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ndia stands at a critical hydrological crossroads, facing "absolute scarcity" as per capita

water availability continues to plummet. With agriculture consuming nearly 90% of the
nation's dwindling water resources, the transition from traditional flood irrigation to
Precision Irrigation (PI) is no longer a choice, but a survival imperative. This article
explores how PI revolutionizes Indian farms by delivering water at the right time and
location—the plant’s root zone—achieving application efficiencies of up to 95%.

The discussion highlights advanced delivery systems, specifically Subsurface Drip
Irrigation and Variable Rate Sprinklers, which yield water savings of 50-65% while
boosting crop productivity by 20—40%. It analyses the integration of 10T sensors, Al-driven
forecasting, and remote sensing as the digital backbone of modern water stewardship.
Despite financial and knowledge barriers, the synthesis of government frameworks like
PMKSY (Per Drop More Crop) and innovative credit models from SBI and NABARD is
democratizing these technologies. The "Way Ahead" advocates for a circular bioeconomy—
utilizing treated wastewater and biochar—alongside "Irrigation-as-a-Service™ models to
empower smallholders. Ultimately, precision irrigation offers a scalable roadmap to secure
India’s food security and hydrological resilience in a climate-uncertain future.

Introduction

India stands at a critical hydrological crossroads. According to the Ministry of Jal Shakti
(2025), while India supports approximately 18% of the world's population, it possesses only
4% of the global renewable water resources. The NITI Aayog Water Index warns that per
capita water availability has plummeted from 1,816 cubic meters in 2001 to a projected 1,445
cubic meters by 2025, pushing the nation toward "absolute scarcity” (defined as <1,000
cubic meters).
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Agriculture, the backbone of the Indian economy, consumes nearly 80-90% of this dwindling
resource. Traditional flood irrigation methods, characterized by massive conveyance losses
and evaporation, are no longer tenable for a nation aiming for a $5 trillion economy. To
ensure food security for 1.4 billion people, an Integrated Water Resources Management
(IWRM) approach is imperative. This strategy combines in-situ water conservation—such as
rainwater harvesting and aquifer recharge—with Precision Irrigation (PI). Pl is not merely a
technical upgrade; it is a foundational shift toward sustainable intensification, ensuring every
drop of water contributes to caloric and economic value.

Defining Precision Irrigation

Precision Irrigation is a data-driven agricultural management system that ensures the
delivery of the right amount of water, at the right time, and at the right location (the plant’s
root zone). Unlike traditional methods that treat entire fields uniformly, precision irrigation
utilizes sensors, automation, and site-specific data to optimize water productivity and
minimize waste.

The Existing Irrigation Landscape

Tube & Bore wells  46.90% Primary source; facing severe over-exploitation in India

Canals 24.70% Surface water reliant; high conveyance losses.
Open Wells 12.20% Traditional; highly sensitive to seasonal rainfall.

Critical in South India; undergoing rejuvenation via Jal
Shakti Abhiyan

Precision irrigation 13.40% Emerging; includes drip and sprinkler irrigation.
(Source: National Water Mission Survey-2024, Ministry of Jal Shakti)

Groundwater from tube and bore wells remains the primary irrigation source but is critically
over-exploited across India. Canals still supply major surface water despite high losses, while
open wells depend on monsoon rains. Tanks and ponds in South India are being revived, and
Precision Irrigation is rapidly expanding.

Tanks & Ponds 2.80%

The Necessity for Precision Irrigation

With nearly 43.6% of India’s cultivated area still rain-fed, the vulnerability to climate
change is immense. Precision techniques are no longer a luxury for the elite farmer; they are
a survival necessity to mitigate groundwater depletion, reduce energy costs for pumping, and
stabilize yields during erratic monsoons.

The Architecture of Precision Irrigation: Modern Techniques

Advanced Water Delivery Systems

Precision irrigation utilizes specialized hardware to deliver water directly to plant roots,

minimizing losses from evaporation and runoff.

A. Drip Irrigation (Surface and Subsurface)

Drip irrigation is the most water-efficient delivery method, achieving application efficiencies

of 85-95%.

