Cropland

Grassland Grassland remaining 22 9 25 26 =) 1 -5 97
Grassland
Land converted to 37 31 37 19 62 —11 —163 25
Grassland

Table 6. Number of countries reporting on managed and unman-
aged forest to UNFCCC (NGHGIs). For comparison and within the
assumptions made in this paper, we also show country reporting to
FAO (FAO, 2020) of secondary forest/plantation and primary forest
area.

managed secondary/ unmanaged primary
plantation
NGHGIs Al 43 5%
NAI 107 4
FRA Al 43 26
NAI 146 65

* Including Canada, France, Greece, Russia, and USA. All the other Al countries report that
unmanaged forests do not occur.

forests) represents an important gap of information to assess
the extent of anthropogenic CO, fluxes.

Figure 1 compares the distribution of managed and un-
managed forest in our NGHGI DB with that of secondary
forest/plantation and primary forest from FAO, at global lev-
els and for five macro regions (Al countries are in panels b
and c; NAI countries are in panels d—f). While there is a gen-
eral convergence between the two datasets on the total forest
area, some differences emerge when comparing managed vs.
secondary/plantation and unmanaged vs. primary. The main
reason is that managed forest and secondary/plantations (or
unmanaged and primary) are not necessarily synonyms. In
fact, managed forest under UNFCCC includes areas that ful-
fil social, ecological, and economic functions (IPCC, 2006)
and that may apply to both primary and secondary forest

land, depending on country-specific definitions and situa-
tions. For example, based on the detailed information pro-
vided in FRA country reports that accompany that data sub-
mitted to FAO, many Al countries (including Canada, Russia,
and the USA) consider relatively large areas of primary forest
as managed. At the same time, we note nonetheless that “for-
est” area is generally reported by countries to both UNFCCC
and FAO using the same underlying bio-physical character-
istics, specifically, minimum area, minimum tree height at
maturity, and minimum crown closure.

3.3 COs fluxes: the NGHGI DB

The NGHGI DB indicates a net mean global LULUCEF sink
of —1.6GtCO, yr~! over the period 2000-2020 (Fig. 2a).
The LULUCF sink is largely determined by a forest
land sink (—6.4 GtCO, yr‘l) and a deforestation source
(+4.4GtCOy yr™ 1), as well as by smaller land fluxes
that nearly cancel each other out, i.e. including organic
soils (+0.9GtCO, yr~!) and “Other” (—0.6 Gt CO, yr™1).
Country-level data are included in the online Tables 4 (LU-
LUCF net CO; flux, not gap filled), 5 (LULUCF flux gap
filled), 6 (CO, flux by land use and land use-change cate-
gory, gap filled), and 7-10 (more detailed information from
NAI country submissions) (Grassi et al., 2022).

A slight trend of decreasing CO, emissions from defor-
estation and increasing CO; removals from forests is present
for the NAI country group (Fig. 2b). By contrast, the Al
country group shows no clear trend.

Figure 3 shows the LULUCF CO; fluxes in the period
2000-2020 for the largest Annex I and non-Annex I coun-
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Figure 2. Global trend 2000-2020 of CO; fluxes from the NGHGI
DB for the various land uses and land-use change categories (a) and
for Annex I vs. non-Annex I countries (b).
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Figure 3. Trends 2000-2020 of LULUCF CO, fluxes from the
NGHGI DB for the largest Annex I (a) and non-Annex I (b) coun-
tries (or country aggregations). Dots indicate the years for which
the data exist in the original submission (i.e. not gap filled).

tries, suggesting that the level and trend of global carbon
fluxes is largely determined by relatively few large countries.

In addition to the categories illustrated in Fig. 2, the
vast majority of Al countries and few NAI countries (e.g.
Brazil, China, Chile, Colombia, Mexico, South Africa, etc.)
include information on the changes of carbon stock in the
harvested wood products (HWPs). At global level, HWP
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represents a net increase in carbon stock, equivalent to
—0.14 Gt CO, yr~!, which in our NGHGI DB is included in
the FL category. However, it should be noted that Canada re-
ports HWP differently from other countries (https://unfccc.
int/sites/default/files/resource/docs/2017/arr/can.pdf, last ac-
cess: 10 July 2022), which leads to estimating greater emis-
sions in HWP and a correspondingly greater sink in the for-
est biomass pool compared to the other countries (with the
total for forest land + HWP being correct and comparable to
other countries). (If the net increase in HWP from Canada
is added to the database in the same way as done by the
other countriesi®™1, the global increase in HWP carbon stock
would be higher, becoming equivalent to —0.3 (—0.16 and
—0.14 Gt CO, yr~! for AI and NAI countries, respectively).

With regard to natural disturbances, such as fires, insects,
and wind throws, these are included in most NGHGIs with
the exception of Canada and Australia. Following the IPCC
guidelines (IPCC, 2019), these two countries implement a
“second-order approximation” for anthropogenic CO2 fluxes
(in principle, a refinement of the managed land proxy)
and exclude the GHG emissions and subsequent CO; re-
movals that are considered to result from natural disturbances
from their NGHGIs. Overall, the average net emissions that
were excluded from the NGHGI for the period 2000-2020
amounted to about 0.1 GtCOz.q, yr_1 in Canada (Canada,
2022) and 0.04 CO;, yr_1 in Australia (Australia, 2022).

We tested the dependence of NGHGI DB on the choice of
gap-filling procedure, noting that only 52 % of the NGHGI
DB data are directly derived from country reports. To this
end, we compared our results with two equally reason-
able alternatives for gap filling on the resulting level and
trends of carbon fluxes. The first alternative, i.e. a simple
average of the original non-gap-filled data in each coun-
try for 2000-2020, results in a global LULUCF net sink
(—1.58GtCO, yr!) very close to the one obtained with
our gap-filling procedure (—1.64 Gt CO, yr~!); qualitatively
identical results are obtained when the analysis is done at the
level of specific land categories (forest land, deforestation).
The second alternative, i.e. no linear interpolation between
two data points (see Methods), produced a global net sink
of —1.69 GtCO, yr_1 for 2000-2020 and a trend which is
very similar to the one of our NGHGI DB (Fig. S3). This in-
dicates that the global levels and trends that are highlighted
by the NGHGI DB data are robust across a range of credible
gap-filling procedures.

