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Tracking agriculture and land-use greenhouse gas (GHG) emissions is necessary
to inform global climate policy, yet UNFCCC country-reported data and three
independent global databases show inconsistent estimates of countries’
emissions. Data for developing countries are particularly inconsistent, yet also
collectively the largest source of emissions. Here, we provide transparency about
available country-level emissions data for agriculture and related land use and
characterize their data quality and consistency to enable better understanding
of available data and tracking of climate change mitigation. We call for increased
consistency in official national agricultural GHG inventory data and transparency
about the differences among scientific data sources to enable decision makers to
track progress, set priorities and manage emissions.

national greenhouse gas emission inventory, UNFCCC (United Nations Framework
Convention on Climate Change), climate change, agricultural emissions, greenhouse
gasses (GHG)

1. Introduction

Reducing greenhouse gas (GHG) emissions from agriculture and the land sector are
essential to meeting climate policy targets (IPCC, 2019; Lynch et al., 2021), yet tracking these
emissions to inform global decisions remains challenging. While the United Nations
Framework Convention on Climate Change (UNFCCC) provides a framework and guidance
for countries to report emissions (e.g., [PCC, 1996a,b, 2006), it is well-known that official
country reporting is often not up to date or of high quality, especially for low-and-middle-
income countries (LMICs) where capacity and resources are limited (Rosenstock and Wilkes,
2021). UNFCCC Annex I countries (high-income) currently report emissions annually
following the same IPCC guidelines (IPCC, 2006) and a Common Reporting Format (CRF).
In contrast, non-Annex I parties (mostly LMICs) are not required to provide reports in as
much detail or as regularly as Annex I countries and use different IPCC guidelines (e.g., Revised
IPCC 1996 Guidelines for National Greenhouse Gas Inventories, IPCC 2006 Guidelines for
National Greenhouse Gas Inventories, or a combination of the two) in National Communications
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(NCs) or Biennial Update Reports (BURs) submitted to the
UNFCCC. Hence, differences are to be expected in the methods and
quality of national GHG inventories, henceforth referred to as
inventories, being reported to the UNFCCC (Perugini et al., 2021; see
Supplementary material).

Meanwhile, scientific emissions data sources are available from
several sources, including the United Nations Food and Agriculture
Organization (FAO) (FAOSTAT, 2021), World Resources Institute
Climate Analysis Indicators Tool (WRI-CAIT) (CAIT Climate Data
Explorer, 2017) and the Emissions Database for Global Atmospheric
Research (EDGAR) (Crippa et al., 2020, 2021). However, the data are
not consistent with each other or with the UNFCCC data despite
IPCC guidelines and encouragement of countries to use
independently compiled inventory databases, such as EDGAR, to
verify emissions and removals (Deng et al., 2022). Decision-makers
concerned with global comparisons are therefore faced with
competing information sources to formulate mitigation strategies,
manage emissions and identify global hotspots. Above all, inaccurate
country-reported inventories paired with inconsistencies among
alternative data sources impedes effective decision making for
investment in and management of the agricultural sector.

Here, our goal is to provide transparency about available
country-level emissions data for agriculture and related land use
and characterize their data quality and consistency to enable better
use of these data and tracking of climate change mitigation. To this
end we evaluated the official UNFCCC country-reported GHG data
through 2019 via NCs or BURs for non-Annex I countries and CRF
tables for Annex I countries as well as the inventory methodology
used. We then compared UNFCCC data with FAOSTAT,
WRI-CAIT, and EDGAR data. Our results highlight a gap in LMIC
reporting in the UNFCCC and a need for more uniform reporting
methodologies, especially to manage food security in conjunction
with climate change adaptation and mitigation. The analysis
provides an in-depth catalog of national reporting issues that affect
GHG inventories depending on the methodology used and provides
recommendations on how inventories can be enhanced to achieve
climate mitigation goals based on a review of each country’s GHG
inventory submitted to the UNFCCC. It also raises the question of
whether alternative, non-UNFCCC emissions data resources should
be the go-to for emissions-related decisions. We conclude with how
decision makers can make informed choices about national
emissions data and call for support of better reporting of official
UNFCCC data and more transparency in the differences among
current data sources.

