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ARTICLE INFO ABSTRACT

Received: 18 Nov 2024 Precision irrigation or smart farming is a high-end strategy that

improves agricultural sustainability and efficiency of water usage.

Through the use of smart sensors, IoT devices, and advanced data

Accepted: 10 Jan 2025 analytics, smart sensors can make real-time monitoring and control
of essential variables such as crop water needs, weather, and soil
moisture. This allows the farmer to increase yields while minimizing
loss of water, and better scheduling of irrigation. New developments
have manifested several favorable effects, where water intakes have
decreased by a minimum of 30%, while agricultural productivities
move higher. One of these advancements encompasses the case
studies whereby this paper carries out a comprehensive discussion on
state-of-the-art precision irrigation technologies associated with
recent sensor techniques, integrated data, and automated watering.
This also looks into the challenges in precision irrigation, such as
large capital costs, the complexity involved in data management, and
the need for specialized knowledge. It further highlights potential
future development in precision irrigation through deeper integration
with ATl and ML to better decision-making processes. Such
assessment underlines the great importance of precision irrigation
towards the implementation of sustainable methods of agriculture,
especially in respect to the world's short supply of water and surging
food demand. It therefore tries to give useful insights in the
development of smart farming technology for scholars, practitioners,
and policymakers.
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INTRODUCTION

A major breakthrough in agriculture techniques is precision irrigation and it happens to be part of
smart agriculture and it finds its justification in ensuring productive crop yielding and utilizing all the
drinking water available. Mainly, there are several waste products involving the wasteful distribution
in traditional irrigation. It always causes harmful impact on environmental issues and delivers poor
produce. Precision irrigation addresses the challenges mentioned above through advanced technology,
such as IoT (Chang et al 2020), (Wilson et al. 2021), smart sensors, and data analytics, to provide real-
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time monitoring and management of irrigation. With these technologies, farmers can apply water at
the right time and where it is needed the most, as these technologies provide a real-time check on the
crop's need for water, weather, and moisture in the soil. This is also an essential part of modern
techniques for sustainable farming. It helps save water; however, at the same time, it enhances crop
health as well as productivity (Serrano et al. 2020).

It has been experimentally proven that crop yields could be maintained or even augmented
considerably with a significant water-conserving benefit through precision irrigation systems (Jones
et al. 2019). Another study revealed that precision irrigation provides the potential to reduce by as
much as 30% of the conventional quantities of water, while further promoting the quality and the
amount of crops produced. Such systems use networks of sensors that are disbursed across fields to
collect different data on various environmental conditions in order to evaluate or determine advanced
algorithms for critical review and analysis that will ascertain just the precise irrigation scheduling
matched to specific crop area's needs. Precision irrigation minimizes the effects of drought and water
shortage since it utilizes the best resources available for water, thus helping since these problems have
been on the increase as a result of climate change and increased global demand for water (Evett et al.
2014).

There are many hurdles to be crossed before precision irrigation can be implemented on a wide scale
(Nguyen et al. 2021). Notable among these barriers include high equipment and installation costs,
complex data administration, and the need for specialist knowledge to operate and maintain such
systems (Peterson et al. 2020). But as more years go by and costs further come down, precision
irrigation will increasingly become accessible for farmers with small, middle, and larger farm acreages
(Peterson et al. 2020). Third, integration of ML and Al into these systems appears to promise even
greater benefits and usability. Predictive analytics and automated responses under changed
conditions will enhance and fine-tune decision making and make irrigation management for such
systems even more agile and easy. Precision irrigation will become all the more crucial as it evolves
because it will promote robust and sustainable agriculture practice in the face of global issues (Lopez
et al. 2021).

MATERIALS AND METHODS

There is significant attention paid lately to precision irrigation, which promises enhancement of
agricultural sustainability and improvements in water use efficiency. This literature review outlines
major developments in precision irrigation technologies, applications, and their impacts on farm
practice.

Satellite imaging and remote sensing

Precision irrigation mainly relies on the remote sensing technology, encompassing satellite imaging
and unmanned aerial vehicles, which can produce the precise, high-resolution data regarding the
moisture level of the soil and conditions of the crops. For instance, (Mulla et al. 2013) describes the
use of remote sensing for precision agriculture with a focus on monitoring crop health and managing
schedules of irrigation. Such like (Houborg et al. 2018), the author researched for improving water
management techniques that blend data from satellites with those of machine learning models. The
high-resolution mapping capability of field variability that was hitherto possible by this technology is
an essential pre-requisite for the onground implementation of tailored irrigation methodologies
(White et al. 2021).

