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Abstract

Climate stress has intensified water scarcity, disrupted rainfall patterns, and reduced agricultural 

productivity across many regions of the world. Precision irrigation technologies have emerged as a critical 

solution for improving water management, sustaining crop yields, and enhancing resource efficiency under 

changing climatic conditions. This systematic review examines the evolution, methods, performance, and 

water-use efficiency of precision irrigation systems, including drip, subsurface, sensor-based, automated, 

variable-rate, and remote-sensing approaches. The review synthesises evidence from experimental studies, 

field applications, and regional case studies published over the last two decades. It evaluates the role of 

artificial intelligence, Internet of Things systems, satellite monitoring, and decision-support tools in 

optimising irrigation scheduling and reducing water losses. The review also analyses economic feasibility, 

environmental impacts, adoption barriers, and policy implications associated with precision irrigation 

technologies. Evidence from global agricultural systems demonstrates that precision irrigation can reduce 

water consumption by 20–50%, improve crop productivity by 10–35%, and significantly increase water-

use efficiency compared with conventional irrigation methods. Despite these benefits, high installation 

costs, limited technical expertise, infrastructure gaps, and socio-economic disparities continue to limit 

widespread adoption. The study concludes that integrating climate-resilient irrigation strategies with digital 

agriculture and supportive policy frameworks is essential for achieving sustainable agricultural water 

management in the future. 

Keywords: Precision irrigation, climate stress, water use efficiency, smart agriculture, irrigation 

management 

1. Introduction

Agriculture consumes nearly 70% of global freshwater withdrawals. Rapid climate change has 

increased drought frequency, irregular rainfall, rising temperatures, and evapotranspiration 

losses. These pressures have intensified the need for efficient irrigation systems that maximise 

crop productivity while minimising water consumption [1, 2]. 

Traditional irrigation methods, such as flood irrigation, often led to substantial water losses 

through evaporation, runoff, and deep percolation. These systems are inefficient under climate 

stress because they distribute water uniformly, regardless of crop variability, soil heterogeneity, 

or weather conditions. Precision irrigation technologies address these challenges by delivering 

the right amount of water at the right place and at the right time [3, 4]. 

Precision irrigation integrates sensors, automation, weather forecasting, remote sensing, and 

artificial intelligence to improve irrigation scheduling and water management. These 

technologies enable site-specific irrigation management and reduce wastage. Farmers can 

monitor soil moisture, crop water requirements, and climatic conditions in real time [5, 6]. 

Several countries have adopted precision irrigation to address water scarcity. Israel has achieved 

high agricultural productivity with limited water resources through advanced drip irrigation 

systems. Australia has expanded the use of automated irrigation management in arid agricultural 

regions. The United States has widely implemented variable-rate irrigation in large-scale 

farming systems [7, 8].
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The increasing global demand for food further strengthens the 

importance of precision irrigation. The world population is 

projected to exceed 9.7 billion by 2050. Agricultural production 

must increase substantially while freshwater resources continue 

to decline. Precision irrigation technologies offer a pathway 

toward climate-resilient agriculture and sustainable resource 

management [8, 9]. 

This review examines the methods, performance, and water-use 

efficiency of precision irrigation technologies under climate 

stress. It synthesises evidence from scientific studies, field 

applications, and global experiences. 

 

2. Climate Stress and Agricultural Water Scarcity 

Climate stress refers to environmental pressures caused by rising 

temperatures, altered precipitation patterns, heat waves, 

droughts, and extreme weather events. These factors directly 

affect the availability of agricultural water and crop production 
[10, 11]. 

Global temperatures have increased by approximately 1.1°C 

above pre-industrial levels. Higher temperatures increase crop 

water demand through elevated evapotranspiration. Many 

regions now experience prolonged dry periods and declining 

groundwater reserves [12, 13]. 

Water scarcity affects more than two billion people worldwide. 

Agriculture faces intense competition from industrial and urban 

sectors for freshwater resources. In semi-arid and arid regions, 

irrigation demand continues to rise while water availability 

decreases [14, 15]. 

South Asia provides a clear example of climate-related water 

stress. India, Pakistan, and Bangladesh depend heavily on 

groundwater for irrigation. Excessive extraction has caused 

groundwater depletion in several agricultural zones. Studies 

from Punjab, India, show groundwater levels declining by more 

than 1 meter annually in some districts [16, 17]. 

Sub-Saharan Africa also faces severe irrigation challenges. 