2. Methods
2.1. Inventory compilation and comparison

Using UNFCCC data, we compiled national carbon dioxide
(CO,), methane (CH,), and nitrous oxide (N,O) emissions for (i)
emissions and removals across all sectors, (ii) agricultural non-CO,
emissions, (iii) agriculture, forestry and other land use (AFOLU) or
land use, land-use change, and forestry (LULUCF) emissions and
removals, and (iv) cropland and grassland emissions and removals
from NCs or BURs for non-Annex I countries and CRF tables for
Annex I countries through 2019. The compiled agricultural GHG
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inventory was compared to similar GHG inventories from FAOSTAT
(2021), WRI-CAIT (CAIT Climate Data Explorer, 2017) and EDGAR
(Crippa et al., 2021) by evaluating the absolute difference in country-
level agricultural non-CO, emissions by inventory source. Data from
all GHG inventories were accessed via their respective websites as of
December 2019. The absolute difference in inventory GHGs were
calculated as:

n-V
Percentage difference = { ] %100

2

where V;, is agricultural non-CO, emissions for a countries’ emissions
reported to the UNFCCC and V; is agricultural non-CO, emissions
for a countries’ reported emissions by FAOSTAT, WRI-CAIT or
EDGAR. The absolute difference between UNFCCC reported data
and independent inventories, shown in Figure 1, was generated using
the ggplot2 package (Wickham, 2016) in R Studio (R Foundation for
Statistical Computing, Vienna, Austria; RStudio Team, 2015).

2.2. UNFCCC inventory analysis

Differences in global warming potential (GWP) standards and
reporting formats and quality were also noted for the UNFCCC data.
Emissions and removals were adjusted to be comparable using GWPs
from the IPCC Fifth Assessment Report (IPCC, 2013) (CH,=28,
N,0=265). For countries that reported agricultural gases
individually, we calculated CO, equivalent (CO,e) using the AR5
GWPs. For countries that only reported emissions in CO,e without
identifying the GWP used or did not disaggregate GHGs, we used the
reported CO,e value.

We compared agricultural emissions and removals and emissions
per capita using AR5, IPCC Second Assessment Report (AR2) and
IPCC Fourth Assessment Report (AR4) GWPs with t-tests (R
Foundation for Statistical Computing, Vienna, Austria; RStudio
Team, 2015) to determine if emissions significantly differed across
countries based on GWP selection. Each country’s agricultural
emissions (CH, and N,O only) were calculated as (i) national total,
(ii) percentage of total emissions, and as (iii) emissions per capita (see
Dittmer et al., 2021 for the dataset). Country population data for
2018 was acquired from FAOSTAT (2021).

3. Overview of GHG inventories

The four inventories examined here differ in terms of their
developer and designated audience, which have shaped the nature of
their databases. The UNFCCC inventory was designed to enable
countries to report their emissions to the UNFCCC (country
reporting). EDGAR’s data were compiled primarily for a scientific
audience (scientific audience). FAOSTAT’s database was designed to
provide a readily available public source of data based on a consistent
data
intergovernmental). WRI-CAIT was also created to provide a public

methodology and wusing intergovernmental (public
source of data in user-friendly and interactive format, drawing on

existing data [public-research nongovernmental organization
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FIGURE 1
Absolute difference, represented as a percentage, between UNFCCC inventories and (A) FAOSTAT (B) WRI-CAIT and (C) EDGAR inventories for
agricultural emissions. Absolute differences of 200% occur when one of the inventories reported zero emissions. White countries=no NC/BUR or data.

(NGO)]. As the country reporting is decentralized, UNFCCC is most
variable. The other three inventories are managed centrally and
therefore more internally consistent.

