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Abstract
This paper discusses a crucial component of contemporary agriculture: using Big Data, Artificial Intelligence (AI), and the Internet of Things (IoT) to monitor and reduce carbon emissions from agriculture.  We concentrate on how these cutting-edge technologies augment Climate-Smart Agriculture (CSA) and advance sustainable farming methods.  A thorough analysis of the ways in which IoT, Big Data, and AI can be integrated to track carbon footprints and promote more general sustainability goals in agriculture is given in this research.  As a significant contribution, we provide a practical, all-encompassing system architecture that integrates real-time data analytics, predictive modeling, and IoT-enabled sensors created especially for carbon footprint assessment. This paper assesses how well these technologies work to enhance emission monitoring, operational effectiveness, and environmental compliance while highlighting their observable advantages through real-world case studies. The rigorous analysis of issues including data interoperability, device energy efficiency, and implementation costs also sheds light on current research gaps.  The report also outlines potential future paths, such as blockchain-based carbon credit trading platforms, scalable IoT-based carbon markets, and machine learning (ML) algorithms for precision farming. The goal is to offer helpful guidance on how to apply cutting-edge technology in the agricultural sector to achieve carbon neutrality and environmental sustainability.
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Introduction
In light of climate change, the idea of Climate-Smart agricultural (CSA) has gained popularity as a solution to the complex problems that agricultural faces [1,2,3]. CSA seeks to revolutionize agricultural growth by strengthening ties between local, national, and international players [4,5]. Enhancing agricultural productivity and income, increasing climate change adaptation, reducing greenhouse gas emissions, and supporting national food security in conjunction with sustainable development goals are its four goals [12, 11]. Agriculture 4.0, the most current phase of agricultural development, uses robots, artificial intelligence, big data analytics, the Internet of Things, and precision agriculture. It is similar to the evolution of CSA. [6,7,8,9,10].
It is anticipated that integrating technology will be essential to solving the problems associated with global food production, guaranteeing the sustainability of resources, and adjusting to the effects of climate change.  Agriculture 4.0, which adheres to the CSA's tenets, is seen as a promising path to carbon neutrality and sustainable farming methods, which will dramatically improve environmental governance and lessen the effects of climate change. Although previous evaluations have examined different approaches to CSA and highlighted important issues, such as those by [13,14,15,100], they frequently ignore how Agriculture 4.0 and beyond are changing. In particular, there should be greater conversation on creating and implementing a specific end-to-end system architecture for accurate carbon footprint tracking.  This paper fills this gap by emphasizing the thorough use of big data, IoT, and CSA into farming methods.  Even though these sectors have advanced significantly in the last ten years, which has been a revolutionary time in agriculture, more comprehensive studies that successfully integrate these technologies for effective environmental monitoring and governance still require evaluation.  The following review will address this gap: 
· Examining Technology Integration in CSA: Examining how IoT, Big Data, and AI can be successfully included into CSA procedures to improve their sustainability and efficiency [16,17,99].
· Assessing Big Data-Based Environmental Monitoring: This study examines the application of big data to environmental monitoring, specifically with regard to agricultural carbon footprint monitoring. This involves investigating Big Data's potential to offer practical insights for the formulation of policies and the application of sustainable practices [18,19]. 
· Creating End-to-End Dedicated System designs: For end-to-end carbon footprint monitoring in agriculture, comprehensive system designs utilizing IoT, Big Data, and ML are proposed or evaluated. This includes more than just gathering and analyzing data; it also entails turning these discoveries into actionable, real-world initiatives and suggested policies [20,21]. 
· Recognizing Opportunities and Challenges: Outlining the difficulties in implementing these technologies in an actual agricultural setting and offering viable fixes or directions for additional study [22,23,97].
IoT and Big Data Integration in CSA
 Sustainable agriculture has greatly benefited from IoT and AI technologies, which maximize resource use and enhance environmental results.  By guaranteeing timely and accurate irrigation based on real-time soil moisture and weather data, IoT-enabled precision irrigation systems have been shown to boost agricultural yields and reduce water use by 30%.  In a similar vein, Perennial's and other AI-driven digital soil mapping algorithms have decreased the need for physical soil sample by 40%, increasing the precision of carbon sequestration estimations and allowing for focused interventions for regenerative agricultural practices [24,25,96].  According to research on smart water wells by López-Morales et al. [26,27,28,98], energy consumption can be decreased by up to 25% with IoT-integrated energy-efficient irrigation systems. Additionally, by optimizing the use of nitrogen fertilizers, Big Data analytics in agriculture lowered expenses by roughly 15% and improved crop yield projections by up to 25% [29, 30,31, 32,95].