Rain-fed agriculture dominates the region, making crop 

production highly vulnerable to rainfall variability. Drought 

events have increased crop failures and food insecurity [14, 16]. 

Climate stress affects irrigation systems in several ways: 

 Reduced river flow and reservoir storage 

 Increased evaporation losses 

 Higher irrigation demand 

 Soil salinity due to water scarcity 

 Greater uncertainty in water availability 

 

Traditional irrigation systems struggle to adapt to these 

conditions because they rely on fixed schedules rather than real-

time environmental data [17, 18]. 

Precision irrigation technologies provide adaptive solutions by 

using weather data, soil moisture monitoring, and crop 

modelling. These systems respond dynamically to climatic 

variability and optimise water distribution [5, 6]. 

A study in California demonstrated that precision irrigation 

reduced water consumption by 30% during severe drought 

conditions while maintaining tomato yields. Similar results were 

observed in Spain, where sensor-based irrigation reduced water 

use in vineyards by 25% [19, 20]. Climate-resilient irrigation 

systems are now considered essential for global food security. 

 

3. Evolution of Precision Irrigation Technologies 

The development of precision irrigation technologies has 

progressed through several stages. Early irrigation systems 

relied primarily on manual control and fixed scheduling. 

Farmers estimated water requirements based on experience 

rather than scientific measurements [12, 13]. 

The introduction of drip irrigation in the 1960s marked a major 

advancement in irrigation efficiency. Israeli engineers pioneered 

drip systems that delivered water directly to plant roots through 

emitters [14, 15]. 

In the 1980s and 1990s, irrigation technologies incorporated 

computerised controllers and soil moisture sensors. These 

systems enabled farmers to automate irrigation schedules based 

on soil conditions [16, 17]. 

The emergence of Geographic Information Systems (GIS), 

Global Positioning Systems (GPS), and remote sensing 

transformed irrigation management during the early 2000s. 

Farmers could analyse spatial variability in soil properties, crop 

health, and moisture distribution [18, 19]. 

Recent advancements involve artificial intelligence, machine 

learning, cloud computing, and the Internet of Things (IoT). 

Smart irrigation systems now collect and process large datasets 

in real time [20, 21]. 

 

Modern precision irrigation technologies include 

 Wireless sensor networks 

 Satellite-based irrigation mapping 

 Drone-assisted crop monitoring 

 AI-based irrigation scheduling 

 Automated valve control systems 

 Variable rate irrigation systems 

 

Machine learning algorithms can predict crop water 

requirements using historical climate data, soil conditions, and 

crop growth stages [20, 22]. 

An example from Arizona demonstrated that AI-driven 

irrigation scheduling reduced water use by 40% in cotton 

cultivation while increasing yield by 12% [23, 24]. 

Technological evolution has also reduced labour requirements 

and improved decision-making efficiency. Mobile applications 

now allow farmers to control irrigation systems remotely [25, 26]. 

Despite rapid technological progress, adoption remains uneven 

across regions due to differences in infrastructure, education, 

and economic capacity [27, 28]. 

 

4. Major Precision Irrigation Methods 

4.1 Drip Irrigation 

Drip irrigation delivers water directly to the root zone through 

pipes and emitters. This method minimises evaporation and 

runoff losses [17, 18]. 

Drip irrigation is highly effective in water-scarce environments. 

Studies indicate that drip systems can reduce water use by 30–

60% compared with flood irrigation [19, 20]. 

Drip irrigation supports high-value crops such as vegetables, 

orchards, vineyards, and greenhouse crops. In Israel, drip 

irrigation has enabled efficient crop production under desert 

conditions [21, 22]. 

 

Advantages include 

 Reduced evaporation losses 

 Improved nutrient delivery through fertigation 

 Lower weed growth 

 Higher crop yields 

 Better soil moisture control 

 

A case study in Maharashtra, India, showed that drip irrigation 

increased sugarcane water use efficiency by 45% while 

improving yield by 23% [23, 24]. 
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However, drip systems require regular maintenance. Emitter 

clogging remains a common challenge, especially in areas with 

poor water quality [25, 26]. 

 

4.2 Subsurface Drip Irrigation 

Subsurface drip irrigation places emitters below the soil surface. 

This method further reduces evaporation losses and improves 

root-zone moisture management [27, 28]. 

Subsurface systems are particularly effective in arid climates. 

Research in California almond orchards demonstrated water 

savings of 20% compared with surface drip irrigation [29, 30]. 