In terms of country coverage, for the UNFCCC data, 194 of 197
countries, plus the European Union (analyzed here as individual
countries), reported GHG emissions in their NC, BUR, or CRF table.
The FAOSTAT, WRI-CAIT, and EDGAR databases reported GHG
emissions for 211, 195, and 218 countries or territories, respectively.

In terms of timing of posting and coverage of years, FAOSTAT
posts countries’ inventory data, making them readily comparable to
FAOSTAT’s emissions estimates. More than 75% of the NCs through
2019 were submitted in 2006 or after and 36% submitted as of 2016.
All Annex I countries updated their inventory through 2019. In
contrast, non-Annex I inventories date as far back as 1994, with the
mean inventory year being 2010 (Supplementary Figure S1), thus
making comparisons among countries difficult. We analyzed
comparable data from EDGAR and WRI-CAIT inventories for 2018
and FAOSTAT for 2019.

Frontiers in Sustainable Food Systems

Despite their centralized management, the independent
inventories from FAOSTAT, WRI-CAIT, and EDGAR are
challenging to compare as they differ in terms of the number of
countries/territories reported, GWPs, data sources, emission factor
tier level and wusability (see Supplementary information).
Interdependencies also exist among the databases, making it
difficult to use the different sources for triangulation. For example,
FAOSTAT computed national emissions using activity data (Tier 1)
mainly reported to FAO by its member countries party to the
UNFCCC when available (Tubiello et al., 2021) with GWPs from
AR5 (IPCC, 2013). WRI-CAIT used FAOSTAT emissions data, but
used the GWPs from AR4 (IPCC, 2007). EDGAR posted raw data,
i.e., GWPs were not used to report CH, and N,O emissions in CO,e,
and their metadata did not specify the tier level nor the agricultural
data sources used for calculating emissions. As national
governments are responsible for compiling GHG inventories to the
UNFCCC, nations used a mixed tier approach depending on the
national circumstances.
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Reporting of CO, from cropland and grassland, which includes  current AR5 GWPs without making assumptions about emission
carbon sequestration in the soil and biomass, was uneven. Only 58 of ~ sources of individual GHGs. Mistakes were not uncommon, such
154 non-Annex I countries reported CO, data, whereas all Annex  as tables labeled with 1year but reporting data from another,
I countries except one did. Our results are consistent with previous  reporting of inconsistent values for the sector in separate sections
observations that non-Annex I countries often lack the expertise or  of the report. Some reports, although disseminated through the
resources to estimate emissions and removals, including on aregular ~ UNFCCC website, were illegible.
basis, potentially leading to large data gaps and significant data While more than half of all countries used the most recent [PCC
quality issues [Food and Agriculture Organization of the United  (2006) guidelines (Table 1) (72 non-Annex I countries, 41 Annex
Nations (FAO) and Global Research Alliance on Agricultural I countries), non-Annex I countries still relied on the older revised
Greenhouse Gases (GRA), 2020]. While all independent inventories 1996 IPCC guidelines (55 countries) or combined this with the 2006
focused on non-CO, emissions for the agricultural sector, only the ~ guidance (22 countries). Three non-Annex I and two Annex
most recent FAOSTAT emissions database (Food and Agriculture I countries did not specify the guidelines used.

Organization of the United Nations (FAO), 2021) considered CO, Most non-Annex I countries used the GWP recommended in
emissions and removals from cropland and grassland, though only ~ AR2 (82 of 154). All Annex I countries used AR4 GWPs, though two
did so for peatland drainage. countries did not specify the GWPs used. Thirty-three non-Annex

We found FAOSTAT and WRI-CAIT to be the most user-friendly I countries did not state their GWPs (Table 1). Global efforts to
and interactive databases, whereas EDGAR has the option to export ~ reduce GHG emissions may be undermined if countries continue to
the database as an Excel document to view agricultural emissions by ~ report aggregated non-CO, emissions using mixed GWPs. To achieve
country. FAOSTAT is the only database that allows users to visualize  the required emission reductions set forth by the Paris Agreement,
national agricultural emissions, making global emissions each ton of any GHG needs to be accounted for in the same way so
comparisons easily feasible. These data sources are widely known by  that actions related to the equitable and fair share of emissions and

the scientific community but not necessarily by decision makers. emission reductions are accounted for at the national level (Rogelj
Below we provide detail for the UNFCCC inventory, where the  and Schleussner, 2019).
highest inconsistencies were found. With respect to land-use GHG reporting, 57 non-Annex

