


Integration of Sprinkler Technology and Precision Irrigation for Enhanced Resource Management in Crop Production: A Review

Abstract
The non-judicious allocation of water resources at the farm level, predominantly through traditional irrigation methods, presents a critical challenge to global sustainability, particularly given that the agricultural sector consumes in excess of 70% of available freshwater. Enhancing application efficiency through the deployment of advanced pressurized techniques, specifically sprinkler irrigation, is an essential strategy for mitigation. This review systematically assesses the evolution of sprinkler technology and its critical convergence with precision irrigation (PI) methodologies. A modified literature exploration, based on PRISMA 2020 guidelines, was used wherein only primary field studies published after 2005 were included and review articles and simulation-only studies were excluded. Citation chaining was additionally used to identify key irrigation engineering papers.Findings confirm that traditional sprinkler systems achieve a remarkable 39% reduction in water consumption and elevate water productivity by over 14.1% when contrasted with surface gravity systems. Furthermore, the technological apex is reached when sprinkler application is coupled with PI automation and sensor integration. Such systems realize an additional 20−30% water saving and contribute to significant crop yield increases, ranging from 20% to 27.5%. Critical technological domains analyzed include the optimization of mechanical systems (Center Pivot and Linear Mover), the innovation in low-pressure hydraulic nozzles, and the development of responsive control systems, such as Model Predictive Control (MPC). The study underscores that future research must prioritize developing easily adoptable, cost-effective advanced control algorithms and refine nozzle hydraulics to reliably minimize wind drift and evaporation losses, which often compromise application efficiency.   
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1.Introduction: 
Addressing Global Water Scarcity through Efficient Irrigation Technologies
1.1. Context and Global Imperatives in Irrigated Agriculture 
Global food security is intrinsically linked to the efficient management of freshwater resources, which are under increasing pressure worldwide. The agricultural sector is the dominant consumer of water, utilizing over 70% of available freshwater, often through non-judicious and inefficient surface irrigation practices that result in low application efficiency and uneven water distribution (Mishra et al., 2021). Such inefficiencies lead to both over-irrigation in certain zones and water stress in others, contributing significantly to resource wastage and reduced productivity.
Projections indicate that if current consumption patterns persist, global water scarcity will intensify. By 2050, 45 countries are expected to face severe water scarcity (<500 m³ capita⁻¹ year⁻¹), with an additional 87 countries nearing the scarcity threshold (<1700 m³ capita⁻¹ year⁻¹), underscoring the mounting strain on freshwater resources required to sustain a growing global population (Baggio et al., 2021). Although irrigated agriculture occupies only one-fifth of the world’s cultivated land, it contributes nearly half of global crop production and is responsible for approximately 80% of cereal and 90% of vegetable production, highlighting its indispensable role in ensuring global food security and enabling crop diversification (World Bank, 2021).
Despite this importance, traditional irrigation methods such as basin or furrow irrigation are characterized by fixed-interval water applications that disregard localized crop water requirements. These systems often achieve field efficiencies as low as 60%, leading to significant non-uniformity in water distribution (Semananda et al., 2018; Lakhiar et al., 2018). This inefficiency has fuelled the global shift toward mechanized and pressurized irrigation technologies designed to improve precision and reduce water losses.
Sprinkler irrigation, which gained prominence in the late 1970s, represents a pivotal reform in agricultural water management. It offers a typical field efficiency of 75% or higher, providing greater uniformity and control over application compared with surface systems (Liu et al., 2013). Quantitative analyses confirm that sprinkler systems can reduce water consumption by about 39% and increase water productivity by over 14.1% relative to gravity-fed systems. The commercial and ecological viability of sprinkler irrigation has driven widespread adoption globally, with the USA and Europe bringing 3 Mha and 2.5 Mha of agricultural land, respectively, under sprinkler systems by the 1970s (Shankar et al., 2018). Similarly, China has aggressively promoted adoption through demonstration projects, targeted subsidies, and local component manufacturing, reinforcing its economic feasibility and logistical practicality (Wang et al., 2010).
The growing emphasis on mechanized irrigation aligns with global agricultural GDP growth, which reached 9.4% worldwide (CSP, 2019). However, this expansion is often dependent on increased resource input rather than improved resource-use efficiency. To achieve sustainable intensification, the technical advantages of high-efficiency irrigation must translate into widespread policy adoption and farmer-level implementation, effectively decoupling agricultural productivity growth from escalating freshwater consumption.
Precision irrigation (PI) refers to the site-specific and data-driven management of irrigation, where the right amount of water is applied at the right time and location using sensor feedback, automation, and control systems. This approach aims to optimize water use efficiency, minimize losses, and maximize crop productivity by aligning water application precisely with crop water requirements.