 

Benefits include 

 Reduced soil evaporation 

 Lower weed growth 

 Improved nutrient retention 

 Reduced disease incidence 

 

The technology is suitable for perennial crops and large-scale 

commercial agriculture [21, 22]. 

However, installation costs are relatively high. Root intrusion 

and maintenance difficulties may also occur [23, 24].  

 

4.3 Sprinkler and Variable Rate Irrigation 

Sprinkler irrigation distributes water through pressurised 

nozzles. Variable Rate Irrigation (VRI) improves sprinkler 

efficiency by adjusting water application according to field 

variability [25, 26]. 

Centre pivot systems equipped with GPS and sensors can apply 

different irrigation rates across a field [27, 28]. 

Studies in Nebraska showed that VRI reduced water application 

by 15–20% while maintaining maize yields [29, 30]. 

 

VRI systems are effective in 

 Large-scale cereal production 

 Fields with variable soil properties 

 Areas with uneven topography 

 

Challenges include energy requirements and high investment 

costs [31, 32]. 

 

4.4 Sensor-Based Irrigation Systems 

Sensor-based irrigation systems use soil moisture sensors, 

weather stations, and crop monitoring devices to optimise 

irrigation scheduling [33, 34]. 

 

Common sensor types include 

 Tensiometers 

 Capacitance sensors 

 Time-domain reflectometry sensors 

 Leaf moisture sensors 

 

These systems reduce unnecessary irrigation and improve water 

use efficiency. 

A greenhouse tomato study in Spain showed that sensor-based 

irrigation reduced water consumption by 28% without reducing 

yield [25, 36]. 

Real-time monitoring improves decision accuracy and reduces 

labour requirements [37, 38]. 

 

4.5 Automated and AI-Driven Irrigation 

Artificial intelligence has transformed irrigation management by 

enabling predictive decision-making. (39.40) 

AI-driven systems analyse weather forecasts, crop growth 

stages, soil conditions, and historical irrigation data [41, 42]. 

Machine learning models can predict crop water stress before 

visible symptoms appear [20, 21]. 

 

Examples include 

 Neural network irrigation models 

 Fuzzy logic controllers 

 Deep learning crop monitoring systems 

 

A study in China demonstrated that AI-based irrigation reduced 

water use by 35% in rice production while increasing yield by 

10% [22, 23]. 

Automation reduces labour dependence and improves 

operational precision. 

 

5. Remote Sensing and GIS in Precision Irrigation 

Remote sensing technologies have become essential tools in 

modern irrigation management. Satellites, drones, and aerial 

imaging systems provide large-scale information on crop health, 

evapotranspiration, and soil moisture [24, 25]. 

Normalised Difference Vegetation Index (NDVI) data help 

identify crop stress and irrigation requirements [25, 26]. 

GIS enables spatial analysis of agricultural fields. Farmers can 

map soil variability, drainage conditions, and crop growth 

patterns [27, 28]. 

 

Remote sensing supports 

 Drought monitoring 

 Irrigation scheduling 

 Crop stress detection 

 Water allocation planning 

 

Satellite platforms such as Landsat, Sentinel, and MODIS 

provide valuable agricultural monitoring data [29, 30]. 

Drone-based irrigation monitoring has expanded rapidly because 

drones offer high-resolution imaging and flexible deployment. 

A vineyard study in Italy used drone thermal imaging to detect 

water stress zones, reducing irrigation water use by 22%. 

Remote sensing also improves regional water governance by 

enabling authorities to monitor irrigation efficiency across large 

agricultural regions. 

Challenges include data processing complexity, cloud cover 

limitations, and requirements for technical expertise [21, 22]. 

 

6. Internet of Things and Smart Irrigation Networks 

The Internet of Things (IoT) connects irrigation devices, 

sensors, controllers, and cloud platforms through wireless 

communication networks [23, 24]. 

IoT-based irrigation systems allow continuous monitoring and 

automated control. 

 

Key components include 

 Soil moisture sensors 

 Weather stations 

 Wireless communication modules 

 Cloud-based analytics 

 Mobile applications 

 

Farmers receive real-time alerts and can control irrigation 

remotely. 

An IoT irrigation project in Australia reduced water use by 25% 

in horticultural farms while improving irrigation timing [25, 26]. 

https://www.agronomyjournals.com/
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Cloud computing improves data storage and analysis. Farmers 

can access irrigation records, weather forecasts, and crop 

analytics through smartphones [27, 28]. 

IoT systems also support predictive maintenance by detecting 

leaks, pressure changes, and equipment failures. 