IoT or the Internet of Things
 By providing data-driven insights and automation in agricultural processes, the IoT expands on the IoT [33,34,94].  Sensors are essential at the perception layer, where they keep an eye on environmental factors like temperature, humidity, soil moisture, and atmospheric variables [35].  For instance, real-time data from soil moisture sensors aids in the optimization of irrigation programs.  Additionally, this layer has sensors for monitoring greenhouse gas emissions, including weather stations for gathering microclimatic data, Normalized Difference Vegetation Index (NDVI) sensors for evaluating crop health, and infrared gas analyzers for detecting CO2 and methane. Precision agriculture requires a comprehensive environmental profile, which is produced by various sensors working together.  But when it comes to technology like smart irrigation systems, it's important to evaluate the term "smart" seriously [36,101,37,93].  Although these systems are intended to initiate precise irrigation in response to sensor inputs, their actual "smartness" hinges on the precision of the underlying models and thresholds, which need to be carefully established by thorough investigation and localization.  The IoT's incorporation of sophisticated sensing features guarantees a more resilient and contextually aware agricultural system that can react quickly to data in real time.
IoT integration in CSA
 One significant development in agricultural methods is the use of IoT into Climate-Smart Agriculture (CSA).  Real-time data collection from a variety of agricultural aspects, including fields, cattle, and equipment, is made possible by the Internet of Things, which is a network of interconnected sensors and devices.  But it's important to understand that farmers have always gathered data, although informally, and that IoT only automates and formalizes this process.  The capacity of IoT to deliver more precise and detailed data, which can help with resource optimization and decision-making, is what makes it valuable in CSA [38,39,40,92].  Refined methods for increasing productivity and sustainability are made possible by insights regarding weather, moisture content, and soil health. The notion that IoT "revolutionizes" farming methods in every situation should be questioned, though.  IoT's remote monitoring and control features enable farmers to more successfully address issues like climatic variability. IoT adoption is still restricted in many areas, though, because of financial, educational, and infrastructure constraints, and its advantages are not equally available.  It is necessary to critically assess how IoT can promote sustainable and climate-resilient behaviors in this regard.  The effectiveness of IoT is influenced by local adaptation, socioeconomic conditions, and the availability of trustworthy models. Only the wealthiest farmers will be able to fully utilize these technologies, and the introduction of IoT into agriculture runs the risk of escalating already-existing disparities if these basic issues are not resolved. Modern sensor technologies for real-time emission monitoring, especially for gases like CO2, CH4, and N2O, are used in CSA to improve data processing and decision-making through the integration of Artificial Intelligence of Things (AIoT) [102,41,42,43,91].  Technologies that enable accurate tracking of emissions from operations like fertilizer use and livestock management include Non-Dispersive Infrared (NDIR) sensors [103,44,45], electrochemical sensors, and photoacoustic gas sensors [104,46,47,48,49,90].  When paired with AI-powered models, this data helps reduce emissions and promotes sustainable agricultural methods.  Furthermore, IoT devices do not directly detect plant characteristics like pH or temperature, even while they track environmental, micrometeorological, and soil moisture data.
Analytics of Big Data
 The three main characteristics of big data—volume, velocity, and variety—define a paradigm shift in data management [105,50,51].  It describes datasets that conventional data processing methods cannot handle because they are too big, too quick, or too complicated.  Big Data in agriculture refers to the enormous volumes of data produced at previously unheard-of speeds from a variety of sources, offering a multitude of knowledge essential for comprehending and regulating agricultural ecosystems. In order to effectively manage and analyze large and diverse datasets and turn them into actionable insights for better agricultural practices, big data architecture in agriculture is a comprehensive, multi-layered framework [52,53,54,55,89].
Big Data Integration in CSA
It is becoming more widely acknowledged that big data is a key factor in making agriculture a more data-driven, effective, and climate-resilient system.  A variety of strategies are used in its incorporation into Climate-Smart Agriculture (CSA) to address distinct facets of agricultural management and practices [56,87].  Adapting to climate variability is one such strategy.  For example, [106,57,88] developed a web-based solution that provides maps of seasonal mean temperatures, using large amounts of climate data to support climate change adaptation.  Some farmers who utilize precision agriculture techniques are able to adjust their practices to changing climate circumstances by using Big Data analytics to analyze both historical and real-time data [58,86]. Supporting food security and lowering risks associated with climate change depend heavily on this competence.  Big Data has a lot of potential, but it's important to recognize that not all farmers may be able to take advantage of it.  Due to obstacles in infrastructure, cost, or technical know-how, smaller-scale farmers may find it difficult to embrace these technologies, especially in developing nations.  Furthermore, individual farmers may lose their ability to make decisions as a result of technological companies and big businesses centralizing data, which raises moral questions regarding data ownership, transparency, and the possibility of abuse by bigger organizations.  To make sure that Big Data fosters sustainability and justice throughout the agriculture industry, it is imperative to address these ethical issues [107,59,60,61,85].