1.2 Objectives and Review Structure
[bookmark: _GoBack]This report aims to deliver an expert synthesis of the current state of sprinkler irrigation technology and its integration into the precision irrigation paradigm. The objectives are threefold: (1) to summarize and evaluate the core technological advancements in sprinkler system design, encompassing hydraulics and mechanics; (2) to quantify the agronomic benefits, particularly concerning water savings, yield increases, and fertigation efficiency; and (3) to systematically detail the sensing requirements and control strategies (e.g., OLT, CLT, MPC) necessary for achieving optimal precision irrigation performance. The subsequent sections are structured to progress from establishing the review’s rigorous methodology to the core technological components, concluding with the most advanced control theories required for maximizing spatial and temporal water application precision.   
2. Review Strategy and Systematic Literature Exploration
To ensure the credibility and scientific rigor of the findings presented herein, a systematic literature exploration was conducted. The methodology employed was strategically modified based on the systematic review principles outlined in the PRISMA 2020 guidelines.   
The investigative scope was divided into three primary research domains: "sprinkler irrigation," "precision irrigation," and the overarching field of "irrigation water management". Literature was identified using four primary approaches: searching manuscript titles, specialized keywords (e.g., "application efficiency," "variable rate irrigation"), institutional affiliations, and citation-based exploration of highly relevant published articles. Multiple renowned scholarly databases were leveraged for this process, including Google Scholar, Science Direct, IEEE Xplore, and Springer.   
A comprehensive set of inclusion and exclusion criteria was applied rigorously to refine the search results and ensure the synthesis focused solely on influential, contemporary, primary research. Inclusion criteria prioritized research published in prestigious journals, articles available in English or Chinese, studies reporting outcomes from actual field experiments, and publications dated after 2005. Crucially, priority was given to publications containing quantitative data suitable for onward calculation and comparison of performance parameters. Conversely, the exclusion criteria systematically eliminated all other review articles, publications with redundant or duplicated results, documents containing potential data errors, and all material published before 2005. This systematic focus on primary fieldwork ensures that the synthesis is grounded in tested field parameters, increasing the reliability and novelty of the reported benefits.  
A total of 312 research articles were initially identified through database searches and citation chaining across Google Scholar, Science Direct, IEEE Xplore, and Springer. After removing duplicates (n = 42), 270 records remained for screening based on titles and abstracts. Of these, 176 studies were excluded for not meeting the basic inclusion criteria (e.g., review/simulation-only studies or pre-2005 publications). The full texts of 94 articles were then assessed for eligibility. Following a detailed evaluation, 54 studies were included in the final synthesis, all of which reported quantitative field-based performance indicators relevant to sprinkler and precision irrigation technologies.
This transparent, stepwise screening process—aligned with PRISMA 2020 principles—ensures that only high-quality empirical evidence informs the conclusions of this review.
 
3. Core Advancements in Sprinkler System Technology
3.1. Mechanical Classification and Distribution Uniformity
The evolution of sprinkler systems reflects continuous efforts to optimize coverage area and maximize water application uniformity. Early systems relied on movable single-point sprinklers fed by heavy, erosion-susceptible iron pipes, which were later replaced by lighter aluminium and finally plastic/PVC pipes. Modern designs are centered on highly movable systems capable of irrigating vast areas with reduced labour requirements (Yan et al., 2020; Liu et al., 2013).    
The primary metric used to evaluate system performance is Distribution Uniformity (DU), calculated as the ratio of the average lowest quarter depth of water received to the average total depth of water received (Howell, 2003; Patel et al., 2020). The mechanical classification of systems demonstrates varied DU based on operational constraints and field geometry :   
 Distribution Uniformity (DU|) = 


