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Abstract 

Climate variability is tightening the linkage between production risk, natural resource degradation, and 

food-system instability. Climate-smart agriculture (CSA) offers a practical framework for balancing 

productivity, adaptation, and mitigation, but its effectiveness increasingly depends on the quality and 

timeliness of farm decisions. This review synthesizes recent literature published during 2023-2026, 

together with official FAO guidance, to examine how artificial intelligence (AI) strengthens CSA 

through predictive analytics, computer vision, sensor integration, remote sensing, and decision support 

systems. Across the reviewed corpus, the strongest application clusters were yield forecasting, 

resource-use optimization, irrigation scheduling, crop surveillance, and risk-aware advisory services. 

The literature consistently shows that AI is most valuable when coupled with agronomic context, 

calibrated local data, and institutions capable of translating predictions into farmer-facing action. The 

review also identifies major constraints - data interoperability, weak digital infrastructure, affordability, 

skill gaps, and governance concerns - that limit equitable adoption. A practical framework is proposed 

in which AI is treated not as a stand-alone technology but as a decision layer embedded within climate-

smart production systems, extension services, and food-value chains. The article concludes that 

resilient food security will depend less on algorithm novelty and more on responsible integration of AI 

with water stewardship, soil health management, localized advisories, and inclusive public policy. 

 
Keywords: Artificial intelligence, climate-smart agriculture, food security, climate variability, machine 

learning, remote sensing, decision support 

 

1. Introduction 

Climate-smart agriculture is widely understood as an approach that helps transform agri-food 

systems toward green and climate-resilient practices while pursuing three broad objectives: 

sustainable productivity, adaptation and resilience, and mitigation where possible. In 

practical terms, CSA is less a fixed package and more a decision framework for handling 

trade-offs under climatic uncertainty. 

Artificial intelligence is now entering that framework through tools that can interpret large, 

heterogeneous data streams - weather records, soil information, satellite imagery, sensor 

feeds, and market signals - at a speed that manual farm management cannot match. Recent 

reviews show that AI applications in agriculture are concentrated in precision farming, crop 

monitoring, irrigation support, yield forecasting, and resource optimization. The shift is 

important because climate variability increasingly compresses the window available for 

sowing, irrigation, nutrient application, and stress management. Yet the contribution of AI to 

sustainable food security should not be overstated. Algorithms do not improve resilience by 

themselves. Their value depends on the quality of training data, local calibration, farmer 

access, institutional support, and the extent to which recommendations are aligned with 

agronomic realities such as soil heterogeneity, irrigation reliability, varietal response, and 

labor constraints. This review therefore examines AI as a decision-enabling layer within 

CSA rather than as a substitute for agronomy, ecology, or extension. 

 

2. Scope, sources and article approach 

The article is designed as a narrative review in ICAR-compatible format. Sources were 

selected from recent scholarly and official literature published from 2023 to 2026, with   
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 emphasis on review articles and official guidance that 

directly address AI, smart farming, climate resilience, 

sustainable agriculture, or food security. The evidence base 

was coded into thematic groups - yield prediction, water 

management, crop surveillance, resource efficiency, supply-

chain support, and governance constraints - to generate the 

tables and Python-based visual summaries included in this 

manuscript. 

The figures and charts in this article are therefore not field-

experimental results. They are transparent syntheses of the 

reviewed literature corpus and are presented as coded 

summaries to aid interpretation. This distinction is important 

for publication ethics: the article does not claim original trial 

data, and no fabricated agronomic measurements are 

presented. 

 

3. AI pathways that strengthen climate-smart 

agriculture 

The first pathway is anticipatory intelligence. Time-series 

models and machine-learning methods help forecast yield, 

stress episodes, and irrigation demand by learning from 

historical weather, crop, and management datasets. Under 

climate variability, such anticipatory capacity improves the 

timing of decisions rather than merely reporting conditions 

after damage has already occurred. The second pathway is 

spatial intelligence. Remote sensing, UAV imagery, and 

computer vision systems can identify variability in canopy 

vigor, moisture stress, disease symptoms, and landscape 

condition. This allows site-specific management, reducing 

the inefficiency associated with uniform water, fertilizer, or 

pesticide application across heterogeneous fields. 