I countries reported emissions using AFOLU formatting and 115

countries separated Agriculture and LULUCE. Although 2006 IPCC

4. UNFCCC inventory quallty and guidelines suggest the use of AFOLU reporting, all Annex

methOdOlOg ies I countries reported using LULUCEF, consistent with Decision 24/

CP.19. Reporting using LULUCF format tends to be more

While other analysis of inventories have indicated a general ~ complicated as emissions, removals and carbon storage are possible

lack of quality in UNFCCC reporting (Rosenstock and Wilkes,  in LULUCE, whereas only emissions are reported in agriculture
2021), we identified specific areas for improved consistency. Lack ~ for AFOLU.

of reporting of numbers, inconsistent GWPs, mistakes and Inconsistency in reporting makes compiling of the UNFCCC

legibility all affected the quality of countries’ reports. Some  dataand its comparison problematic. The selection of IPCC guidance,

countries provided agricultural emissions only in graphs, making  format of emission data, use of LULUCF v. AFOLU reporting, detail

it difficult to identify precise numbers. Aggregated non-CO,  on agricultural GHGs and carbon sequestration and GWP values

emissions using AR2 and AR4 GWPs could not be converted to  varied among countries. Inventories that did not include summary

TABLE 1 Count of non-Annex | and Annex | countries’ use of IPCC National GHG Guidance Report and Assessment Reports used to compile their
respective GHG inventories.

IPCC National Greenhouse Gas IPCC Assessment Report
AR5 NS

Inventory Guidance Report

Non-Annex | countries

2006 IPCC guidelines 39 15 8 10 0 72
Revised 1996 IPCC guidelines 27 7 1 20 0 55
Revised 1996 IPCC guidelines; 2006 IPCC guidelines 14 2 3 3 0 22
Not specified (NS) 2 0 1 0 0 3
Not applicable (NA; NC/BUR does not exist) 0 0 0 0 2 2
Total 82 24 13 33 2 154

Annex | countries®*

2006 IPCC guidelines 0 39 0 2 0 41
Not specified (NS) 0 2 0 0 0 2
Total 0 41 0 2 0 43

*European Union not included (though reported with 2006 IPCC guidelines and GWPs from AR4). The bold values are the count of the values in the rows and columns.
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tables (IPCC, 2006) with agricultural emissions broken down by
source (e.g., enteric fermentation, paddy rice, etc.), or where
inventories were only reported within figures or text as aggregated
CO,e were the most problematic for extracting data as GWPs had to
be assumed and numbers estimated. Approximately 21 non-Annex
I countries reported data of this nature, which we flagged as poor
quality for the purpose of compilation and comparison. This was only
an issue for non-Annex I countries as all Annex I countries reported
emissions in CRF tables, which have been built on the basis of the
reporting table provided in the 2006 IPCC guidelines (IPCC, 2006).
Indeed, the establishment of rigorous guidelines through the
UNFCCC has led to the improvement of inventories for Annex
I countries, however the low quality of national inventories for
non-Annex I countries reflects the lack of technical, financial and
institutional capacity.

5. Comparison of inventories:
agricultural emissions and agricultural
emissions per capita results

China, U.S.A. and Brazil reported the greatest total agricultural
non-CO, emissions among all countries, respectively, accounting for
33% of total global agricultural emissions. The top ten countries
accounted for 53% of global emissions (Supplementary Table SI;
Supplementary Figure S2A). Of the top ten agricultural emitters, two
were Annex I countries (U.S.A., Russia) and the remaining eight were
non-Annex | countries. Seven countries, six of which were
non-Annex I, did not report any agricultural emissions.