Table 1: Comparative Features and Distribution Uniformity of Major Sprinkler System Types 
	Sprinkler Type
	Key Function and Field Suitability
	Distribution Uniformity Range

	Center Pivot System (CPS)
	Large, circular fields; comparatively high efficiency; requires less pressure than rain guns. Dominant in mechanized agriculture.
	Up to 70–80%

	Linear Mover
	Large, rectangular fields; notable for reduced evaporation losses along its path.
	Up to 70–80%

	Side Roll System
	Rectangular fields in plain areas; provides good application efficiency.
	Up to 60–70%

	Big Gun
	Irregularly shaped fields; suitable for soils with high intake rates.
	Up to 55–65%

	Hand Move
	Hilly or rolling terrains; low capital cost but highly.
	Up to 50–65%



  The Center Pivot System (CPS) has been a primary focus of research due to its superior efficiency and popularity, covering over 13% of China’s sprinkler-irrigated area (Yan et al., 2015). Research efforts are directed toward optimizing nozzle configuration based on the corresponding movement speed of the pivot to achieve consistently higher uniformity coefficients (Li et al., 2015; Yan et al., 2011).    
3.2. Hydraulic Innovations: The Role of Low-Pressure Nozzles
The hydraulic performance of sprinkler systems is fundamentally linked to energy consumption, an increasingly critical constraint. Conventional systems operate at high pressures, typically ≥300 KPa, incurring significant pumping and operating costs (Jiang et al., 2020).  The development of Low-Pressure Sprinklers (LPS) represents a critical innovation, enabling effective operation at pressures <200 KPa (Jiang et al., 2020; Jiménez-Bello et al., 2015; Tarjuelo et al., 2015). This R&D trend demonstrates that energy efficiency is now treated as an equal and inseparable factor alongside water efficiency in modern irrigation design.   
The key technical challenge in LPS design is modifying the internal nozzle structure to reduce operating pressure while successfully maintaining the water droplet dispersion and overall application uniformity. Innovations have included redesigning diffusers, incorporating aerated pipes, and optimizing the structure of spray plates (Chaudhary et al., 2023).   
Despite advancements in design, all pressurized systems face the inherent limitation of water loss due to wind drift and evaporation (WDE Loss) during droplet travel. WDE Loss is a major operational concern, with reported magnitudes varying widely from 3.3% to as high as 36.4% under severe wind and climatic conditions in regions such as the Mediterranean (Ortíz et al., 2009; Faria et al., 2015). This high degree of variability in WDE Loss demonstrates that reliance solely on optimal mechanical design is insufficient for high-efficiency application. Since WDE Loss scales with environmental factors (wind speed, temperature), this inherent vulnerability strongly suggests that real-time environmental data integration is indispensable for dynamic system adjustment-a core function of precision irrigation (Sanchez et al., 2011).   
Mitigation strategies are vital to control these losses, which can otherwise increase production costs and reduce net income. Researchers have identified that using specific sprinkler types, such as the 1-Wob sprinkler, can improve efficiency and reduce drift. Furthermore, predictive models, including multiple linear regression models, have been developed to forecast WDE losses under varying weather conditions, allowing operators to set optimal operating conditions dynamically and thus minimize drift losses (Baifus et al., 2019).   
3.3. Agronomic Performance and Microclimate Management
The utility of sprinkler irrigation extends beyond water conservation to providing tangible agronomic benefits. Sprinkler use has been shown to maximize crop production compared to traditional flood irrigation, with measured yield improvements in wheat (16.9%), maize (8.0%), and sunflower (11.4%) (Xue et al., 2016).   
A significant advantage of sprinkler systems is their utility in fertigation, the application of soluble fertilizers along with irrigation water. While typical fertilizer use efficiency is low (around 30%), applying nutrients via sprinkler systems dramatically improves overall efficiency by >35%. This requires the seamless integration of injection devices and specialized Variable Rate Technology (VRT) (Chaudhary et al., 2023).   
Water footprint benchmarks and life-cycle assessments provide crucial insights into crop-level water productivity and sustainability in irrigation planning (Mekonnen and Hoekstra, 2021).In addition to resource efficiency, sprinklers offer distinct microclimate management capabilities. Overhead water application provides protection against freezing temperatures and reduces canopy temperature, vapor pressure, and transpiration, particularly under hot-dry windy conditions, thereby improving the efficiency of the photosynthesis process (Pan et al., 2024). However, this practice carries a trade-off: introducing excessive moisture into the crop canopy, especially in humid and warm climates, can facilitate the outbreak of fungal and bacterial diseases, necessitating careful management of irrigation duration and frequency to mitigate pathogen spread.   
 4. Precision Irrigation (PI) Framework using Sprinkler Systems
4.1. Definition and Rationale for Variable Rate Irrigation (VRI)