Furthermore, the analysis of UNFCCC country data with
information on forest fluxes (all Al and 20 NAI countries)
indicates that the majority of the reported sink in forest land
(FL) is unevenly distributed across the two sub-categories
forest land remaining forest land (FL-FL) and land converted
to forest land (L—FL). Specifically, countries report that the
vast majority of their forest sink is in FL-FL (87 % globally,
88 % in Al countries and 85 % in NAI countries), while only
13 % is in L-FL. This is consistent with the small carbon
sequestration role expected in younger forests typical of the
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The addition of "(which would result in an increase in HWP carbon stock of 0.03 Gt CO2 yr-1)" after countries[...] would help the reader to understand the magnitude of impact of HWP pool by one single country (i.e. Canada) on the overall increase of global forest sink due to HWP. This short text had been suggest by the Canadian expert who provided the data (W. Kurz, see ackoledgements) and by mistake it was not included  in the last version we sent.
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L-FL category which, though sequestering large amounts of
carbon per unit area as they grow, occupy a small area com-
pared to older forests in FL-FL. For example, for Al coun-
tries, the area of L-FL is only 8 % of total forest area and
12 % of the total forest sink.

Based on the values of uncertainty used in our study
(i.e. 35 % for Al countries and 50 % for NAI countries, see
Methods), we estimated an aggregated uncertainty at global
level (Fig. S4) of about 4-0.8 GtCO, yr—! (average 2000—
2020). It is important to recognise that additional uncertain-
ties may exist, including those arising from omissions or dou-
ble counting, other conceptual errors, or from incomplete un-
derstanding of the processes that may lead to inaccuracies in
estimates developed from models (IPCC, 2006). These un-
certainties reflect biases and are not identified by the statis-
tical means to estimate uncertainties provided by the 2006
IPCC guidelines. Furthermore, it should be noted that — in the
context of country GHG reporting to UNFCCC - the uncer-
tainty analysis should be seen, first and foremost, as a means
to help prioritise national efforts to reduce the uncertainty of
inventories in the future, and guide decisions on methodolog-
ical choice (IPCC, 2006). To this regard, in the context of re-
view/technical assessment processes under the UNFCCC, a
greater focus on the informal harvesting and the correct cal-
culation of uncertainties (see Methods) would help countries
in improving their national estimates and the assessment of
the associated uncertainty.

Finally, Fig. S5 includes data from 1990, aggregated for
Al and NAI countries. Due to lack of LULUCF informa-
tion from many NAI countries, data for the pre-2000 period
should be considered more uncertain than for the post-2000
period.

3.4 COs; fluxes: comparing the NGHGI DB and the
UNFCCC GHG data interface (UNFCCC GHGDI)

For 2000-2020, the UNFCCC GHGDI (gap filled for NAI
countries) includes a much greater net LULUCF sink glob-
ally (—5.4GtCO, yr~!) than reported in our NGHGI DB
(—1.6GtCO, yr~1). This is entirely due to results in NAI
countries, for which the UNFCCC GHGDI gives a global
mean net sink of —3.4GtCO,yr~! and the NGHGI DB
conversely a source of 0.4 Gt CO, yr~'. Note that when the
original (not gap filled) data from NAI countries are com-
pared instead the gap-filled ones — i.e. taking the average
for 2000-2020 of the available data for each country — the
results do not significantly change (i.e. —3.28 GtCO, yr~!
in UNFCCC GHGDI and +0.43 Gt CO, yr~! in our NGHGI
DB). The countries with the biggest difference in carbon flux
between our NGHGI DB and the UNFCCC GHGDI are re-
called in Table 7.

We identify two reasons for the large difference
(3.8GtCO, yr_l) between the two sources.

First, the UNFCCC GHGDI includes only NC/BUR in the
format of, and sometimes methodologically consistent with,
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the revised 1996 IPCC guidelines (IPCC, 1996), because the
inclusion of GHG data reported in the format of the 2006
IPCC guidelines has not yet been agreed by parties. This ex-
plains a difference of 0.7 Gt CO, yr~! due to the inclusion,
within our NGHGI DB, of data according to both the 1996
and 2006 IPCC formats.

Second, our NGHGI DB includes country submissions
(i.e. REDD+ and NDCs, if clearly more recent than NC-
s/BURs, see Methods) which are not included in the UN-
FCCC GHGDL. This explains a further 3.1 Gt CO, yr~! dif-
ference. For example, for the Central African Republic, the
UNFCCC GHGDI includes an exceptionally high net sink
from the 2015 NC (—1.7 Gt CO, yr~!), while our NGHGI
DB includes a net LULUCF sink of —0.2GtCO, yr~! re-
ported in the more recent NDC (2016).

Overall, our NGHGI DB is more complete and updated
for NAI countries, containing more than twice the number of
yearly values of carbon fluxes than the UNFCCC GHGDI.

For some countries, this second reason above may in-
clude difficulties in identifying what area and what anthro-
pogenic LULUCEF fluxes to include (especially for the forest
sink), possibly resulting in different choices made for differ-
ent types of submissions. These difficulties may reflect the
different IPCC methodological guidance used. The 1996 re-
vised IPCC guidelines (IPCC, 1996) — still used by several
NAI countries, especially small ones — do not include a defi-
nition on managed land, which is a concept introduced by the
IPCC Good Practice Guidance on LULUCF (IPCC, 2003)
and retained by the 2006 IPCC guidelines later. According to
IPCC (2003), emissions and removals from managed land are
recommended as a proxy for anthropogenic emissions and
removal. Specifically, forest management is defined as “the
process of planning and implementing practices for steward-
ship and use of the forest aimed at fulfilling relevant ecolog-
ical, economic and social functions of the forest”, but also
suggests that “natural, undisturbed forests should not be con-
sidered either an anthropogenic source or sink and are ex-
cluded from national inventory estimation”. The 2006 IPCC
guidelines (IPCC, 2006) — further confirmed in the 2019
IPCC refinement (IPCC, 2019) — suggest that national def-
initions of managed forest should cover all forests subject to
human intervention, including as management practices pro-
tecting forests and abandonment of managed land. This may
raise challenges on the exact coverage of managed forests to
be included: for example, forests inside a national park can
fulfil a relevant ecological function, and be actively protected
while being natural and undisturbed.