On average, agriculture contributed 19% of countries’ gross
national GHG emissions. Agriculture’s contribution among countries
ranged from 0 to 87% of each countrys gross GHGs
(Supplementary Table S1). Non-Annex I countries had a greater
fraction of gross national GHG emissions from agriculture (mean
21%), compared to Annex I countries (mean 12%). Seventeen
countries, all non-Annex I, reported more than 50% of their national
emissions from agriculture.

The top 10 countries for agricultural emissions per capita
consisted of three Annex I countries (New Zealand, Ireland, and
Australia) using GWPs from AR5 (Supplementary Table S1) and
AR4. Two Annex I countries were in the top 10 agricultural emissions
per capita using AR2 GWPs. The choice of GWP mattered for
national emissions of countries with CH, as the primary agricultural
GHG and the ranking of countries’ emissions per capita, although
was not statistically significant otherwise (p=0.39 for AR5 v. AR2
GWPs; p=0.85 for AR5 v. AR4 GWPs). The GWP value used
influenced national emissions per capita by as much as 33% (AR2)
and 15% (AR5) relative to AR5. These results demonstrate that
decisions as simple as GWP selection may have large impacts on how
inventories are interpreted.

Comparing the UNFCCC compiled data to FAOSTAT,
WRI-CAIT and EDGAR inventories after conversion to CO,e with
GWPs from AR5 (CH,=28; N,O=265), FAOSTAT and WRI-CAIT
were most consistent with UNFCCC, which differed globally by 2.3
and 2.6%, respectively. The EDGAR inventory differed from the
UNFCCC inventory by 5.7% globally. China, USA, and India
consistently had the greatest absolute difference for all three
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independent inventories relative to the UNFCCC inventory. This is
likely a result of (i) the magnitude of each of these countries GHG
contributions (Supplementary Figure 52), (ii) inconsistent reporting
of territories for these countries among inventories, (iii) the
discrepancies in the latest inventory reporting years, (iv) Tier 1
estimates, which do not yet produce sufficiently accurate emissions
estimates from agriculture (National Research Council, 2010), and
(v) national reporting issues for UNFCCC data, predominately
from LMICs.

However, countries in sub-Saharan Africa and other least
developed nations, or countries with low shares of agricultural
emissions, generally show the largest difference between
independent inventory sources (Figure 1). Data gaps for robust
activity data and emission factors are notoriously scarce in these
regions, leading to high levels of uncertainty for national
emissions reporting. For example, there were fewer than 100 site-
years of agricultural emission data for sub-Saharan Africa in 2016,
with activity data often estimated based on expert opinion,
outdated surveys or extracted from international compendiums
with unknown uncertainties (Rosenstock and Wilkes, 2021).
Increasing the quantity and quality of data is a necessity for
improving national statistical reporting systems for accurate GHG
accounting in these regions. This is particularly important when
considering that populations in non-Annex I countries, which
already struggle with food security, are rapidly increasing and
intensifying agriculture, leading to higher emissions over time
(Metz et al, 2007; Smith et al., 2007) yet emissions may not
be accurately quantified.

6. Discussion

High quality data are paramount to tracking countries’ Paris
Agreement commitments. Our work emphasizes that inventories
currently have limitations for accurate and transparent emissions
reporting. These include poor reporting by LMICs, uncertainties in
reported data (predominately CH, and N,O as well as CO, in land
use), and lack of robust activity data and country/region specific
emission factors to calculate emissions and removals. For
perspective, only 4 of 46 sub-Saharan Africa countries quantified
the uncertainty for livestock enteric methane, one of the largest
agricultural GHG sources in the region, in inventories submitted to
UNFCCC as of 2016 (Wilkes et al., 2017). Our work further
demonstrates that using independent inventories to compensate or
compliment UNFCCC data may create further problems based on
the interdependencies that exist among inventories yet differences
in the applied methodologies used to estimate emissions. Although
absolute differences in independent inventories and UNFCCC data
only differ by 2.3-5.7% globally, individual countries differed by as
much as 180% (Figure 1). As the greatest differences generally
occurred in non-Annex I countries and countries with small
agricultural emissions, it is clear that data availability and
accessibility remain a constraint in LMICs but also highlights that
the level of granularity needed for small agricultural emitters may
not be enough. Thus, these nations are hindered in their ability to
accurate emission estimates and