Precision Irrigation (PI) represents the convergence of advanced sensing, data analysis, and automation, moving beyond the mechanical constraints of conventional sprinklers. The fundamental principle of PI is the customized application of water, varying the rate both temporally and spatially based on the actual, real-time, heterogeneous water requirements within a field (Stalidzans, 2012). This realization is achieved through Variable Rate Irrigation (VRI), which treats the field as a collection of small management zones, applying the exact required water volume to each zone. The application of PI to sprinkler systems offers substantial efficiency improvements, saving an additional 20−30% of water compared to manually operated sprinkler systems, and driving crop yield increases up to 27.5% (Chaudhary et al., 2023). Recent studies have also demonstrated the operational advantage of utilizing a variable application rate in sprinkler systems, tailored to match the soil infiltration capacity rather than applying water at a constant rate. A mathematical approach developed to estimate time savings indicated that variable application rates can significantly reduce irrigation time without compromising the target application depth (Dadhich et al., 2012). 
4.2. Field Monitoring Parameters for Irrigation Scheduling
Water footprint benchmarks and life-cycle assessments provide crucial insights into crop-level water productivity and sustainability in irrigation planning (Mekonnen and Hoekstra, 2021). Effective VRI requires constant, accurate monitoring across three critical domains that govern the crop water balance:   
4.2.1. Soil Parameters
This group focuses on the physical availability of water in the root zone. Key parameters include soil moisture content (the most critical factor), soil salinity, soil pH, and soil water absorption capacity (Lakhiar et al., 2018; Culibrk et al., 2014).   
4.2.2. Plant Parameters
These indicators provide the most realistic picture of the plant's actual physiological demand and its response to existing water and nutrient conditions. They include the Leaf Area Index (LAI), Normalized Difference Vegetation Index (NDVI), stomatal conductance, Crop Water Stress Index (CWSI), leaf turgor pressure, and actual evapotranspiration. Because current PI is often optimized based on indirect measures (soil moisture, climate inputs), advancing PI requires improving robust, real-time, in-field plant-based sensing to capture this most realistic physiological demand (Lakhiar et al., 2018; Culibrk et al., 2014).   
4.2.3. Climatic Parameters
Climatic variables serve as essential inputs for empirical and theoretical models used in irrigation scheduling. Key parameters monitored include ambient temperature, humidity, solar radiation, wind speed, and precipitation. These are fed into established models, such as the Penman–Monteith evapotranspiration model, to calculate the reference and develop predictive irrigation schedules (Rahman et al., 2019).   
4.3. Data Acquisition Technologies: From Local Sensors to Remote Sensing
Implementing PI necessitates highly accurate measurement of field parameters. Data acquisition technologies establish a crucial spatial and temporal hierarchy for effective VRI:
4.3.1. In-Field Sensors
Local sensors provide high temporal fidelity, crucial for responsive control systems. Devices such as Time Domain Reflectometry (TDR) offer high accuracy but are expensive, whereas capacitance-based sensors provide a reliable, low-cost option, contingent on effective field calibration. Beyond moisture, these sensors can monitor nutrient levels, integrating critical data for comprehensive management (Bitella et al., 2014).   
4.3.2. Remote Sensing (Satellite)
Satellite remote sensing, utilizing platforms like Landsat, MODIS, and SPOT, offers an excellent, reliable option for broad-scale data collection. Satellites use different spectral bands to differentiate water-stressed crop areas, providing data on parameters like NDVI and evapotranspiration at high spatial and temporal frequencies (Bwambale et al., 2022). This method provides large-scale, low-cost monitoring for regional evapotranspiration mapping, and its incorporation has been proven to achieve 10−20% additional water saving within integrated pressurized systems.   
4.3.3. Unmanned Aerial Vehicles (UAVs)
UAVs, or drones, are rapid, reliable, and affordable alternatives to satellites for localized, small-scale application. Equipped with specialized sensors, UAVs can monitor soil moisture and plant water stress in real-time at high spatial resolution (Mokhtari et al., 2021). UAVs bridge the gap between fixed-point sensor measurements and large-scale satellite data, ensuring that VRI prescription maps accurately capture high spatial variability.   
5. Automation and Control Strategies for Precision Application
5.1. Data Management and Operational Control Mechanisms
After field data is acquired, it must be analyzed and transformed into actionable irrigation maps defining the necessary application rate across management zones. Modeling tools, such as DSSAT and MATLAB, are utilized to simulate field conditions, predict spatially heterogeneous water demands, and create prescription maps for VRI application (Bwambale et al., 2022). The actual mechanized application is governed by two principal control philosophies:   
5.1.1. Open Loop Technique (OLT)
The OLT operates based on a predetermined, pre-set program (input) without continuous reliance on output feedback from the field. This technique is simple, inexpensive, and easy to implement, leading to high farmer adoption (Bwambale et al., 2022). However, OLT cannot autonomously sense and adapt to sudden environmental disturbances, such as unpredicted rainfall or rapid changes in temperature or wind.   
5.1.2. Closed Loop Technique (CLT)