Related to the above, many REDD+ and NDC submis-
sions tend to focus more on emissions than on removals,
compared to NCs/BURs. In the first case, it is explainable by
the aim of the REDD+ framework. For NDCs, the greater
focus on emissions compared to NC/BUR could be poten-
tially explained by the difference existing for the LULUCF
sector between “reporting” of GHG fluxes — which in princi-
ple should include all the fluxes in managed lands — and “ac-
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Table 7. Countries where the difference between the net LULUCF CO» flux in the NGHGI DB and in the UNFCCC GHGDI is greater than
50MtCO, yrf1 (absolute values, i.e. positive numbers indicate greater emissions or smaller sinks in the NGHGI DB than the UNFCCC
GHGDI), and explanation of the different source used. Collectively, these countries explain most of the difference in global LULUCF values
between the two datasets.

Difference Source Source Comment

NGHGI DB NGHGI UN-

vs. UNFCCC DB FCCC

GHGDI GHGDI

(MtCO, yr— 1)
Central 1538 NDC NC2 The Central African Republic reports very diverse and contradicting
African 2016 2015 estimates. The NC2 2015 reports a sink of —1.7 Gt CO, yrfl, which
Republic we consider biophysically impossible (see Methods). The most recent

NDC 2021 reports a sink of —0.7 Gt COy yr_l), which we also con-
sider biophysically impossible given the relatively small forest area
(20 Mha of secondary forest), which would be equivalent to a mean
area-specific sink of —35tCO, ha~! yr_l. In our NGHGI DB, we
used the value from the NDC 2016 (see Fig. 1 in that document, in-
cluding both emissions and removals: —0.2 Gt COp yr™ ) despite con-
sidered “implausible” according to our criteria (see Methods).

Democratic 761 NDC NC3 NDC 2021 used (Fig. 1) because more recent than the NC3 (2015) and
Republic  of 2021 2015 broadly consistent with REDD+ (2018). However, this source does
Congo not report any carbon sink from forest.
Guinea 478 NDC NC2 NDC 2021 used (Table 7) because more recent than the NC2 (2018),
2021 2018 even if no forest sink is reported. Note that the sink in the NC2 is
biophysically impossible (—0.4 Gt CO, yr_1 over 5 Mha forest).
Nigeria 189 BUR2 NC2 BUR2 2021 used (Table 2.11) because more recent than the NC2
2021 2014 2014. Note that the NDC 2021 and BUR2 2021 report different num-
bers. Here the BUR is used because much more detailed.
Papua New 175 BURI1 NC2 BUR1 2019 used (Fig. 2.11) because more recent than the NC2 2015.
Guinea 2019 2015
Madagascar 173 REDD+ NC3 REDD+ used (2018) because more recent than the NC3 (2017), but it
2018 2017 covers only deforestation. Note that the NC3 reports a biophysically
impossible sink (—0.3 Gt CO, yrf1 over 9 Mha of forest).
Myanmar 147 REDD+  NC1 REDD+ (covering DEF, ECS) used because NDC 2021 confirmed it
2018 2012 as the correct source to look at.
Guyana 101 REDD+  NC2 REDD+ (covering DEF, DEG) used because more recent than the
2015 2012 NC2 (2012).
Zimbabwe 95 BURI1 NC3 BURI1 2021 used (based on Fig. 2.18) because more recent than the
2021 2017 NC3 (2017) and more complete than NDC 2021 (where LULUCF
values seem unclear).
Cambodia 88 REDD+  NC2 REDD+ (including DEF, ECS) used because more recent than the
2021 2016 NC2 (2016).
Thailand 70 REDD+ NC3 REDD+ 2021 (including DEF, DEG, ECS) used because more recent
2021 2018 and complete than the NC3 (2018).
Congo 64 NDC NC2 NDC 2021 used (Tables 7 and 8) because more recent than the NC2
2021 2009 (2009).
Angola 54 NC2 NC1 NC2 2021 used (Table 2) because more recent that NC1 (2012).

2021 2012
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Table 7. Continued.
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Difference Source Source Comment
NGHGI DB NGHGI UN-
vs. UNFCCC DB FCCC
GHGDI GHGDI
MtCO, yr— 1
Brazil 53 NC4 BUR4 NC4 2020 used (Appendix I) because more disaggregated and rich in
2020 2020 information than BUR4 2020, even if not fully consistent (BUR4 has
lower emission values).
Indonesia —286 BUR3 NC3 BUR3 2021 used (Table 2.17) because more recent than NC3 2018
2021 2018 and more complete than REDD+ (2022).
Mexico —184 NIR NC5 NIR 2019 used (Tables 5.23-5.32) because more recent than the NC5
2019 2012 (2012) and more complete than REDD+- (2020).
Namibia —117 NIR NC3 NIR 2019 used (Table 6.18) because more recent than NC3 (2015)
2021 2015 and more complete than NDC 2021.

counting”, i.e. the use of reported information to meet spe-
cific mitigation targets. For the purpose of accounting, the
reported GHG fluxes may be potentially filtered through a
more restrictive interpretation of “anthropogenic” flux, with
the aim to better reflect the impact of mitigation actions (see
Supplement in Grassi et al., 2021). In this study we focus
on the reporting, i.e. on the carbon fluxes that the countries
estimate for the historical period in their managed land and
report to UNFCCC. Even if we found no evidence suggest-
ing that the NDCs included in our dataset report a smaller
sink than in the NC/BUR because the former apply a more
restrictive interpretation of “anthropogenic” flux, this possi-
bility cannot be ruled out.

Overall, the above suggests that a more explicit identifica-
tion by NAI countries of what they consider to be “anthro-
pogenic” sink would be important to achieve more clarity on
global LULUCEF fluxes.

Understanding the difference between our NGHGI DB
and the UNFCCC GHGDI may help assessing also other
analyses, like the one by the Washington Post (Mooney et
al., 2021) and the recent UNFCCC synthesis report for the
technical assessment component of the first global stocktake
(UNFCCC, 2022b).