Smart Sensors and the IoT

Using smart sensors and Internet of Things, precision irrigation has advanced to collect and process
such data in real-time operation (Kumar et al. 2020). To name a few, based from (Kim et al. 2008) in
the tracking of soil and meteorological conditions which proves important in more exacted irrigation
scheduling is realized only through wireless sensor networks". (Evett et al. 2014) continued discussing
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on the development of advanced high-tech soil moisture sensors. These sensors offer reliable data in
continuous basis that should be taken as an importance in optimizing the irrigation level. IoT
networks integrate them more often for increased connectivity as well as the access and retrieval of
the data required (Tagarakis et el. 2019).

AI and Data Analytics

It has revolutionized precision irrigation because of big data analytics and artificial intelligence, which
can provide robust capabilities for data processing and predictive modeling. According to (Liakos et
al. 2018), machine learning in agriculture applications is described and how it can be used to optimize
irrigation schedules and predict crop water requirements (Liakos et al. 2018). In this connection, Al
algorithms, (Shafiee et al. 2021), can even determine data obtained from various sources and can even
deliver actionable irrigation management -oriented insights (Shafiee et al. 2021). In these regard,
these applications also enable farmers to make a decision in real-time making possible with predictive
analysis.

TECHNIQUES FOR PRECISION IRRIGATION

Specificity in irrigation methods has been a topic of research for many years. Precision irrigation, on
the other hand, is what smart farming bases its ideas on. Its major focus is on advanced technologies
to increase crop production with little usage of water. This article will outline the various approaches
applied in precision irrigation methods. These include their role, advantages, and areas of application.

Various Soil Moisture Sensors

Capacitive Sensors: They measure the dielectric constant of soil, which is directly proportional to its
moisture content. They are well known for their low price and ease in integration to wireless networks.

Tensiometers: They measure the stress, or tension, needed for plant roots to pull the water upward
from the soil. They are very useful for determining soil moisture content, especially for fine-textured
soils.

TDR, or time domain reflectometry: measures the time that takes for an electromagnetic pulse to
travel through the soil. The length is sensitive to the moisture level of the soil. TDR sensors are
expensive but highly accurate.

Soil moisture sensors throughout agricultural spaces will provide real time data on soil moisture
(Zheng et al. 2019). Such information is critical in deciding precisely when and how much to apply
water. In orchard and vineyard applications, tensiometers will be preferred. Capacitance sensors are
more preferably used in row crops applications (Smith et al. 2021).

Parts of Weather Station

Temperature and Humidity sensors: These monitor the environmental conditions affecting the rates
of evapotranspiration.

Rain gauges: They are used to record precipitation, which provides a source of information necessary
for adjusting irrigation schedules.

Solar radiation sensors: Helps in determining energy available for transpiration.

It is done locally; thus, with local weather station data and soil moisture data combined, an accurate
irrigation schedule can be designed. Adjusting the time of irrigation according to what the weather
dictates helps not waste much water while also maximizing crop development.

UAVs and Remote Sensing Technologies

Satellite imaging is useful for region identification of water stress and crop health monitoring of
agricultural field. It provides regular large-scale photographs of the fields (Kim et al. 2008). These are
UAVs carrying multispectral or hyperspectral cameras that offer real-time detailed images of crops
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that can carry out high-intensive explorations on the soil moisture content and the crop health level.
Remote sensing technology produces large-scale field maps crop health and soil moisture variability.
The VRI operates based on such information to ensure that water is supplied to the appropriate areas
in the field in the right quantities.

The mechanism of variable rate irrigation, or VRI

VRI systems add information from weather stations, remote sensing photos, and soil moisture sensors
to determine the optimal amount of water application at different parts of a field through Zone control
divides the area into sections with a specific timetable for irrigation. Applying water in pulses- more
pulsative than fluent-flow increases the amount of water penetrating and reduces runoff. That is called
pulse irrigation. VRI is particularly useful in regions where the soil types and terrain vary significantly.
For instance, in vineyards, VRI can ensure that the grapevines on hills receive different quantities of
water than the vines in flat regions because slopes may require less water due to natural drainage.

Parts of Automated Irrigation Systems

Control Units: Centralized systems using sensor and weather station data that automatically process
irrigation plans.

Smart Valves: It would change the flow of water based on instructions from a control unit to
accurately apply water.

Mobile apps will allow the farmers to monitor and control the irrigation systems from remote
locations. Large-scale farming firms use automated irrigation while small-scale farming business
operations use the same in control irrigation. This increases the labor costs and efficiency levels
because of remote control. For instance, large orchards could assure that all trees received the right
amounts of water using real-time data via automated systems. Modern technologies such as soil
moisture sensors, weather stations, remote sensing, VRI, automated systems, and data analytics are
deployed in precision irrigation. Together, these technologies generate higher crop yields, waste less,
and use more water efficiently (Davis et al. 2020). With advancements in such technologies, it is
probably that agricultural water management would face another revolution in the near future to be
sustainable and adaptable to concerns of the world.