However, connectivity limitations remain a challenge in rural 

regions. 

Cybersecurity risks and data privacy concerns have also 

emerged as important issues. 

Despite these challenges, IoT technologies continue to expand 

because of declining sensor costs and increasing mobile 

connectivity [28, 29]. 

 

7. Water Use Efficiency in Precision Irrigation 

Water Use Efficiency (WUE) measures the relationship between 

crop output and water input. Precision irrigation technologies 

aim to maximise WUE by reducing losses and improving the 

accuracy of water delivery [30, 31]. 

 

Conventional irrigation systems often waste large amounts 

of water through 

 Surface runoff 

 Deep percolation 

 Evaporation 

 Non-uniform distribution 

 

Precision irrigation reduces these inefficiencies. 

Studies across multiple cropping systems show that precision 

irrigation can improve WUE by 20–60% [31, 32]. 

A meta-analysis of global drip irrigation studies found average 

water savings of 35% and yield increases of 25% [33, 34]. 

In wheat cultivation, sensor-based irrigation improved WUE by 

18–30% in semi-arid regions [35, 36]. 

Precision irrigation also supports deficit irrigation strategies. 

Controlled water stress during non-critical growth stages can 

reduce water use while maintaining acceptable yields [37, 38]. 

 

Examples include 

 Deficit irrigation in vineyards 

 Regulated irrigation in olive orchards 

 Controlled irrigation in cotton systems 

 

Climate-smart irrigation scheduling further improves WUE by 

integrating weather forecasting and evapotranspiration models 
[31, 32]. 

The Food and Agriculture Organisation estimate that improving 

irrigation efficiency globally by 10% could significantly reduce 

agricultural water stress [33, 34]. 

Water productivity has become a central indicator of sustainable 

agriculture. 

 

8. Crop Productivity and Yield Performance 

Precision irrigation technologies improve crop productivity by 

maintaining optimal soil moisture conditions and reducing water 

stress. 

Water stress affects photosynthesis, nutrient uptake, and plant 

growth. Precision irrigation minimises these impacts through 

timely water application [35, 36]. 

Studies show substantial productivity improvements across 

different crops. 

 

Cereal Crops 

Precision irrigation increased maize yields by 12–20% in the 

United States and China. 

Sensor-guided irrigation in wheat production improved grain 

quality and reduced irrigation frequency [32, 33]. 

 

Horticultural Crops 

Vegetable crops respond strongly to precision irrigation. Tomato 

production under drip irrigation in Spain achieved a 30% yield 

increase while reducing water consumption [34]. Greenhouse 

cucumber production using automated irrigation systems 

improved fruit quality and nutrient efficiency. 

 

Orchard Crops 

Precision irrigation in orchards improves fruit size, sugar 

content, and overall yield quality. California almond farms using 

subsurface drip irrigation achieved higher yields with reduced 

water application [23, 24]. 

 

Rice Cultivation 

Alternate wetting and drying combined with sensor monitoring 

reduced water use in rice cultivation while maintaining yields. 

Precision irrigation also improves fertiliser efficiency through 

fertigation [25, 26]. Nutrient delivery becomes more targeted, 

reducing nutrient leaching and improving plant uptake [27, 28]. 

 

9. Environmental Impacts of Precision Irrigation 

Precision irrigation technologies contribute to environmental 

sustainability by reducing water waste and minimising 

ecological degradation [29, 30]. 

 

Reduced Water Extraction 

Efficient irrigation lowers groundwater withdrawal and reduces 

pressure on rivers and reservoirs [30, 31]. 

 

Lower Soil Salinity 

Over-irrigation often increases salinity through waterlogging 

and salt accumulation. Precision irrigation minimises these risks 
[31]. 

 

Energy Considerations 

Some precision irrigation systems require significant energy 

inputs for pumping and automation. However, solar-powered 

irrigation systems are increasingly reducing energy dependence 
[32, 33]. 

 

Greenhouse Gas Emissions 

Improved water management can reduce methane emissions in 

rice cultivation. Precision irrigation also reduces indirect 

emissions associated with excessive fertiliser use [33, 34]. 

 

Biodiversity Benefits 

Reduced water extraction supports ecosystem conservation and 

aquatic biodiversity. Despite these benefits, improper 

management can create environmental challenges, such as 

plastic waste from irrigation tubing. Sustainable disposal and 

recycling systems are therefore necessary [35, 36]. 

 

10. Economic Feasibility and Cost–Benefit Analysis 

Economic viability strongly influences the adoption of precision 

irrigation technologies. 

