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Abstract
This review looks at how Indian agriculture and adaptation tactics are affected by climate change. Due to human activity, climate change is causing problems including extreme weather occurrences and rising temperatures. Increased temperatures have the potential to cause heat stress in crops, which lowers yields and results in lower-quality produce. Farmers employ climate-resilient crop development and planting date adjustments as adaptation strategies. Variable or irregular rainfall patterns can lead to drought conditions, which can dry out farmlands and result in crop failures. However, floods brought on by too much rain can harm crops and soil and cause disruptions to agricultural activities, particularly during the monsoon season. Initiatives for precision farming, urban food production, and soil conservation all support resource recycling and food security. Efficient water management and better irrigation are necessary to address water scarcity. The number of agricultural pests is impacted by climate change, endangering the world's food supply. Numerous adaptation tactics are used, such as socioeconomic initiatives, resource-conservation technologies, and traditional behaviours. Precision farming and other climate-smart agricultural technology boost resilience and yields. Regional appropriateness, economic feasibility, and group execution are all necessary for success. Agriculture is subject to climatic, economic, and policy risks in a complex socio-ecological system. Climate-smart agriculture methods that are site-specific are essential for the resilience and food security of smallholders. Adoption of these technologies can be aided by publicly offered agricultural extension services, but obstacles like budgetary limitations and cultural considerations need to be taken into account. This assessment highlights the necessity of comprehensive, context-specific strategies to address climate change vulnerabilities in Indian agriculture and guarantee a sustainable future for smallholder livelihoods and food production.
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Introduction
The globe is currently facing a major challenge from global climate change. Land and ocean temperatures have been rising at an average pace of 0.06 °C every decade since 1850, more than three times faster than the rate of warming since 1982, which was around 0.20 °C per decade [1]. The main causes of global warming over the past century have been determined to be the burning of fossil fuels, significant greenhouse gas emissions, and fast population expansion. Experts have noted that human activity is the primary cause of the increase in the Earth's average surface temperature in the Sixth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC). Between 1850 and 2019, the global surface temperature increased by 0.8 to 1.3 degrees Celsius, mostly due to the release of greenhouse gases, which is the main cause of global warming [2]. Furthermore, the world's climate is changing quickly due to modern society's long-standing reliance on fossil fuels. This tendency has already caused record-breaking floods, wildfires, and droughts, progressively affecting populations all over the world. Earth's future is primarily dependent on the decisions made by today's population, and the situation will worsen if greenhouse gas emissions continue [3, 76].

As the basis for human existence and growth, agricultural productivity is significantly impacted by the swift changes in the global climate [4, 5, 6, 12]. In addition to decreasing crop yields through increased frequency of extreme weather events, unequal precipitation, droughts, and floods, global warming also upsets the ecological balance and has an impact on crop pest and disease prevention and management [7, 8, 11]. Furthermore, soil degradation and land resource scarcity brought on by climate change  affect on the sustainable growth of agricultural production [9, 15]. Innovative solutions and robust international cooperation are desperately needed to meet this problem. Countries can work together to promote sustainable technology development and achieve significant reductions in greenhouse gas emissions [10, 13, 14].
Direct Effects of Climate Change on Farming Production
Climate change's direct effects on crop cycles, yield, and quality are among the most urgent and immediate issues facing agricultural output. Farmers' livelihoods, sustainability, and stability are seriously threatened by these problems.
Crop Cycles Affected by Climate Change
Crops' growing seasons have generally shortened due to climate change [16,17], and greater temperature swings may cause crops to accumulate nutrients insufficiently. Changes in sunshine hours also impact crop growth cycles, and crop growth will be constrained by less sunlight [18]. Climate change can also impact crop flowering and grain-filling periods, leading to different levels of drought and frost damage. From a worldwide standpoint [19] examined how crop growth cycles are impacted by climate change and the significance of adaptive management techniques by modifying planting dates and cultivars. To evaluate the adaptation of crop cycles for maize, rice, sorghum, soybeans, and wheat as well as the effect of climate change on crop production, this study integrated biophysical crop models with farmer decision models. According to the research, the flexibility of planting dates and types affects not only the beginning and end of growth periods but also intermediate developmental stages, especially flowering and other stages that are sensitive to high temperatures. According to this study, temperature is the main factor influencing the crop growth period at latitudes of about 30 °S and above. 
Planting dates for spring crop varieties are usually based on when the warm season begins, whereas the cold season begins for winter crop varieties. A study by [20] examined how the water cycle and crop growth are affected by global climate change, with a particular emphasis on the growth of winter wheat and summer maize in the North China Plain under demanding irrigation management conditions. The effects of future climate change on agricultural output and hydrology were measured in this study using an updated SWAT model and forecasts from several global climate models (GCMs) in CMIP5 and CMIP6 [21, 75].
Climate Change's Effect on Crop Production