CASE STUDY: INDIA'S CROP PRODUCTION AND PRECISION IRRIGATION
Case Study: India's Crop Production and Precision Irrigation
Overview

The study focuses on the main crops produced on a 150-hectare farm in Maharashtra, India: wheat
and sugarcane. Precision irrigation effects are evaluated. This farm shifted from flood irrigation to
precision irrigation, making use of data analytics, weather stations, remote sensing, and soil moisture
sensors. This three-year study demonstrates how precision irrigation may enhance agricultural
sustainability and efficiency by analyzing crop output, water use, and economic benefits.

Techniques
Conventional Watering System

Prior to the introduction of precision irrigation, the farm used flood irrigation, applying water equally
across the fields without considering the fact that different places have unique requirements for water.
Water use and agricultural yield data were collected over a period of two years, namely 2019—2020.

Irrigation System with Precision

The farm embraced a precision irrigation system back in 2021.
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The sensors monitor moisture at various depths throughout in real time.

Weather stations: Gave information on humidity, temperature, and rainfall.

Remote sensing: It relied on satellite and unmanned aerial vehicle film to evaluate crop health and the
variability of soil moisture (Ahmadi et al. 2019).

Data Analytics: Integrated sensor and weather data to produce irrigation schedules specific to a site.
Gathering and Examining Data
Efficiency of Water Use

Crop yield to water usage ratio (kg/m3) was used to calculate water use efficiency (WUE). Over the
course of three growing seasons, data were gathered for both conventional and precision irrigation
systems (Taylor et al. 2020), (Zhao et al. 2019).

Crop production

Tons per hectare (t/ha) were used to measure crop production. For both irrigation systems, yield
statistics were compared over the same three-year period.

Results
Water Use Efficiency

Table 1. Water Use Efficiency — Precision Irrigation

Year Traditional Irrigation (kg/m3) Precision Irrigation (kg/m3)

2019 0.85 -
2020 0.87 -

2021 - 1.10
2022 - 1.15
2023 - 1.20

The water consumption efficiency (Taylor et al. 2020) was greatly increased with the precision
irrigation technology. When compared to previous approaches, WUE increased by 26% in the first
year of adoption (2021). WUE had increased by 38% by 2023.

Crop Yield
Wheat Yield
Table 2. Crop Yield Details — Wheat Production

Year Traditional Irrigation (t/ha) Precision Irrigation (t/ha)

2019 3.5 -
2020 3.7 -
2021 - 4.2
2022 - 4.5
2023 - 4.7
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Sugarcane Yield

Table 3. Crop Yield Details — Sugarcane Production

Year Traditional Irrigation (t/ha) Precision Irrigation (t/ha)

2019 8o -
2020 82 -
2021 - 95
2022 - 98
2023 - 100

The use of precision irrigation increased crop yields significantly. In 2021 and 2023, the yield of wheat
grew by 13% and 27%, respectively. The yield of sugarcane grew by 22% by 2023 and by 16% in 2021.

A Comparative Study
Water Conservation

The saving realized due to shifting to the use of precision irrigation systems was quite sensational.
There was a considerable 35 percent average saving realized in relation to the conventional system vis-
a-vis the quantity of water to be applied in the farm. Water application was targeted precisely through
correlating real-time soil moisture and meteorological data with application.

Financial Affect

Precision irrigation technology meant all that Y10 lakhs INR investment entailed with the weather
stations, sensors, and the software. Yet, higher yield and water conservation are estimated at saving
X4 lakhs every year through lesser water bills and an additional ¥6 lakhs in revenues towards
increased agricultural yields. The payback from the investment was realised over a two-year span.

Discussion

This case study will demonstrate how precision irrigation may significantly enhance crop productivity
and water use efficiency in Indian agriculture. The results, therefore, are consistent with other studies'
conclusions highlighting the potential of precision irrigation to enhance agricultural sustainability and
profitability. The use of state-of-the-art technologies has enhanced water management, reduced waste
and increased productivity-all essential to address the issues of food security and water scarcity in
India.

b

CONCLUSION

The use of advanced technologies in precision agriculture is renovating the farming sector and
boosting output, reducing cost, and promoting sustainability. There are many merits over the
traditional farming techniques by applying precise agriculture, though it may be expensive and
technologically advanced at initial stages. Some of these emerging themes include future advances in
sensor technology, expansions in IoT networks, advancements in robotics, and Al integration, along
with a continued focus on sustainable practices.
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