The Washington Post estimated a global net LULUCEF sink
of —3.6GtCO, yr~! in 2019 (excluding data from Central
African Republic), while for the same year our NGHGI DB
estimates —1.9 Gt CO, yr_l (online Table 5, Grassi et al.,
2022). Most of the difference is due to the different sources
used, i.e. the Post used only NCs and BURs, while our study
included also REDD+ and NDC submissions if they were
more recent than NCs and BURs. By using the same cri-
teria as the Washington Post, we would obtain a global net
LULUCEF sink of —3.3 Gt CO, yr~! in 2019. The rest of the
difference between our NGHG DB and the Post is linked to
the more updated data we used and the slightly different gap-
filling procedures.

The UNFCCC synthesis for the global stocktake re-
ports a global LULUCF net sink corresponding to about
—3.1GtCO, yr~! for the year 2015. This reflects a sink of
—1.9GtCO, yr~! for all Al countries (for which no differ-
ences exist to our dataset), and a sink of —1.2 GtCO, ylr_1
for 50 NAI countries (i.e. most of NAI countries were not
included). This sink is smaller than the one that we derived
from UNFCCC GHGDI, because the UNFCCC synthesis for
the global stocktake includes more updated data, like in our
database. The remaining difference with our study is mostly
explainable by the greater number of NAI countries consid-
ered in our database (we found some LULUCEF data for 143
NAI countries, see Table 4), and the fact that we included
also data from recent REDD+- and NDC submissions.

Overall, while the global LULUCF values from other
datasets (—5.4 Gt CO;, yr_1 from the UNFCCC GHGDI for
the period 2000-2020, —3.6 Gt CO, yr~! from the Washing-
ton Post for the year 2019, —3.1 Gt CO, yr~! from the UN-
FCCC synthesis for the global stocktake for the year 2015)
are not implausible when compared to the estimates from
global carbon budget (e.g. around —6.0 CO, yr~! of net sink
from all terrestrial ecosystems, Friedlingstein et al., 2022),
we believe that the NGHGI DB presented here is the most
complete, updated, and disaggregated collection of LULUCF
information based on NGHGTISs.

3.5 COo fluxes: comparing the NGHGI DB to FAOSTAT
emissions estimates

The trends of the LULUCF component categories are
broadly consistent across the two datasets (Fig. 4), with the
exception of forest land after 2010 (Fig. 4b) and deforestation
in the 2000s (Fig. 4c). By contrast, there is a large difference
in total net LULUCF fluxes, amounting to 2.7 Gt CO, yr~!
(—1.6 vs. +1.1 for NGHGI-DB and FAOSTAT, respectively,
i.e. our data pointing to a sink, while FAOSTAT suggests a
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Figure 4. Global trend 2000-2020 of CO5 fluxes from our NGHGI DB and FAOSTAT for LULUCE (a), forest land (b, including “forest land
remaining forest land”, “land converted to forest land”, and harvest wood products), deforestation (¢, corresponding to net forest conversion
in FAOSTAT), and organic soils (d, including peat drainage and peat fires).

source) averaged over the 2000-2020 period (Figs. 4a, 5a).
This difference is mainly driven by a much larger estimated
net forest land sink in the NGHGI DB (—6.4 Gt CO, yr—1)
compared to FAOSTAT (—3.2 GtCO, yr_l) (Figs. 4b, 5b).
Conversely, the two datasets are closer on deforestation, al-
beit the NGHGI DB has consistently higher emissions (on
average, by almost 1 Gt CO, yr~—!) than FAOSTAT for NAI
countries (Figs. 4c, 5c). For organic soils, there is notable
agreement not only on estimated absolute values, but also
in the inter-annual variations of emissions (Figs. 4d, 5d).
This is remarkable, considering that the NGHGI DB is not
very much gap filled for this category (considering that
the largest NAI emitters, and particularly Indonesia, report
these emissions estimates to UNFCCC), and that the FAO-
STAT estimates are based on FAO’s own geospatial analysis
(Conchedda and Tubiello, 2020).

Overall, the differences may be explained by a combina-
tion of factors, which we discuss below separately for Al and
NAI countries, for each category, and for the level of the net
CO, fluxes and their trends.

In AI countries, the NGHGISs are typically more complete
in terms of land categories and carbon pools compared to
FAOSTAT. In particular, for the level of net CO; fluxes in FL,
a comparison of Al countries’ data from NGHGIs and FAO-
STAT has already been done by Tubiello et al. (2021). The
differences that emerge here between the NGHGI DB and
FAOSTAT can be mostly explained by estimates for pools
other than living biomass, including HWP, included in the
NGHGI DB but not in FAOSTAT. This explains a differ-
ence of about 0.2 Gt CO, yr~! just for the USA and a sim-
ilar amount for other developed countries together (Fig. 6a).

For the category “other” — i.e. non-forest land uses, exclud-
ing organic soils, which are not included in FAOSTAT - our
NGHGI DB reports a net sink of —0.23 Gt CO, yr~!. At the
same time, for organic soils, NGHGI DB and FAOSTAT re-
port similar numbers at global level (Fig. 5d), with a good
agreement also for Al and NAI countries.

In NAI countries, for FL, we find a large difference in the
level of the carbon flux between our NGHGI DB and FAO-
STAT data, resulting in a —2.7 GtCO, yr~! greater sink in
NGHG DB for 2000-2020 (Fig. 5b). This difference, which
alone explains most of the gap between the two datasets, is
largely linked to two factors.

On the one hand, the NGHGI DB contains a forest sink
from five NGHGIs which we consider implausible (see
Methods), possibly due to the inaccurate implementation of
the IPCC methodology (the UNFCCC review of some of
these reports already signalled this). Collectively, these coun-
tries report a net LULUCF flux of —0.9 GtCO, yr~! over
the period 2000-2020, with no clear trend. These five coun-
tries are located in Africa (Central African Republic, Mali,
Namibia) and Southeast Asia (Malaysia, Philippines).

