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ABSTRACT

Agriculture is a major source of greenhouse gas (GHG) emissions but
also offers significant potential for carbon sequestration. Carbon-
neutral agriculture aims to balance emissions through mitigation
practices and enhanced carbon storage. Advances in weather analytics,
climate modeling, remote sensing, and artificial intelligence improve
carbon accounting and climate-smart farm management. This review
examines emission sources, carbon sequestration mechanisms, weather-
based decision support, and Measurement, Reporting, and Verification
(MRV) frameworks. Integrating weather analytics with carbon-neutral
agricultural practices can improve sustainability, productivity, climate
resilience, and contribute to achieving global net-zero emission targets..
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INTRODUCTION

Agriculture is both a major contributor to climate change and one of the sectors most vulnerable to its
impacts. Globally, agricultural activities generate substantial emissions of methane (CH4), nitrous oxide
(N20), and carbon dioxide (CO.). At the same time, agricultural lands have the potential to store
significant amounts of carbon through improved soil management, agroforestry, conservation agriculture,

and biochar application.

Carbon-neutral agriculture aims to achieve a balance between GHG emissions and carbon removals.
Advances in weather analytics and climate science provide valuable tools for understanding emission
dynamics, predicting climate risks, and supporting adaptive farm management. Integrating weather data
with carbon accounting systems enables more accurate assessments of emissions and sequestration

potential while improving decision-making for sustainable agricultural production.
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CARBON-NEUTRAL AGRICULTURE FRAMEWORK

Carbon-neutral agriculture refers to farming systems where GHG emissions are offset by carbon
sequestration or other negative-emission activities. Achieving carbon neutrality requires comprehensive

accounting of both emission sources and carbon sinks within agricultural systems.
A robust framework includes:

e ldentification of major emission sources.

e Measurement of carbon stocks and sequestration rates.

e Definition of system boundaries.

e Life Cycle Assessment (LCA) methodologies.

e Measurement, Reporting, and Verification (MRV) systems.

Such frameworks support policy development, carbon-credit mechanisms, and sustainable farm

management practices.
GREENHOUSE GAS EMISSIONS IN AGRICULTURE

1. Enteric Fermentation: Enteric fermentation in ruminants is among the largest agricultural sources of
methane emissions. Methane is produced during microbial digestion of carbohydrates in the rumen
and released primarily through belching. Globally, enteric fermentation contributes approximately
40-50% of livestock-related agricultural emissions. Improved feed quality, dietary supplements, and
efficient production systems can significantly reduce methane intensity.

2. Manure Management: Livestock manure generates both methane and nitrous oxide depending on
storage and treatment methods. Emissions vary according to animal type, climate, manure handling
systems, and storage duration. Improved manure management, anaerobic digestion, and composting
can reduce emissions while producing renewable energy.

3. Rice Cultivation: Flooded rice fields create anaerobic conditions that promote methane production.
Water management practices such as alternate wetting and drying (AWD), improved residue
management, and biochar application can substantially reduce methane emissions without
compromising productivity.

4. Soil and Land-Use Change: Conversion of forests and grasslands to agricultural land often releases
large quantities of stored carbon. Conversely, conservation agriculture, reduced tillage, and restoration

practices can increase soil carbon storage and reduce emissions associated with land-use change.
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5. Farm Energy and Fertilizer Use: Farm machinery, irrigation systems, fertilizer manufacturing, and
transportation contribute indirectly to agricultural emissions. Nitrogen fertilizers are particularly
important because they stimulate N>O emissions from soils. Precision nutrient management and

renewable energy adoption help lower carbon footprints.
CARBON SEQUESTRATION IN AGROECOSYSTEMS

1. Soil Organic Carbon: Soil organic carbon (SOC) sequestration is among the most cost-effective
climate mitigation strategies available to agriculture. Practices such as conservation tillage, cover
cropping, crop rotation, residue retention, and organic amendments enhance soil carbon stocks while

improving soil health and water-holding capacity.

2. Agroforestry and Perennial Systems: Agroforestry systems integrate trees with crops or livestock,
increasing biomass production and long-term carbon storage. Perennial crops and grasses further

contribute to carbon accumulation through extensive root systems and reduced soil disturbance.