Crop productivity is impacted in a variety of intricate ways by the changing global environment. An increase in evapotranspiration rates, which worsens water evaporation and causes soil dryness and water scarcity, hurts crop productivity. A global analysis of the yields of the four main cereal crops wheat, rice, soybeans, and maize is presented in the following articles. In their study, [22] examined how temperature increases affect the yields of important cereal crops worldwide and the significance of temperature–humidity coupling in controlling crop responses to heat globally. They discovered that there is a compound heat-drought effect on crops in some areas where higher temperatures and less precipitation and evapotranspiration cause a more noticeable drop in crop yields, including maize and soybeans. The study's findings imply that in addition to warming crops, climate change has changed the elements that contribute to compound heat-humidity stress, which in turn has an impact on crop sensitivity to heat. [23, 24, 25] forecasted changes in the yields of the four major grain crops indicated above using the most recent crop and climate models.  This study took into account several climate change causes, such as rising temperatures, altered precipitation and drought patterns, and elevated atmospheric carbon dioxide (CO2) concentrations. The findings suggest that the effects of climate change on agricultural output might become apparent sooner rather than later, with some high-latitude regions seeing increases in yields and low-latitude tropical regions potentially seeing decreases. 

Climate Change Impact on Crop Quality

Additionally, the nutritional value and flavor of crops are significantly impacted by global climate change. Staple crops may lose quality and protein content as a result of rising temperatures and CO2 concentrations [26, 27]. Consumer demand for some agricultural products may therefore decline, which would have some impact on agricultural output and farmers' earnings. A research on how climate change affects crop quality [28] specifically examined the nutritional value of rice in China and Japan. This study discovered that the protein, iron, and zinc content of rice, together with the B1, B2, B5, and B9 content, except vitamin E, showed a declining tendency as the atmospheric CO2 concentration increased steadily. The impact of climate change on vitamin content is directly linked to molecular nitrogen content, according to this study, which implies that an influence of this kind might potentially endanger the health of almost 600 million people globally. In conclusion, this study has added significant knowledge on how climate change affects crop nutritional values and will undoubtedly direct relevant future actions. From a geographical standpoint. [29] investigated the effects of future climate change on northern China's wheat yield and protein, concluding that these effects will be detrimental.
Techniques for Reducing the Effects of Global Climate Change on Agriculture 

A wide range of actions must be taken by agricultural production to address the issues brought about by global climate change. There are three types of methods for these measures: short-, mid-, and long-term [30, 31, 32, 33]. Adopting climate-smart agricultural technology, water-efficient irrigation systems and climate-resilient crop types are all part of this. Additionally, improving soil conservation and improvement techniques and encouraging carbon-neutral agricultural methods are also important. To further improve agriculture's sustainability and adaptability, new agricultural technologies including hydroponics, soilless growing, vertical farming, and semi-enclosed greenhouses are required. The productivity and efficiency of resource use can be greatly increased by these cutting-edge technologies [34]. Furthermore, practical approaches to recycling and reusing water are essential for addressing water scarcity, and environmentally friendly fertilizer production methods can lessen pollution. In conclusion, comprehensive sustainable agricultural growth can be achieved by integrating resource recycling, waste treatment, and agricultural production to create a sustainable closed-loop system [35, 36]. Additionally, enhancing international cooperation and creating adaptive management strategies are crucial. Better resilience to the problems presented by climate change will be made possible by these activities, which will enhance agricultural production's stability, sustainability, and adaptability [37, 38, 39].
Technologies for Intelligent Agriculture Management and Water-Saving Irrigation Systems
In reaction to climate change, water-efficient irrigation systems and intelligent farm management technology can increase agricultural flexibility and production. By improving crop growth and irrigation management, advanced agricultural technologies including precision agriculture, remote sensing, and unmanned aerial vehicle monitoring can boost crop output and quality. Based on deep neural networks and satellite observations, a deep drainage estimating model for irrigated farmland [40, 41] can help promote water-saving agricultural practices and evaluate the efficacy of different water-saving irrigation technologies. Water-saving irrigation methods, like drip irrigation and micro-sprinkler irrigation, assist conserve water while ensuring crop development in hot and dry climates. A study by [42, 43, 74] used a plastic film drip irrigation system, a water-saving irrigation technology that addresses the unequal distribution and shortage of water resources by optimizing irrigation management and increasing irrigation water usage efficiency.
Crop Varieties that Resist Weather
One important strategy to combat climate change is to promote resilient agricultural varieties. By switching to crop varieties that can withstand flooding and adjusting planting schedules, [43] showed that yield loss may be decreased by 18%. By maintaining strong growth and yield in the face of unfavourable weather, resilient crop varieties can lessen the negative effects of climate change on agricultural output. Consequently, the development of more hardy crop types using technologies like gene editing will become a research focus. [44, 45] pointed out that by accurately altering crop genomes, gene editing technologies may help increase food security in low- and middle-income nations. Small farmers may now acquire enhanced varieties, lower the cost of producing seeds, and increase the drought and disease resistance of their crops thanks to these technologies.