The second factor relates to the large underlying uncer-
tainty in measurements of carbon stock changes over time.
The capacity of many NAI countries is insufficient to ensure
provision of consecutive and consistent forest inventories.
For this reason, many NAI countries report to FAO via the
FRA, likely for lack of better information, a constant value
of forest carbon stock density (carbon stock/ha) over the pe-
riod analysed here (2000-2020). In such cases, the estimated
carbon stock changes in FAOSTAT necessarily represent net
fluxes on either L-FL (positive net forest land area change)
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or FL-L (negative net forest land area change), while the
estimated fluxes on FL-FL are zero. Conversely, when the
same NAI countries report to UNFCCC, they may choose to
apply the default IPCC gain—loss approach to compute and
report non-zero carbon fluxes over FL-FL. This is relevant,
because FL-FL is typically where most of the FL carbon flux
occurs, considering the much larger underlying areas of FL—
FL compared to L-FL in most countries. More specifically,
the carbon stock change approach implemented in FAOSTAT
results in a non-zero carbon flux for FL-FL in only 63 NAI
countries, compared to 136 in countries NGHGIs (Table 8).
The remaining 89 NAI countries have a total forest land area
of 905 Mha (i.e. 41 % of forest area in NAI countries, mostly
in Africa and South America, Fig. 6a), where the underly-
ing FRA data on carbon stock density are lacking or con-

stant over the entire period 2000-2020. Conversely, only 16
NAI countries in our NGHGI DB report no carbon fluxes on
FL-FL (Table 8), corresponding to 272 Mha of forest (mostly
in Africa, Fig. 6a). The underlying reasons for these differ-
ences are further explained in Box 1, and can be summarised
by the different scopes of the two country datasets: while
FAO reporting via the FRA focuses on measures of area and
biomass (without a focus on climate change relevant fluxes),
UNFCCC explicitly asks countries to report a value of car-
bon flux, providing default methods and factors that can be
used despite the underlying paucity of national data.

We note that when countries do report a non-zero value of
FL-FL, these values are most often a sink in both NGHGIs
and FAOSTAT, although with features that would merit a
more nuanced analysis. Based on this, we estimate a hy-
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While carbon fluxes on forest land remaining forest land
are a critical component of the land carbon budget, they
are typically one of the most difficult to estimate, because
they result from small area-specific net carbon stock changes,
which are difficult to detect over short time intervals and over
large areas.

To estimate this carbon flux in the biomass C pool, two
approaches are available from the IPCC: the “gain-loss™ ap-
proach and the “stock difference™ approach.

The stock difference approach estimates the FL-FL car-
bon flux based on the difference between two carbon stocks
over time (examples of countries using this approach in-
clude USA, many EU countries, India, and China). This ap-
proach always requires country-specific values of stock, e.g.
from at least two subsequent, methodologically consistent,
national forest inventories based on representative sampling.
The challenge is availability of good data to use as inputs
into these computations. Specifically, very few NAI coun-
tries have conducted two or more methodologically consis-
tent national forest inventories, which would be necessary
to apply the stock difference approach. For example, of the
56 REDD+-reporting countries, only very few (e.g. Mexico,
partly Nicaragua, and Dominican Republic) use subsequent
forest inventories to estimate the stock difference in FL-FL.

The gain-loss approach is the IPCC default method, since
it associates each C stock change to its driver and therefore
provides needed policy-relevant information; while the stock
difference approach is more straightforward in terms of mea-
surement requirements, it provides no information on the
drivers that determined the net C stock change. The gain-
(i.e. considering mortality), minus losses from harvest and
natural disturbances using country-specific or IPCC default
values for net growth, and country statistics for losses from
harvest and natural disturbances. This approach can however
have large uncertainty in the estimated net C stock change,
especially where the losses are underestimated, which could
easily happen where not all harvest is not recorded in country
statistics, Furthermore, the default IPCC net biomass growth
factors (IPCC, 20119) come with very large uncertainties. For
example, in most regions of the tropical domain, the stan-
dard deviations are = 100% for primary forest and = 70%
for secondary forest. Gatti et al. (2021) and Hubau (2020)
indicate that net biomass growth factors likely declined in
the last decades in some tropical forests (Amazonia): this
would imply that, when applying constant increment rates
across decades, as e.g. per IPCC default factors, net removals
from FL-FL could be overestimated if these factors were
estimated decades back. On the other hand, Cook Patton et
al. (2020) suggest that default rates from IPCC underestimate
aboveground carbon accumulation rates by 32 % on average,
especially in tropical regions.

FAOSTAT calculates emissions/removals based on data
from the country reports to FRA. Under FRA, countries are
expected to provide a time series of values of forest area,
hiomass, carbon stock, and carbon stocks/ha, but are not
asked to provide a carbon flux or carbon stock change. The
absence of country-specific values of forest carbon stocks
changes from successive national forest inventories indeed
is the most likely reason explaining why so many NAI coun-
tries report constant time series of carbon stock/ha, whereas
some changes, either positive or negative, are to be expected.

By contrast. the UNFCCC specifically requests countries
to provide a net value of carbon flux in their NGHGIs. In the
absence of successive national forest inventories o apply the
stock difference approach, the gain-loss approach may be ap-
plied. In this case. when the required country-specific values
are not available (e.g. forest growth), the gain—loss approach
may use values sourced from IPCC defaults complemented
by country data on losses (harvest and other disturbances’
mortality).

In summary, the differences above reflect mainly the dif-
ferent scopes of the country reporting to FRA, which focus
on area and biomass variables, and to UNFCCC, which ex-
plicitly focus on carbon fluxes. It also underscores the chal-
lenges to estimate the fluxes in FL-FL in absence of accurate
country data, like in many NAI countries. In the frequent case
where multiple national forest inventories are not available
or not comparable, a single value of carbon stock might be
considered sufficient to describe the state of the forest under
FRA ~ but not under the UNFCCC, where the focus is in fact
carbon fluxes. In the latter case, correspondents are guided,
even in the absence of national data, w use the IPCC gain—
loss approach.

Box 1. The challenge of estimating the biomass carbon fluxes in
forest land remaining forest land (FL-FL).

G. Grassi et al.: Carbon fluxes from land 2000—2020

Table 8. Statistics on the number of NAI countries (and correspond-
ing forest area) for which NGHGI DB and FAOSTAT compute null
or non-null carbon fluxes for forest land (FL) and “forest land re-
maining forest land” (FL-FL). To note is that FAOSTAT does not
explicitly distinguish the two subcomponents of FL, i.e. FL-FL and
land converted to forest (L-FL). Here, we performed an additional
analysis based on the original country reports to FRA: if the coun-
try report to FRA includes a constant value of carbon stock/ha over
time, then we assume that the carbon flux FL-FL is zero and that
any value computed by FAOSTAT for FL. comes from L-FL only
(see text for details).