Initial installation costs remain a major barrier [37, 38]. 

 

Costs include 

 Irrigation infrastructure 

 Sensors and controllers 

https://www.agronomyjournals.com/
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 Software systems 

 Maintenance and repairs 

 Training and technical support 

 

Smallholder farmers often face financial constraints. However, 

long-term economic benefits can offset initial investments [38, 39]. 

 

Payback Period 

Many precision irrigation systems achieve payback within 3–7 

years, depending on crop type and farm scale [39]. 

 

Labour Savings 

Automation reduces manual labour requirements. Remote 

irrigation management lowers operational costs [40]. 

 

Government Incentives 

Subsidies and financial assistance programs significantly 

improve adoption rates. India’s Pradhan Mantri Krishi 

Sinchayee Yojana has supported the expansion of micro-

irrigation through subsidies [41, 42]. 

 

Economic Risks 

High maintenance costs and equipment failures may reduce 

profitability. Market volatility and climate uncertainty also 

influence investment decisions [43, 44]. 

 

11. Challenges and Limitations 

Despite substantial benefits, precision irrigation technologies 

face several limitations. 

 

High Initial Costs 

Installation and maintenance expenses remain major barriers for 

smallholder farmers [43, 44]. 

 

Technical Complexity 

Many systems require specialised knowledge. Farmers may lack 

training in sensor calibration, software management, and data 

interpretation [45, 46]. 

 

Infrastructure Constraints 

Reliable electricity and internet connectivity are essential for 

smart irrigation systems. 

Rural areas often lack sufficient infrastructure [47, 48]. 

 

Data Management Challenges 

Large volumes of sensor and satellite data require advanced 

processing and interpretation [40]. 

Equipment Maintenance 

Emitter clogging, sensor malfunction, and communication 

failures can reduce system efficiency. 

 

Social and Institutional Barriers 

Limited access to credit, weak extension services, and policy 

gaps hinder adoption. 

 

Climate Uncertainty 

Extreme weather events may damage irrigation infrastructure. 

Changing climatic patterns also complicate irrigation planning 
[32, 38]. Addressing these challenges requires integrated 

technological, economic, and institutional strategies [41, 42]. 

 

13. Conclusion 

Climate stress has fundamentally transformed global agricultural 

water management challenges. Rising temperatures, irregular 

rainfall, groundwater depletion, and increasing food demand 

require more efficient and adaptive irrigation systems. Precision 

irrigation technologies have emerged as one of the most 

effective strategies for improving agricultural sustainability 

under these conditions. 

This systematic review demonstrates that precision irrigation 

significantly improves water-use efficiency, crop productivity, 

and environmental sustainability compared with conventional 

irrigation methods. Technologies such as drip irrigation, 

subsurface irrigation, variable rate irrigation, sensor-based 

systems, remote sensing, IoT platforms, and AI-driven irrigation 

management enable real-time decision-making and optimised 

water distribution. 

Evidence from global case studies confirms the substantial 

benefits of precision irrigation. Water savings commonly range 

from 20% to 50%, while crop yields frequently increase by 10% 

to 35%. These improvements are especially important in arid 

and semi-arid regions where water scarcity threatens agricultural 

production. 

Precision irrigation also contributes to broader sustainability 

goals. Reduced groundwater extraction, lower nutrient losses, 

improved soil health, and decreased environmental pollution 

support ecosystem conservation and climate adaptation. 

Integration with fertigation and renewable energy systems 

further strengthens sustainability outcomes. 

Despite these advantages, adoption remains uneven across 

regions. High installation costs, technical complexity, limited 

infrastructure, and weak institutional support continue to 

constrain implementation, particularly among smallholder 

farmers in developing countries. Addressing these barriers 

requires coordinated policy frameworks, financial incentives, 

farmer training, and investment in rural infrastructure. 

The future of irrigation management will increasingly depend on 

digital agriculture technologies. Artificial intelligence, machine 

learning, satellite monitoring, and cloud-based analytics will 

continue to enhance irrigation precision and predictive 

capability. At the same time, affordability and accessibility must 

remain central priorities to ensure equitable adoption. 

Governments, research institutions, private companies, and 

international organisations must collaborate to accelerate 

irrigation modernisation. Climate-resilient agriculture cannot 

succeed without efficient water management systems. 

Precision irrigation represents more than a technological 

innovation. It is a critical foundation for future food security, 

sustainable resource management, and agricultural resilience in 

the era of climate stress. 
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