3. Biochar and Organic Amendments: Biochar, produced through biomass pyrolysis, provides long-term
carbon storage and improves soil properties. Organic amendments such as farmyard manure, compost,
and crop residues enhance soil fertility while contributing to carbon sequestration. Combined organic

and inorganic nutrient management often yields the greatest agronomic and environmental benefits.
WEATHER ANALYTICS IN AGRICULTURE

Weather conditions strongly influence crop productivity, carbon cycling, and GHG emissions. Weather
analytics utilizes historical observations, real-time monitoring, and predictive models to support

agricultural decision-making.
1. Key Meteorological Variables
Important weather variables include:
e Temperature
e Rainfall
e Relative humidity
e Solar radiation

e Wind speed and direction
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e Soil moisture

e Drought and flood indicators

e ENSO (El Nifio-Southern Oscillation) events
These variables influence crop growth, nutrient cycling, soil respiration, and emission intensities.
2. Climate Variability and Crop Yields

Climate variability significantly affects agricultural productivity. Extreme events such as droughts,
floods, heatwaves, and cyclones can reduce yields and increase production risks. Weather analytics helps

identify vulnerable regions, improve risk assessment, and support adaptation planning.
3. Predictive Weather Modeling
Weather prediction methods include:
e Statistical models: Regression and time-series techniques.
e Process-based models: Simulation of crop—soil-atmosphere interactions.
e Hybrid and ensemble models: Combining multiple approaches for improved accuracy.

Artificial intelligence and machine learning increasingly enhance forecasting performance, particularly

for short- and medium-range predictions.
4. Extreme Weather Risk Assessment

Climate change has increased the frequency and intensity of extreme weather events. Risk assessment
tools use historical and forecasted climate data to estimate potential impacts on crop production and
carbon budgets. These analyses support insurance products, disaster preparedness, and adaptive

management strategies.
INTEGRATION OF WEATHER ANALYTICS WITH CARBON ACCOUNTING

Weather analytics can significantly improve carbon accounting by incorporating climate-driven

variability into emission and sequestration estimates.

1. Weather Effects on Emission Intensities: Temperature, rainfall, and soil moisture directly affect

methane and nitrous oxide emissions. For example:

e Higher temperatures accelerate organic matter decomposition.
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Excess soil moisture promotes methane production.
e Variable rainfall influences nitrogen transformation processes.
Incorporating weather variables improves emission estimates and reduces uncertainty.

2. Soil Carbon Dynamics: Soil carbon sequestration is highly sensitive to temperature and moisture
conditions. Weather-driven fluctuations influence soil respiration, organic matter decomposition, and
net ecosystem carbon balance. Integrating weather information enhances understanding of seasonal

and long-term carbon dynamics.

3. Seasonal Carbon Budgets: Carbon budgets vary considerably between seasons due to climate
variability. Weather-based assessments help quantify these fluctuations and support adaptive

management decisions aimed at maintaining carbon neutrality under changing climatic conditions.

4. Decision-Support Systems: Modern decision-support tools integrate weather forecasts, crop models,
remote sensing data, and carbon accounting frameworks. These systems assist farmers and
policymakers in selecting management practices that maximize productivity while minimizing

emissions and climate risks.
MEASUREMENT, REPORTING AND VERIFICATION (MRV)

Reliable MRV systems are essential for implementing carbon-neutral agriculture. MRV frameworks
ensure transparent quantification of emissions and removals and support carbon markets, sustainability

reporting, and climate policies.
Key MRV components include:
e Standardized methodologies.
e Accurate data collection.
e Monitoring of carbon stocks and emissions.
e Verification procedures.
e Uncertainty assessment.

Advanced technologies such as remote sensing, GIS, 10T sensors, and Al-based analytics can improve

monitoring accuracy and reduce reporting costs.
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CONCLUSION

Carbon-neutral agriculture represents a promising pathway toward climate-resilient and sustainable food
production. Major agricultural emission sources include enteric fermentation, manure management, rice
cultivation, fertilizer use, and land-use change, while carbon sequestration can be enhanced through soil
management, agroforestry, perennial systems, and biochar application. Weather analytics provides
valuable insights into climate variability, emission dynamics, and carbon sequestration processes.
Integrating weather forecasting, remote sensing, predictive modeling, and carbon accounting can
significantly improve agricultural decision-making and climate mitigation outcomes. Robust MRV
systems remain critical for ensuring transparency, credibility, and scalability of carbon-neutral
agricultural initiatives. Future research should focus on improving data quality, reducing uncertainties,
and developing integrated decision-support platforms that combine carbon accounting with advanced
weather analytics.
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