NGHGI DB ‘ FAOSTAT
No. of Area No. of Area
countries (Mha) | countries (Mha)
FL Non-zero flux 136 1647 113 1859
No or zero flux 17 272 40 327
FL-FL  Non-zero flux 136 1674 63 1282
No or zero flux 17 272 89 905
Total 153 1946 ‘ 153 2186

pothetical sink that could have occurred on those FL ar-
eas with no or zero value of carbon flux. To this aim, we
used the mean net annual area-specific sink for NAI coun-
tries from our NGHGI DB (of —1.9¢tCO, ha™! yr_l, exclud-
ing the countries with implausible FL sinks) and FAOSTAT
(of —1.11CO>ha~!yr~!, excluding those countries report-
ing a constant carbon stock/ha under FRA). Acknowledging
the uncertainty of this exercise, this approach would yield a
greater global forest sink, by about —1.0 in FAOSTAT and of
—0.5GtCO, yr~! in our NGHGI DB.

Trends in carbon stock density (tC/ha) may help explain in
part the differences of the trends in FL. between NGHGIDB
and FAO. In particular, after 2015 the NGHGI DB indicates
globally a constant sink, whereas FAOSTAT suggests a de-
crease of the sink (Fig. 4b). These differences originate at
country level — including for the major Al and NAI countries
(see Fig. S6) — and can be linked to the fact that FRA 2020
carbon stock density data, upon which the FAOSTAT esti-
mates are based, are often constant after 2016 or 2017 (see
Fig. S7, e.g. Australia, Canada, Finland, USA, India, Indone-
sia, and Mexico); this fact reflects a lack of data for the most
recent years rather than a real decrease in sink capacity dur-
ing the period 2015-2020. Indeed, the global forest area with
constant carbon stock density for the period 2015-2020 is
double that reported for the period 2000-2015 (see Fig. S8).
At the same time, the FL fluxes in FAOSTAT are estimated
based on differences in carbon stock densities in 2020 and
2015 only. As shown in Fig. S6, the use of 2020 FRA values
with constant carbon density after 2015 (Fig. S7) may lead to
underestimating the sink strength in FAOSTAT in some cases
(for instance USA, EU274-UK, India) and overestimating it
in other cases (for instance Canada).
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For NAI countries, the emissions from deforestation are
estimated in 141 countries by FAOSTAT (net forest conver-
sion) compared to 124 countries in our NGHGI DB. Since
FAOSTAT computes the emissions for net forest land area
loss, data would roughly correspond to those countries us-
ing the so-called “IPCC approach 1” to land representation
(Tubiello et al., 2021). By contrast, NGHGI reporting is usu-
ally based on a more detailed tracking of the conversions
between land uses and the associated gross fluxes. This dif-
ference may partly explain why our NGHGI DB estimates
somewhat larger emissions from deforestation for NAI coun-
tries than in FAOSTAT (Fig. 6b). Furthermore, in FAOSTAT,
the use of a single average forest carbon stock density may
lead to underestimation of emissions (Tubiello et al., 2021).
Other possible confounding factors in comparing deforesta-
tion estimates across datasets may be different reporting by
NGHGIs of shifting agriculture and forest degradation pro-
cesses: depending on the country and the report, the fluxes
from these processes may be reported either under FL or as
additional deforestation.

Although the rates of emissions from deforestation differ
in the two databases, the trends look similar, both for the area
and for the emissions. Comparing 2015-2020 against 2000—
2005, FRA reports a 33 % reduction in deforestation area,
and our NGHGI DB and FAOSTAT estimate a 18 % and 20 %
reduction of emissions from net forest loss, respectively. The
trends for our NGHGI DB and FAOSTAT look rather similar
also for the macro regions analysed here, with emissions in-
creasing in Asia and Africa while decreasing in South Amer-
ica (Fig. S9). It should be noted, however, that neither dataset
is always very updated: FAOSTAT reflect data collected up
to 2017 (or earlier), while for NGHGISs, it depends on the
country; for Brazil, data used here are up to 2016 (thus the
increases in deforestation detected in the last years in Brazil,
e.g. Silva Junior et al. (2021), are not included); for DRC,
data are up to 2018; and for Indonesia, up to 2019.

Donegan et al. (2022) found the trends regional forest loss
statistic in FAO-FRA to be in overall agreement with the
satellite-based assessment in the JRC’s tropical moist for-
est dataset (Vancutsem et al., 2021). A similar trend emerges
also in the Global Carbon Budget 2021 (Friedlingstein et al.,
2021), based on bookkeeping models. However, this in con-
trast with analyses based on the global forest change prod-
uct (GFC, Hansen et al., 2013), which indicates an increas-
ing tree cover loss. Recent evidence indicates that the GFC’s
trend seems partly or largely explained by an increased ca-
pacity of the product to detect changes after 2015 (Palahi et
al., 2021; Ceccherini et al., 2021), but other studies (Feng et
al., 2022) confirm the GFC’s trend also after an effort is made
to address its temporal inconsistencies. While acknowledg-
ing that tree cover loss does not necessarily imply a land
use change, these contradictory trends are striking. Given
the renewed political interest in reducing deforestation that
emerged at the UNFCCC’s conference in Glasgow in 2021
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(COP 26), reconciling the differences above is a priority for
the scientific community.

In NAI countries, the fluxes in the category “other” in
our NGHGI DB, which are not included in FAOSTAT, rep-
resent a net sink of —0.35GtCO, yr~!, mostly from crop-
land and grasslands in China and India. For organic soils,
FAOSTAT’s estimates include several NAI countries that do
not report such emissions in the NGHGISs; this may explain
0.06 Gt CO, yr_1 difference between our NGHGI DB and
FAOSTAT.

To gain more confidence in our analysis for NAI coun-
tries, we made an additional assessment of the complete-
ness/uncertainty of reporting for FL and deforestation in our
NGHGI DB and FAOSTAT (including the country reports to
FRA). We took into account the cases of implausible forest
sink in few NGHGIs whenever the carbon flux for FL-FL
is zero in FAOSTAT and the carbon pools considered in the
two sources (see Methods). This assessment should be con-
sidered as broadly indicative of the level of process coverage
of the two datasets with the aim to help potential users.

