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Supplementary materials: overview of the other N2O modeling 
approaches 

The IPCC (Integrated Pollution Prevention and Control), established in 1988 by the 
United Nations, serves as the global authority for evaluating climate change science. Its 
primary task is to produce comprehensive reports that assess our understanding of cli-
mate change [41]. These reports consider assessment reports, special reports, and meth-
odology reports that offer guidance for constructing greenhouse gas inventories. The 
methodology utilized to estimate nitrous oxide (N2O) emissions from agriculture is based 
on empirical data and mathematical models. The guidelines outline a comprehensive ap-
proach using available input data, aiming to include all N2O emissions related to agricul-
ture, both direct and indirect, while providing default factors for emission estimation. The 
guidelines classify agricultural N2O sources into three categories: direct emissions from 
agricultural land, emissions from animal waste management systems, and indirect emis-
sions linked to nitrogen processes such as volatilization, leaching, removal in biomass, or 
export from agricultural land [102]. The three fractions of N2O are derived by multiplying 
the N input of each one with the relative emission factor [45,103]. 𝑁ଶ𝑂 ൌ 𝑁ଶ𝑂ௗ௜௥௘௖௧ ൅ 𝑁ଶ𝑂௔௡௜௠௔௟ ൅ 𝑁ଶ𝑂௜௡ௗ௜௥௘௖௧ 

The IPCC categorized methodologies based on complexity and accuracy level. Tier 1 
offers basic estimates based on general fertilizer consumption data, resulting in some un-
certainty. Tier 2 provides more detailed estimates by incorporating specific agricultural 
practices, crop types, and local climate data. Tier 3 is the most advanced level, relying on 
farm-specific data, which demands detailed information on agricultural practices, soil 
conditions, and climate to provide the most accurate estimates. The choice of tier depends 
on data availability and the desired level of precision in emissions estimation [104]. 

A more detailed description of this methodology (https://www.ipcc-
nggip.iges.or.jp/public/2019rf/index.html, accessed on 16 November 2023), [105] consists 
of the following key steps: 
• Data collection, which typically involves agricultural surveys, farmer interviews, and 

national data, involves information on agricultural practices like crop types, fertilizer 
use, irrigation methods, and organic fertilizer application;  

• Estimation of N2O emissions from soils, primarily result from biological processes 
like nitrification and denitrification. Here, the methodology considers local factors 
such as soil type, climate, and agricultural practices;  

• Calculation of emission factors to estimate N2O emissions from specific agricultural 
activities. These factors account for diverse variables, including fertilizer types, spe-
cific farming practices, and local conditions;  

• Data collection, emission factors, and estimation are combined at regional or national 
levels, offering an overall perspective on N2O emissions from agriculture within spe-
cific geographical areas. 
While this methodology represents a valuable method of estimating the agricultural 

contribution to global nitrous oxide emissions, it does have limitations due to the con-
strained availability of agricultural and monitoring data. Furthermore, the accuracy of this 
methodology depends heavily on the availability of data in diverse environments at both 
local and national levels, which has a significant impact on emission rates.  

Statistical models, often referred to as empirical models, represent the simplest mod-
eling approach. These models predict environmental performance by examining observed 
relationships between a process and one or more independent variables. Unlike complex 
biogeochemical or agronomic process models, these models rely primarily on observed 
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data and statistical methods. The models establish region-specific functional relationships 
based on data obtained from field experiments or environmental surveys that pertain to 
specific cropping systems, soil types, or climatic conditions. In the context of agricultural 
greenhouse gas emissions, statistical models have been used to simplify the intricate 
measurements and modeling of N2O emissions from nitrogen (N) gases [106-108]. Various 
empirical models are employed to estimate nitrous oxide (N2O) emissions. The IPCC has 
developed statistical models at both Tier 1 and Tier 2 levels to estimate N2O emissions 
from agriculture. Tier 1 relies on national or global data to derive estimates, employing 
category data and average emission factors. In contrast, Tier 2 is more detailed, relying on 
region-specific data and mathematical models. Bayesian statistical methods have been ap-
plied to develop Bayesian models that can incorporate observed data and expert 
knowledge to enhance estimation accuracy. Multiple regression models employ regres-
sion analysis to explore relationships between input variables (such as agricultural prac-
tices and soil conditions) and N2O emissions, identifying the most influential factors. Time 
series models consider seasonal variations and trends in N2O emissions over time, facili-
tating the assessment of the long-term impacts of agricultural practices.  

Machine learning models, including algorithms such as linear regression, logistic re-
gression, neural networks, and decision trees, can be employed to create sophisticated 
models based on input data for estimating N2O emissions. As reported earlier, statistical 
models offer simplicity, which reduces the risk of spurious predictions compared to pro-
cess models. However, because statistical models rely solely on the observations used to 
derive relationships, regionally specific (Tier 2), they generally have a narrower geo-
graphic range of application compared to process models [109]. 

Meta-analysis is a statistical technique used to combine and synthesize the results of 
primary studies addressing a specific research question. It is not common to directly use 
meta-analysis models to estimate nitrous oxide (N2O) emissions since meta-analysis fo-
cuses on synthesizing the results of existing studies rather than directly predicting emis-
sions [110]. However, meta-analysis could be used in a later stage to combine the results 
of studies that address the effects of different agricultural practices or mitigation policies 
on N2O emissions. In this case, meta-analysis models can help assess the effectiveness of 
various mitigation strategies based on the results of different studies [111]. Compared to 
emission simulation models, meta-analysis models are statistical tools used to synthesize 
the results of existing studies, while emission models are specifically designed to directly 
estimate greenhouse gas emissions, including nitrous oxide, based on agricultural data 
and specific conditions. In agriculture, the use of meta-analysis to estimate nitrous oxide 
(N2O) emissions may require the application of various meta-analysis approaches and 
methods, depending on the research questions and data availability [112].  

Whole-farm models are higher-level models that aim to represent the overall func-
tioning of a farm as a whole. These agricultural models can estimate and evaluate the farm 
system's performance and functionality. These models consider various aspects of agri-
cultural activities, including the agronomic process, crop management, animal breeding, 
management of natural resources, economic aspects, and environmental impact [113]. 
They are often used for management, planning, and evaluation purposes at the agricul-
tural system level, and they provide a general overview of farm performance but may not 
penetrate specific details of biogeochemical or physiological processes occurring within 
the farm. They often rely on empirical data collected from the farm, including economic 
data, production data, and other operational data [114]. Some examples of farm models 
are FSSIM (Farm System Simulator), AgriPoliS, and APSIM (Agricultural Production Sys-
tems sIMulator). FSSIM was developed by the United States Department of Agriculture 
(USDA) and is widely used to simulate the operation of farms, including aspects such as 
crop production, livestock farming, economic management decisions, and interactions 
with the environment [115]. Agripolis is a whole-farm model developed in Germany that 
integrates agricultural, economic, and environmental aspects to assess the impacts of ag-
ricultural policies and management decisions on the farm [116]. APSIM, introduced as a 
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process-based model, is also a whole-farm model widely used to simulate agricultural 
production dynamics, including crop cycles, crop performance, and interactions with soil 
and water resources [117]. While whole-farm models provide a general overview of farm 
performance and decisions at the farm level, process-based models focus on the detailed 
dynamics of specific processes occurring within the farm. Both have different purposes 
and applications and can be used in combination for a more comprehensive understand-
ing of agriculture and to make informed decisions about farm management and planning. 
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