Enhancement and Preservation of Soil

Improving soil conservation and enhancement can lower soil carbon emissions, which in turn lowers greenhouse gas emissions. Ecosystem stability can be strengthened by, for instance, increasing soil organic carbon storage and improving soil health through the use of various planting methods and appropriate crop rotation [46]. The goals of promoting carbon-neutral farming methods, such as sustainable and organic farming, are to lower greenhouse gas emissions, encourage soil carbon absorption, and improve the health of ecosystems. Utilizing the NCAR Community Earth System Model, [47, 48] projected how China's carbon neutrality would mitigate global warming. China's ultimate goal is to reduce global warming, and it has pledged to reach its peak carbon emissions by 2030 and become carbon neutral by 2060.

Novel Approaches in Agriculture

The uncertainty of climate change on crops is significantly reduced by innovative agricultural solutions including soilless cultivation, hydroponics, vertical farming, and semi-closed greenhouses, which regulate climatic conditions, conserve resources, and lengthen growing seasons.
To create optimal growing circumstances, semi-closed greenhouses maximize environmental parameters including temperature, humidity, and CO2 concentration. This increases crop yields and reduces the effect of outside climate variations on crops, guaranteeing the stability of agricultural production [49]. For the management of semi-closed greenhouses powered by renewable energy, [50] suggested a data-driven robust model predictive control system. The sustainability of agricultural production is improved by this control system, which also lowers energy consumption, perhaps increasing energy efficiency and lowering the need for renewable energy.
With its precise control over growth elements in multi-tier indoor environments, vertical farming is a revolutionary plant production technology that conserves water and nutrients, makes optimal use of land, and produces high-yield fresh produce all year round. Along with tackling the issues of climate change, it provides sustainable options for cutting back on the use of pesticides [51, 52]. The use of fluorescent coatings to increase crop productivity in vertical farms was investigated by [53] using simulations based on numerical analysis. They created a solar lighting design that enhances photosynthetic radiation on vertical farm racks by incorporating fluorescent reflectors into the lighting system. To improve spatial light distribution and modify solar spectra, these reflectors which are composed of optical glass impregnated with fluorescent pigments are incorporated into the lighting distribution system, which raises crop yields. To ensure healthy crop growth, soilless cultivation techniques reduce soil degradation, increase the efficiency of water resource consumption, and accurately regulate nutrient supplies. Hydroponic systems reduce the need for pesticides and promote quick growth by utilizing effective nutrient absorption processes and optimal space. The reviews of [54] and [55] together discuss the possibilities and difficulties of soilless cultivation technology in improving agricultural production efficiency and attaining environmental sustainability. As an alternative to conventional soil cultivation, researchers stress that soilless cultivation techniques have several benefits, including water saving, lower chemical fertilizer use, higher crop production and quality, and less environmental effect. High initial investment prices, energy requirements, system management complexity, and guaranteeing crop health and nutrient availability are some of the obstacles to the practical implementation of soilless farming technology. In addition to promoting sustainable development and lessening the adverse environmental effects of agricultural production, these cutting-edge technologies also improve food security by increasing productivity and resource usage efficiency, which helps to mitigate the food shortages brought on by climate change. By establishing more regulated and consistent production conditions, these technologies improve agricultural flexibility, propel technological progress, and enable industrial improvements in associated domains, resulting in increased economic 
Practical Ways to Produce Fertilizer in a Sustainable Way
Significant greenhouse gas emissions and environmental damage are frequently associated with the manufacturing and use of traditional fertilizers. On the other hand, by the optimization of manufacturing procedures and material selection, sustainable fertilizer production technologies successfully lower carbon footprints. By recycling organic matter and agricultural waste, for example, the use of bio-fertilizers and organic fertilizers improves soil fertility, reduces greenhouse gas emissions and fossil fuel consumption, and increases resource efficiency and material recyclability [56, 57]. By reducing dependency on fossil fuels for chemical and fuel generation, green chemical processes minimize the environmental effect of chemical synthesis and manufacturing [58]. Intelligent fertilization systems reduce the amount of excess fertilizer used by precisely controlling fertilization and release, maximizing fertilizer efficiency and minimizing environmental impacts [59, 60]. By minimizing greenhouse gas emissions and dependence on chemical fertilizers, these creative solutions not only boost crop yields and quality but also strengthen agricultural systems' resilience and promote agricultural sustainability and climate change mitigation. Ensuring food security, safeguarding the environment, and advancing agricultural sustainability are all made possible by sustainable fertilizer production technology.
Potential Water Recycling and Reuse Solutions
Reusable and recyclable water solutions are important and far-reaching ways to lessen the effects of climate change on agricultural output. These strategies significantly lower agricultural water demand by optimizing water resource management, thereby mitigating the effects of climate change-induced water scarcity. Technologies such as drip irrigation and rainwater collecting systems, for example, can greatly increase the efficiency of water consumption, reduce waste, and guarantee that crops receive enough water even under drought circumstances [61, 62]. Technologies for wastewater regeneration and treatment can turn household and commercial wastewater into irrigation water, lowering the need for freshwater resources and minimizing contamination from wastewater discharge [63, 64]. In addition to supplying nutrients for crops to support development, maintaining soil moisture, and increasing soil fertility, water reuse techniques also improve the stability and health of agricultural ecosystems by reducing pollution and recycling [65, 66]. In general, programs for water reuse and recycling not only improve agricultural production's sustainability and efficiency but also significantly contribute to environmental preservation, climate change mitigation, and food security. As a result, the adoption and promotion of these water resource management technologies offer practical means of accomplishing sustainable agricultural growth and addressing climate change issues. 
Implementing Closed-Loop Sustainable Systems