Results show (Table 9, see also Fig. S2) that for 72 NAI
countries the NGHGI DB appears more complete/less un-
certain than FAOSTAT on carbon fluxes. This occurs espe-
cially when the NGHGI reports non-biomass pools (not in-
cluded in FAOSTAT), and when FAOSTAT estimates zero
carbon fluxes on FL-FL (because of a single value of carbon
stock reported over time in many country FRA reports). In
the latter case, we assume that one or more estimated val-
ues of carbon flux in a NGHGI represents more informa-
tion than a single value of carbon stock reported over a pe-
riod of time in a FRA report. It should be noted that here
we speak of “completeness/uncertainty” because, according
to the IPCC (2006) guidelines, the lack of completeness is
a source of uncertainty. In 27 cases, FAOSTAT includes a
more plausible forest sink or a more complete/less uncertain
reporting than in our NGHGI DB, especially for deforesta-
tion in small countries. For the remaining 54 countries, both
databases appear incomplete or the outcome of the assess-
ment is uncertain.

Figure 7 summarises the outcome of our analysis, for both
Al and NAI countries, to help understand the reasons for
the large differences between our NGHGI DB and FAO-
STAT (—2.7 Gt CO, yr~! on average for 2000-2020), and the
NGHGI DB and the UNFCCC GHGDI (43.8 Gt CO, yr™1).

In the first case, for Al countries we assume the NGHGI
DB to be more complete in terms of land categories and car-
bon pools than FAOSTAT. For NAI countries, we distinguish
cases when (i) the NGHGI DB is more complete on non-
forest land uses, or more complete/less uncertain on forest
land and deforestation (reflecting the analysis in Table 9) than
FAOSTAT; (ii) it is unclear which source is more complete;
and (iii) FAOSTAT is either more plausible or more complete
than the NGHGI DB. Overall, 59 % of the total difference
between the NGHGI DB and FAOSTAT (1.6 GtCO, yr_l,
striped blue parts in the upper right column in Fig. 7) may
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Table 9. Assessment of the reasons for the difference between the NGHGI database and FAOSTAT for 153 NAI countries, based on the
completeness/uncertainty in the estimates of forest land (FL) and deforestation, and of carbon pools included. The method used is illustrated

in Fig. S2. The total flux (—1683

MtCOy yr— 1) is the average difference, for the sum of FL and deforestation in NAI countries, between

NGHGI DB (426 Mt CO, yr~!) and FAOSTAT (+1819 Mt CO, yr~ 1) for the period 2000-2020.

Countries

‘ Difference explained

n )

| MtCOp yr~! %

NGHGI DB

Countries where NGHGIs in our database appear
either more complete, or report non-zero sinks on
forest land, than FAOSTAT, and/or for the report-
ing of non-biomass carbon pools.

72 4T%

—676 38%

Uncertain 54 35%
Countries where both databases are incomplete, or
countries where the NGHGTIs in our database are
considered implausible*, but for which FAOSTAT

estimates a zero carbon flux for FL-FL.

=777 43%

FAOSTAT

Countries where FAOSTAT appear more complete
for FL or deforestation, or where the NGHGIs
in our database are considered implausible* and
FAOSTAT estimates a non-zero carbon flux for

27 18%

—340 19%

FL-FL.

Total

153 —1793

* Where the forest sink is greater than —107CO, ha—! over > 1 Mha, see Methods.

Al
countries

NAI
countries

NAI
countries
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Figure 7. Disaggregation of the differences in net global LULUCF CO; fluxes (average 2000-2020) between the NGHGI DB presented

in this study and FAOSTAT (upper right column), and between the

NGHGI DB and the UNFCCC GHG data interface (UNFCCC GHGDI)

(bottom right column). Whiskers indicate the estimated global uncertainty (95 % confidence interval) on the net LULUCEF flux for the NGHGI
DB (see Methods) and FAOSTAT (Tubiello et al., 2021). See text for details.

be explained by a more complete/less uncertain reporting
(in terms of land categories and carbon pools) by the un-
derlying NGHGIs included in our dataset, in both Al and
NAI countries (see also Table 9). For another 26 % of the
gap (0.7 Gt CO, yr~!, dotted grey part in the upper right col-

umn in Fig. 7), it is difficult to identify a clear reason, and
often both datasets appear not very robust. The remaining
15% (0.4 GtCO, yr~!, yellow parts in the upper right col-
umn in Fig. 7) can be explained by more plausible sinks
or more complete/less uncertain reporting in FAOSTAT than
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in the NGHGI DB for NAI countries, including on organic
soils. Based on this assessment, the hypothetical combina-
tion of the best databases for each country (i.e. NGHGI DB
or FAOSTAT) would yield a global net LULUCEF sink in the
range between —0.5 and —1.3 GtCO, yr~! (i.e. the dotted
grey area in the upper right column, Fig. 7).

In the comparison between the NGHGI DB and the large
sink we derived from the UNFCCCC GHGDI (UNFCCC,
2022a), we consider the NGHGI DB more complete and up
to date because it uses sources not considered by the UN-
FCCC GHGDI (i.e. recent REDD+ and NDC submissions,
and NC/BURs with the IPCC (2006) format, see Fig. 7).
This suggests attention when using the UNFCCC GHGDI
as basis for global analyses. In this regard, the recent UN-
FCCC synthesis report for the global stocktake (UNFCCC,
2022b) uses more recent data from NAI countries than the
UNFCCC GHGDI, resulting in a global LULUCF net sink
(—3.1GtCO, yr~! for the year 2015) which is closer to the
values in our NGHGI DB. Overall, the completeness of in-
formation in our NGHGI DB - including the possibility to
see results by land use and submission type (see the online
dataset) — makes it a unique collection of LULUCF data sub-
mitted by countries to the UNFCCC.

4 Data availability

available

Data from this study are openly
i 2022),

via the Zenodo portal (Grassi et al,
https://doi.org/10.5281/zenodo.7190601.