The third pathway is operational intelligence. Sensor 

networks and connected farm devices translate field 

observations into actionable signals - when to irrigate, 

whether disease pressure is rising, or whether nutrient 

deficiency is emerging. When integrated with extension 

systems or mobile advisories, these signals support adaptive 

management under erratic rainfall and temperature stress. 

The fourth pathway is systems intelligence. More recent 

literature expands beyond the field to include agri-food 

logistics, digital twins, and governance. This broader 

systems view is relevant to food security because losses also 

occur after harvest, during storage, transport, and market 

coordination. AI can therefore contribute not only to 

production efficiency but also to stability and 

responsiveness across the wider food system. 

 

4. Relevance of AI for resilient food security 

Food security rests on availability, access, utilization, and 

stability. AI-enabled CSA most directly influences 

availability and stability by helping farmers protect yield 

under climatic shocks, improve water productivity, and 

detect stress earlier. Its indirect effects include better input-

use efficiency, more reliable quality grading, and improved 

post-harvest coordination. For resilience, the critical 

contribution is not simply higher average production but 

lower decision error during bad seasons. A farmer with 

timely irrigation alerts, stress forecasts, or disease warnings 

is better positioned to reduce losses when rainfall becomes 

erratic. That is why the literature increasingly links AI to 

climate-risk management rather than only to yield 

maximization. 

However, resilient food security also depends on inclusion. 

If AI tools remain concentrated in capital-intensive farms or 

are locked behind proprietary platforms, the benefits may 

bypass smallholders. The policy literature therefore stresses 

public digital infrastructure, interoperable data standards, 

affordable devices, context-specific validation, and human 

extension support to ensure that technological gains 

translate into broad-based food-system resilience. 

 

5. Constraints, risks and research gaps 

The literature is remarkably consistent on five major 

barriers. First, many AI models depend on large, clean, 

labeled datasets that are scarce in real farm environments. 

Second, digital access remains uneven, especially where 

electricity, connectivity, and maintenance services are weak. 

Third, extension systems often lack the capacity to interpret 

algorithmic outputs for local recommendation. Fourth, 

governance concerns - privacy, data ownership, 

transparency, and fairness - remain unresolved. Fifth, many 

models are validated on narrow datasets and do not 

generalize well across agro-ecologies. 

These constraints matter because CSA is context-bound. A 

model trained on one soil-water regime may fail in another. 

Likewise, a high-performing disease classifier may have 

little practical value if image quality, language support, or 

advisory follow-up is poor. The next phase of research 

therefore needs stronger field validation, multimodal 

datasets, farmer-centered interfaces, and evaluation metrics 

that include robustness, equity, and sustainability - not just 

accuracy. 

 

6. A practical agenda for India and similar agro-

ecologies 

For climate-vulnerable farming systems, the most promising 

near-term AI applications are those that solve recurrent 

management bottlenecks: sowing window advisories, 

irrigation scheduling, localized weather-risk alerts, pest and 

disease diagnosis, nutrient-use support, and post-harvest 

quality assessment. These applications align well with the 

climate-sensitive realities of monsoon agriculture and 

fragmented landholdings. A useful institutional model is 

hybrid rather than fully automated. In such a model, AI 

performs screening, prediction, and prioritization; 

agronomists and extension workers validate the advice; and 

farmers receive recommendations through trusted local 

channels. This arrangement reduces the risk of blind 

reliance on automated outputs while preserving the speed 

advantages of AI-driven analytics. Public investment should 

therefore focus on open weather and soil data, interoperable 

digital platforms, multilingual advisories, local calibration 

datasets, and extension capacity. Responsible scaling will 

depend on whether AI strengthens existing climate-smart 

practices such as soil moisture conservation, precision 

irrigation, integrated pest management, and diversified 

farming systems. 

 

7. Conclusion 

AI has moved from a peripheral digital tool to a serious 

decision-support layer for climate-smart agriculture. Recent 

literature shows clear momentum in forecasting, crop 

surveillance, irrigation support, and systems-level 

coordination, all of which are relevant to resilient food 

security under climate variability. The central lesson of the 

reviewed evidence is that AI works best when embedded in 

agronomy, ecology, and institutions. The real contribution 

of AI-driven CSA is not technological novelty alone; it is 
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 the ability to improve the timing, targeting, and reliability of 

management decisions while conserving water, soil, energy, 

and farmer effort. Future progress should prioritize robust 

field validation, inclusive design, public-interest data 

governance, and smallholder-oriented deployment. Under 

those conditions, AI can strengthen climate-smart 

agriculture as a practical pathway toward more resilient and 

sustainable food security. 