The CLT incorporates a continuous feedback loop, constantly retrieving real-time field data (soil moisture, plant stress) from sensors and dynamically adjusting the irrigation operation to maintain a desired set point. This approach achieves the true spirit of precision, potentially yielding 20−30% higher efficiency than OLT (Bwambale et al., 2022). However, CLT presents the greatest implementation struggles. It incurs high capital costs due to sensor proliferation and complex structure. Furthermore, the continuous dynamics of the agricultural environment make control management extremely cumbersome. This high cost/complexity trade-off explains why simple OLT systems, despite being suboptimal, are currently favored in many agricultural settings.   
5.2. Integration of Intelligent Controllers
To execute the complex VRI commands generated by the data analysis stage, advanced controllers are necessary. Traditional Proportional-Integrated Derivative (PID) controllers are structurally simple but struggle to handle external environmental disturbances, making them suboptimal for the dynamic complexities of VRI (Gauri et al., 2013).   
Intelligent control systems, such as those employing Artificial Intelligence (AI) and fuzzy logic, offer a more robust solution by utilizing briskly developed algorithms to emulate human decision-making. The integration of systems like Fuzzy Neural Networks coupled with Genetic Algorithms has been shown to result in substantial agronomic improvements, including 15−25% better yield and 25% water saving. However, these AI-based systems are often expensive and structurally complex (Fuentes et al., 2018).   
The most promising future direction lies in the development of Model Predictive Control (MPC) systems. MPC uses a dynamic model of the agricultural system to predict future state outcomes, optimizing control actions over a receding time horizon (Wong et al., 2018). Implementing MPC on sprinkler machines offers superior efficiency, robustness, and optimality. Research indicates that future development of smart MPC controllers could enhance PI efficiency by an additional 20−30% over current conventional control mechanisms. Crucially, the operational success of MPC relies heavily on continuous, high-quality input data; poor sensor calibration or data gaps could lead to immense implementation struggles and negate the complexity of the advanced control system. 
While the current review primarily focuses on precision sprinkler irrigation, relevant advancements in other pressurized irrigation systems, particularly drip irrigation, provide useful insights into automation strategies. Recent research highlights that automated irrigation control systems using low-cost sensors and simple circuits can significantly enhance water use efficiency while maintaining or improving crop yields. An automated irrigation mechanism was developed to autonomously control pump operation based on real-time soil moisture sensing, enabling timely water application with minimal manual intervention. Field testing on tomato crops revealed that plants irrigated using the automated system exhibited slightly greater plant height and improved yield and quality compared to those under manual irrigation. This demonstrates the potential of simple, cost-effective automation frameworks to support small and marginal farmers, particularly in water-scarce regions. Integrating such sensor-based control principles into sprinkler systems can further enhance their responsiveness and efficiency, making precision irrigation more accessible and scalable across varying farm sizes (Pandey et al., 2023).  
5.3. Quantitative Impact of Precision Systems on Crop Production
The integration of precision management with sprinkler technology yields verifiable quantitative improvements in agronomic outcomes. The application of IoT-based PI systems in tomato production has been documented to increase irrigation uniformity by 71% and boost yield by 27.5%, alongside 10% water saving (Seyar et al., 2023). Comparative analyses confirm that the coupling of precision strategies with pressurized sprinkler irrigation technology exerts a profoundly positive influence on global irrigated agronomy.   
6. Conclusions
Sprinkler irrigation is confirmed as a critical high-efficiency technology, providing foundational resource savings of 39% for water and >35% for fertilizer application compared to traditional gravity methods. However, the inherent susceptibility of pressurized systems to environmental variables, which results in WDE losses of up to 36.4%, necessitates advanced management.   
The transition to precision applications (PI) represents the optimal management strategy, achieving maximal efficiency gains. This integration of sensor-based monitoring (IoT, UAVs, remote sensing) and automation delivers a cumulative 20−30% additional water saving and up to a 27.5% yield increase. The future of PI is dependent on evolving control mechanisms, moving past static Open Loop systems toward dynamic, feedback-driven Closed Loop systems. Advanced controllers, particularly Model Predictive Control (MPC), are identified as the key technology capable of simplifying complex control issues and reliably delivering substantial future efficiency gains.   
While sprinkler irrigation systems offer significant gains in application efficiency and water savings, practical adoption in the field is strongly influenced by maintenance and cost factors. Sprinkler systems require regular inspection and upkeep of nozzles, pipes, valves, and control components, as even minor clogging or wear can affect distribution uniformity and system performance. In particular, low-pressure nozzles and sensor-based controllers demand careful calibration and periodic servicing to sustain efficiency over time.