make and meaningful

subsequent reductions.
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As most non-Annex I countries rely on Tier 1 approaches and
lack good quality activity data (Rosenstock and Wilkes, 2021),
making use of multiple sources of emissions estimates may help
fill information gaps. Use of remote sensing, modeling, and
machine learning with data products such as NASA satellite
imagery and Global Environmental Outlook datasets can help
address these gaps (Yona et al., 2020), as can lower cost for use of
expert judgment [Food and Agriculture Organization of the
United Nations (FAO)
Agricultural Greenhouse Gases (GRA), 2020]. Better use of

and Global Research Alliance on
technological and scientific advances along with big data could
aid the adoption of a systematic process that combines knowledge
and GHG emissions and sinks with land cover data to
improve inventories.

Second, inventory guidelines should require a short
summary table, developed by the IPCC, to better meet UNFCCC
principles of transparency, accuracy, completeness, comparability
and consistency. Furthermore, countries only reporting in CO,e
units should state the GWP used for conversion for each
non-CO, gas. An interactive platform for submitting data would
aid formatting for consistency and legibility for non-Annex
I countries. The UNFCCC GHG inventory software, for example,
facilitates the compilation and reporting of GHG emissions in a
stepwise approach which helps to prevent possible errors and
increases the transparency of the GHG inventory process.
Though the IPCC’s guidelines for inventories are paramount to
shaping climate policy, improving the transparency and
accuracy, as well as reliability of inventories still requires urgent
stakeholders,
including inventory compilers and users, will be important to

attention. Facilitating engagement among
clarify feasible inventory compilation methods and plans for
improvement over time.

More importantly, decision makers must have access to
reliable data, which can be challenging to interpret differences
with multiple data sources. UNFCCC reported data should be the
most official, though it is often the most incomplete. Despite this,
it is apparent that independent inventory databases are evolving
to become more transparent: FAOSTAT’s metadata stands as an
example as to how transparency in inventory compilation can
be achieved (e.g., explicit mention of tier calculation, GWPs,
IPCC guidelines, inventory scope, main sources of error);
WRI-CAIT moved their database to Climate Watch (Climate
Watch Historical GHG Emissions, 2021), which allows for the
visualization of national and sectoral emissions. Until UNFCCC
data is satisfactory, for example by implementing and supporting
a more rigorous common review system or interactive platform to
compile inventories for non-Annex I countries, decision-makers
should use at least one of these independent sources
for triangulation.

Fortunately, the 2019 Refinement to the 2006 IPCC guidelines
GHG (IPCC, 2019) provides
supplementary methodologies and improved emission factors for

for National Inventories
GHG sources and sinks where there were previously gaps or where
new technologies and production processes have emerged,
potentially providing a more robust opportunity to track and
report GHG emissions and removals to achieve climate mitigation
goals. Still, the capacity of developing countries to update
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inventories on a regular and transparent basis remains inadequate.
This raises the question as to whether the principle of common but
differentiated responsibilities, where developed countries are to
provide financial resources to assist developing countries in
implementing the objectives of the UNFCCC, has created a
tradeoff between policy in reporting which gives greater flexibility
to LMICs yet leads to failure in consistent and accurate reporting
of inventories. Thus, as GHG inventories are the foundation for
accounting and tracking progress towards mitigation goals,
primary focus must be on developed nations intensifying sustained
support and finance to develop and maintain institutional capacity
and tools and training for preparing inventories in LMICs.
Developed nations cannot continue to fall short on their climate-
finance pledges (Timperley, 2021).
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