5 Conclusions

The NGHGI DB presented in this study provides access to
an up to date, comprehensive, and gap-filled source of infor-
mation on LULUCF carbon fluxes at country level, based on
official country data submitted to the UNFCCC (both Annex
I and non-Annex I countries). The database is disaggregated
into the following components: (i) forest land (of which we
track separately forest land remaining forest land, FL-FL);
(i1) deforestation; (iii) organic soils; and (iv) other land fluxes
(including non-forest land uses). The NGHGI DB results in
a net global sink of —1.6 Gt CO, yr~!, averaged over the pe-
riod 2000-2020. This is due to a balance between a large
forest land sink (—6.4 Gt CO, yr—!, mostly on FL-FL), and
a large land source from deforestation (+4.4 Gt CO; yr‘l).
Other relevant fluxes include those from drainage and burn-
ing of organic soils (+-0.9 Gt CO, yr~!), and from other land
uses (—0.6 GtCO, yr~!). Furthermore, our analysis rein-
forces the urgency for the global models used in the Global
Carbon Budget (Friedlingstein et al., 2022) to address re-
search questions such as: is managed land a net sink or a net
source globally? Have rates of deforestation in the tropics
been increasing or decreasing in the last two decades? How
important are emissions from non-forest lands?
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With reference to the range of UNFCCC data that are
used as input into the NGHGI DB, Annex I countries explic-
itly identify area of managed land (for which anthropogenic
GHG fluxes are to be reported) and unmanaged land. Con-
versely, only few non-Annex I make this distinction explicit
in their reported data. In the absence of more specific infor-
mation, and in line with the basic scope of UNFCCC report-
ing, we assume that all fluxes reported are anthropogenic,
and that the corresponding land area is managed. For the fu-
ture, a more explicit identification by non-Annex I countries
of what is considered managed area and anthropogenic GHG
flux would be important to achieve more clarity on the global
LULUCEF fluxes.

Our NGHGI database is then compared with two LU-
LUCEF datasets that are conceptually close and also based
on country data: the UNFCCC GHG data interface, which
reports a global net sink of —5.4 Gt CO, yr~!, and the LU-
LUCF component of the FAOSTAT emissions database,
which results in a global net source of +1.1 Gt CO, yr~! av-
eraged over the same 2000-2020 period. In the first case,
the difference is due to the fact that our NGHGI DB in-
cludes more recent data from NAI countries than the UN-
FCCC GHGDI, including from REDD+ and NDC submis-
sions.

In the second case, the NGHGI DB reports larger defor-
estation fluxes than FAOSTAT (425 % difference, within the
underlying uncertainty in both products), possibly due to the
fact that FAOSTAT’s estimates are typically based on net for-
est area change, rather than gross deforestation as usually
done by NGHGIs, and use a single country value of forest
carbon stock density for both primary/secondary and planted
forest. On the other hand, some NGHGIs may include shift-
ing agriculture in their deforestation emissions.

Importantly, the NGHGI DB results in a sink on forest
land (—6.4 Gt CO, yr~!) which is much larger than FAO-
STAT (—3.2GtCO, yr_1 on average over 2000-2020), es-
pecially in non-Annex I countries, and show a different trend
for the most recent years. While it can be assumed that no
or few countries with major deforestation rates are missing
from both datasets, significant data gaps exist in non-Annex
I countries with respect to fluxes on forest land. In partic-
ular, the carbon flux on FL-FL (where the majority of the
forest carbon flux typically occurs) is not estimated or esti-
mated as null over large areas, i.e. 272 Mha in the NGHG DB
and 905 Mha in FAOSTAT. Whereas the use of IPCC gain—
loss method allows most NAI NGHGIs to estimate a forest
carbon flux, the underlying data are uncertain (e.g. on forest
growth, especially for recent years) or may be biased (e.g.
harvest may be underestimated). By contrast, when country-
level data on carbon stock changes are lacking in the FRA re-
ports (especially in Africa for the entire 2000-2020 time se-
ries, and in many countries across the globe for the years after
2015), FAOSTAT provides no or null estimates for the forest
carbon flux. These gaps imply a large uncertainty in forest
land, both for the level of net fluxes (with the uncertainty
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likely proportional to the areas above for the NGHGI DB
and FAOSTAT) and the trends (especially in FAOSTAT for
the most recent years), which undermines further progress in
assessing the net LULUCF fluxes and mitigation efforts. In
addition, the net LULUCF flux in five NGHGIs — collectively
amounting to —0.9 Gt CO yr~! — appears implausibly high.

Overall, most of the difference between our NGHGI DB
and FAOSTAT can be explained by more complete/less un-
certain reporting of carbon fluxes by the NGHGIs included
in our database (Fig. 7), especially on FL-FL of non-Annex I
countries, on non-biomass carbon pools and non-forest land
uses. This mainly reflects the different scopes of the country
reporting to FRA, which focuses on forest area and biomass
stocks (upon which FAOSTAT’s estimates for FL are based),
and to UNFCCC, which explicitly focuses on LULUCEF car-
bon fluxes. Indeed, compared to the data included in our
NGHGI DB, FAO provides more complete information on
forest areas (including primary and secondary forests and
plantations) and on carbon stocks, which are important pa-
rameters for modelling purposes. Both the NGHGI DB and
FAO - bearing in mind the respective strengths and weak-
nesses — offer a fundamental, yet incomplete, source of infor-
mation on carbon-related variables, representing a key source
of information for both scientific and policy communities, in-
cluding under the global stocktake.

For the future, the quality of NGHGIs is expected to im-
prove following the full implementation of the Enhanced
Transparency Framework under the Paris Agreement. Based
on our findings, we suggest that priority areas of improve-
ment for non-Annex I countries — where UNFCCC review-
ers and capacity building support should also focus — in-
clude the explicit identification of managed vs. unmanaged
forest areas (which is crucial to understand if the reported
flux is considered anthropogenic), the plausibility of the for-
est sink, and the completeness of reporting. For FRA data,
where relevant improvements have already occurred (Nesha
et al., 2021), future efforts may focus on increasing consis-
tency with NGHGIs. Meanwhile, in the absence of appropri-
ate data sources per country, it should be evaluated whether
carbon fluxes can be estimated from reported carbon stocks
over time.

In summary, although the quality and quantity of LU-
LUCF data in NGHGIs improved considerably in recent
years, our database highlights that some important gaps still
remain, especially in non-Annex I countries. Addressing
these gaps should be seen as a priority to increase confidence
in land-use mitigation under the Paris Agreement and facil-
itate comparison with independent scientific estimates. With
these limits in mind, the NGHGI DB presented is the most up
to date and complete source of LULUCF CO; fluxes based
on country submissions to UNFCCC.
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