From a cost perspective, the initial capital investment for pressurized systems—including pumps, distribution networks, and control units—can be a barrier, especially for smallholders. Although operational costs may be lower in the long term due to water and labor savings, affordability and access to technical support remain key determinants of adoption rates. Programs offering subsidies, cooperative models, or shared infrastructure have shown promise in mitigating these challenges and improving adoption at scale.

Integrating cost-effective automation solutions and designing low-maintenance components are therefore critical research and policy priorities to ensure that the mechanical and agronomic efficiencies of sprinkler and precision irrigation systems are translated into practical, sustainable field applications.


7. Future Perspectives in Sprinkler-Integrated Precision Irrigation
Future research must focus on overcoming the barriers of complexity and cost while maximizing system robustness:
1. Smart Nozzle and Hydraulic Design: Continued research and development is required to finalize the hydraulic optimization of low-pressure sprinkler nozzles. Future work should prioritize the design of components that inherently minimize WDE losses, utilizing environmental impact assessment protocols to guide performance improvements and ensure reliability under changing climatic conditions.   
2. Simplified PI Implementation: Efforts must be directed toward lowering the capital cost and technical complexity of current Closed Loop Techniques. This includes developing simplified, robust application mechanisms and standardized sensor calibration protocols to make advanced PI systems accessible and practical for broader commercial field adoption, particularly by smallholder farmers.   
3. Robust Model Predictive Control (MPC): Further theoretical and applied research is warranted on the development of smart MPC controllers specifically adapted for the dynamic variables of irrigated agronomy. This is the most promising path toward achieving the maximal estimated efficiency gains of 20−30% reliably and affordably.   
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