Reducing waste production and pollution in the environment while maximizing resource recycling is the goal of developing sustainable closed-loop systems. Microbial fertilizers and advanced synthetic biology techniques greatly improve soil quality, decrease fertilizer runoff and water contamination, and increase nutrient use efficiency, all of which increase crop yields [67, 68, 69]. Intelligent fertilization technology and green chemical processes are also part of sustainable fertilizer manufacturing. Through the integration of waste management, energy production, and agricultural production, closed-loop systems can decrease greenhouse gas emissions, lessen dependency on fossil fuels and chemical fertilizers, and transform agricultural waste into valuable resources. Furthermore, irrigation water in closed-loop systems can be efficiently collected and recycled, giving crops sufficient protection from the elements. Herbicides, fertilizers, and pesticides are not necessary for plants to flourish in regulated conditions, which improves food safety and lessens the environmental impact of chemicals [70]. Global research on closed-loop ecosystems shows that this all-encompassing management strategy increases agriculture production sustainability and resource efficiency while supporting future space exploration with crucial data and technology [71]. In conclusion, developing sustainable closed-loop systems has important ecological and financial ramifications and provides creative ways to combat climate change and advance agricultural sustainability. 
Adaptive Management Strategies
Addressing the risks and dangers posed by climate change requires the development of adaptive management solutions that incorporate insurance systems, disaster risk management, and climate information services [72]. The adaptation and transformation of global agricultural systems are accelerated by bolstering international collaboration to exchange best practices and experiences in climate change and agricultural adaptation. Other nations and areas dealing with comparable issues can benefit greatly from the thorough assessment methodology and evaluation techniques discussed by [73] in the study. The methodology and techniques outlined above allow for a systematic evaluation of the effects of climate change on agricultural output, and the findings of this assessment are important for developing adaptation and mitigation strategies to fight climate change globally. Policymakers can better address the constantly shifting climate environment, protect food security, preserve farmers' livelihoods, and advance the sustainable development of agriculture by having a better understanding of how climate change affects agricultural production.
Conclusion
Both direct and indirect effects of global climate change on agricultural production are extensive and significant. Direct effects include changes in crop growth cycles, yields, and quality; indirect effects include increased frequency and severity of extreme weather events; changes in soil fertility; changes in precipitation patterns; and changes in the patterns of pest and disease occurrence. Furthermore, through mechanisms including greenhouse gas emissions, deforestation, changes in land use, and supply chains, agricultural operations themselves contribute to climate change, generating feedback loops. The issues presented by climate change need the adoption of comprehensive measures in light of these multifaceted relationships. However, of several constraints remain in contemporary research, including a lack of innovation in study methodologies and technologies, as well as a restricted number of research topics and geographies. Furthermore, governments, research institutions, farmers, and other stakeholders will need to work together to effectively execute the aforementioned initiatives. The precise mechanisms by which climate change affects agricultural production should thus be further investigated in future studies, and more focused technical tools and reaction plans should be suggested. Furthermore, it is impossible to overlook how climate change is affecting agricultural ecosystems and the services they provide to ensure the long-term growth of global agricultural output.
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