 

 
 

Fig 1: Conceptual framework linking climate variability, data systems, AI analytics, climate-smart interventions, and food security 

outcomes. 

 

 
 

Fig 2: Literature-coded frequency of major AI application themes in recent climate-smart and sustainable agriculture reviews. 

 

 
 

Fig 3: Relative prominence of enabling technologies across the reviewed literature corpus. 
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Fig 4: Recurrent implementation constraints emphasized in the recent review literature. 

 

Table 1: Selected recent references reviewed for this article 
 

Year Lead author Article title (shortened) Source Primary relevance 

2023 Akkem et al. 
Smart farming using artificial 

intelligence: A review 
Artificial Intelligence Review 

ML, DL and time-series applications in crop 

choice, yield, soil and water decisions 

2024 Mana et al. 
Sustainable AI-based production 

agriculture 
Smart Agricultural Technology 

AI for sustainable production, monitoring 

and precision agriculture 

2025 Aijaz et al. 
AI in agriculture: advancing crop 

productivity and sustainability 

Journal of Agriculture and Food 

Research 

Precision farming, predictive analytics and 

adoption barriers 

2025 Sahoo et al. 
Climate-resilient agriculture for ensuring 

food security in India 
Indicators 

Climate-resilient agriculture, water stress 

and decision support 

2025 Wu and Zhong 
AI in sustainable agriculture: a socio-

technical roadmap 
Smart Agricultural Technology 

Digital twins, human-AI collaboration and 

governance 

2025 Omotayo et al. 
AI in agriculture: ethics, impact 

possibilities and policy 

Computers and Electronics in 

Agriculture 
Ethics, policy, resilience, food systems 

2025 Reitano et al. AI in the agri-food supply chain Food Control 
Food-system efficiency and consumer-

facing dimensions 

2025 Meshram et al. 
AI in agri-tech, environmental and 

biodiversity conservation 
Array 

Sustainability, adoption barriers and 

environmental outcomes 

2026 Fares et al. 
AI for predicting crop performance under 

drought-induced stress 
Agricultural Water Management 

Water stress, yield prediction and drought 

resilience 

2026 Gupta et al. Green agriculture with AI and IoT 
Green Technologies and 

Sustainability 

Integrated AI-IoT architecture for resilient, 

sustainable farming 

 
Table 2: Alignment of AI functions with the core pillars of climate-smart agriculture 

 

AI function Typical farm use CSA contribution Food-security link 

Forecasting and early warning 
Sowing-window advice, weather-risk alerts, 

drought prediction 
Adaptation and resilience 

Reduces production shocks and seasonal 

instability 

Computer vision Disease, pest, and canopy stress detection 
Productivity with lower 

avoidable loss 
Protects yield and quality 

Sensor-driven irrigation support Soil-moisture and microclimate-based scheduling 
Adaptation plus water-use 

efficiency 

Improves output stability under water 

stress 

Variable-rate and targeted input 

management 
Localized nutrient or pesticide application 

Mitigation and resource 

efficiency 

Controls input waste while sustaining 

output 

Digital twins and decision platforms 
Scenario testing for farm or greenhouse 

management 
Integrated CSA planning Supports stable management decisions 

Supply-chain analytics Sorting, storage, logistics, and quality assurance System efficiency 
Reduces post-harvest loss and improves 

availability 

 
Table 3: Priority barriers and practical responses for wider adoption 

 

Constraint Why it matters Priority response 

Sparse and non-standardized data 
Weak data quality limits model transferability 

across agro-ecologies 

Open standards, curated datasets, local 

validation 

Connectivity and device affordability 
Digital tools fail when power, signal, repair, or 

subscription cost is unreliable 

Low-cost devices, offline functionality, public 

digital infrastructure 

Extension and skill gap 
Predictions may not become usable agronomic 

advice 

Hybrid AI-extension workflows, farmer 

training, multilingual advisories 

Opaque models and privacy concerns 
Low trust can slow adoption and raise policy 

risk 

Transparent protocols, consent frameworks, 

auditable systems 

Narrow validation environments 
Models may perform well in trials but poorly 

in diverse real farms 

Multi-location testing, season-wise 

recalibration, participatory evaluation 
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