In addition to direct farming, supply chain optimization and policy development benefit greatly from the use of big data.  Beyond the boundaries of the farm, it offers information that help with market access, agricultural policy formulation, and the optimization of the entire agricultural supply chain.  This wide-ranging use encourages an all-encompassing and cohesive strategy for CSA [62,63,84].  Big Data in agriculture also encompasses cutting-edge techniques for data processing, integration, storage, and visualization.  From real-time analytics that facilitates prompt decision-making to long-term analytics that is crucial for strategic planning, these cutting-edge technologies are available [64,83]. Businesses such as Climate Corp [65] and John Deere [66,82] use Big Data in business decision-making in an excellent way.  By examining a large dataset of weather patterns spanning more than 60 years, they use localized meteorological data to forecast agricultural yields and modify crop insurance premiums accordingly [67].  This broad use of big data in CSA highlights how important it is to improving agricultural sustainability, resilience, and efficiency.
AI-powered cloud-based models
 The creation of AI-powered cloud-based models is essential for thoroughly examining the enormous volumes of data gathered from agricultural environments.  To forecast and optimize carbon footprints, these models make use of cutting-edge machine learning (ML) and deep learning approaches [68,69,70].  To offer useful insights for sustainable farming operations, they examine a variety of factors, such as engine sizes, mobility patterns, and particular farm tasks. Accurate carbon footprint monitoring is made possible and sustainability is improved in agriculture through the use of AI-powered cloud computing, collaborative learning, and sophisticated analytical models.  These methods offer data-driven insights for maximizing resource utilization, reducing emissions, and guaranteeing sustainable farming practices by utilizing scalable computer platforms, federated AI, and reinforcement learning.  Federated learning, for instance, improves data privacy in sustainable agriculture by providing a decentralized machine learning technique [71].  Using graph theory to gain deeper insights, graph-based models are employed to examine intricate linkages in agricultural data [72].  Farming techniques are optimized through the use of reinforcement learning, which is renowned for its adaptive decision-making abilities [73]. A major advancement in climate-smart agriculture has been made with the incorporation of these sophisticated AI models into cloud computing frameworks, which will allow for more accurate and predictive insights into environmental consequences and more intelligent, data-driven decisions for sustainable agricultural methods.  They provide advanced, dynamic, and scalable solutions for handling intricate agricultural data.  This aligns agricultural operations with more general environmental and sustainability goals, makes real-time decision-making easier, and makes a substantial contribution to sustainable farming methods.
Finding research opportunities and challenges
 Unique issues arise when integrating IoT, Big Data, Edge Computing, and ML into a specialized, end-to-end solution.  It does, however, offer present a number of chances to improve the efficiency and sustainability of farming methods.  These elements are explored in detail in this section, which also offers insights into the challenges encountered in practical implementations and possible directions for future development. One of the main obstacles is the intricate system integration needed to integrate disparate technologies, such as edge computing, big data, and the internet of things, into a coherent framework [74].  Managing real-time processing, effective data flow, and smooth interoperability across multiple system levels is a major technical problem.  Furthermore, handling the enormous amount and diversity of data produced by IoT devices for tracking carbon footprints is a difficult undertaking. Advanced Big Data analytics and machine learning algorithms that can effectively store, process, and derive valuable insights from this data are required to meet this challenge.  The areas of sustainability and energy efficiency present still another significant obstacle.  IoT and Edge Computing devices raise the energy footprint of agricultural activities, even if they are necessary for real-time monitoring and data collecting [75].  To guarantee that these technologies help to reduce the carbon footprint overall, it is essential to develop energy-efficient equipment and sustainable system architectures.
 Another issue is the accuracy and dependability of ML-powered predictive models [76,77,78,79], particularly in light of shifting environmental circumstances and diverse farming methods. For these models to be effective, they must be able to accurately forecast carbon emissions and other environmental effects under a variety of circumstances.  Adaptability and scalability are also essential components.  In order to support a variety of agricultural activities of all sizes and kinds, the system must be scalable and flexible enough to adjust to a wide range of farming methods and environmental circumstances.  Because of this necessity, implementing it in various agricultural settings is difficult.  However, these difficulties also present a lot of opportunity.  The creation of adaptive models that can forecast carbon emissions under various circumstances is one example of how advances in AI and ML could lead to a more precise and effective study of environmental data.
Conclusion
This study indicates that combining IoT, Big Data, and AI has enormous potential to reduce agriculture's carbon footprint and encourage sustainable resource usage.   There are still challenges despite these developments.   To promote equitable access and widespread adoption, infrastructural limitations, high implementation costs, and data privacy concerns must be addressed [80,81].   To ensure accurate emissions measurement and reporting, standardizing quality control and interoperability processes is also crucial.   Future research should continue to enhance machine learning models while exploring cooperative frameworks (federated learning, for example) that protect data privacy in order to handle local variances in climate, soils, and agricultural methods. Furthermore, combining regulatory incentives, capacity-building initiatives, and stakeholder partnerships might hasten the application of Big Data and IoT capabilities in actual agricultural contexts.  By tackling these problems, the agriculture industry may use digital advances to create climate change resilience, lower carbon footprints, and further global sustainability objectives.
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