« Surface Drip: Delivers water and nutrients (fertigation) directly to the plant root zone
through a network of pipes and emitters.

e Subsurface Drip Irrigation (SDI): Places laterals 15-45 cm below the soil surface to
virtually eliminate evaporation, reduce weed growth, and protect equipment from
mechanical damage.

e Impact: Drip systems can save 50-65% of water compared to traditional methods while
increasing yields by 20-40%.
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Tomato 31-40 35-50 119
Watermelon 36 88 196
Chilies 63 44 291
Cotton 37 -40 25-30 121
Wheat 29 14 - 20 115
Mango 64 82 >500

(Source: Indian Council of Agricultural Research Data-2024)

Sprinkler systems simulate natural rainfall through pressurized nozzles and are highly

adaptable to varied terrains.

e Micro-Sprinklers: Ideal for orchards and closely spaced crops, these provide localized
coverage and help manage the microclimate through fine mist cooling.

o Center Pivot and Linear Move: Large-scale automated systems that utilize Variable
Rate Irrigation (VRI) to adjust water flow based on GPS-linked moisture maps.

C. Specialized Protected Cultivation Techniques
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In greenhouses and soilless systems, precision is refined through specialized mechanisms:

e Capillary Mats and Wicks: Thin, porous materials use capillary action to deliver
moisture from a reservoir directly to the roots of potted plants without electricity.

e Hydroponic Systems: Techniques like the Nutrient Film Technique (NFT) and
Aeroponics provide an optimal supply of water and nutrients, resulting in faster growth
and higher yields compared to soil-based farming.

Monitoring and Sensing Technologies

Accurate data allows farmers to move from fixed schedules to irrigation based on actual plant

needs.

A. Soil-Based Monitoring

Sensors measure the moisture status of the soil to trigger automated irrigation.

Energy Water
Temperature (T) Precipitation (P)

Evapotranspiration
(ET)

melt

- oil Moisture torage Capaci

Deficit (water need)

— Runoff
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B. Plant-Based Sensing

Plant Stress
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Direct monitoring provides physiological insights into a crop's hydration state.

e Sap Flow Sensors: Measure the movement of water through the plant stem to quantify
actual transpiration.

o Dendrometers: Monitor micro-variations in stem diameter; rapid shrinkage is a sensitive
early indicator of water stress.

e Thermal Sensors: Use infrared technology to detect canopy temperature increases that
signal thirst before visible symptoms appear.

Integrated Control and Digital Management

Modern systems integrate delivery hardware with digital decision-support platforms to

automate farm management.

A. Smart Irrigation Controllers

Weather sensors

Weather-Based (WBICs): Use real-time meteorological data like temperature and humidity
to calculate daily water requirements.

Sensor-Based: Create closed-loop systems that automatically start or stop pumps based on
predefined moisture thresholds.

10T and Cloud Integration: Wireless sensor networks aggregate field data, allowing farmers
to monitor moisture levels and control pumps remotely via mobile apps.

FAgri Fxticles ISSN: 2582-9882 Page 1106

Ear de e de e e Ao de o O e Lo e O Ao Lo de O e Lo 0o e e Ae de G de e de G e e de dv Oe Ao 1o 1o de O e e Ao to de D dr de 1o 1o de dv O O



parde de de de de Ao de Ao he Ao e Ae Ao Ao Ao e e A A e e A e A U U O O Or Up Ov dv dv dv g de de de Ao 1o e e dr Ov O de de de Ae Ae e e Or

Reddy (2026) Agri Articles, 06(01): 1102-1110 (JAN-FEB, 2026)

C. Remote Sensing: Drones and satellites provide high-resolution multispectral imagery to
compute vegetation indices like Normalized Difference Vegetation Index (NDVI),
identifying stress patterns across large farms to guide precision application.

Summary of Irrigation Performance

The following table compares the efficiency and impact of various precision techniques
against traditional methods.

Surface Flooding 3040 Baseline Baseline
Sprinkler System 65-75 30-40 15-25
Drip Irrigation 85-95 50-65 20-40
Micro-sprinkler 70-85 35-50 15-30
Subsurface Drip 90-95 55-70 25-45

Challenges

Financial Barriers: High initial capital requirements, ranging from 350,000 to 3150,000
per hectare, often deter farmers who lack access to institutional credit.

Land Fragmentation: National land holdings average just 1.08 hectares; these
Knowledge Gaps: A lack of technical expertise frequently leads to improper system
operation or inadequate maintenance.

Infrastructure Deficits: Erratic rural electricity supply and poor water quality can
negatively affect system performance and shorten equipment lifespan.

Precision Irrigation’s Water and Environmental Productivity Assessment

Water Productivity (WP): Precision systems can achieve WP values of 0.8-1.5 kg/m3
for cereals and up to 8.0 kg/m?3 for vegetables, compared to much lower values under
traditional flooding.

Economic Returns: Optimized management can yield monetary returns ranging from
%20 to X100 per cubic meter of water used.

Environmental Protection: Precision application minimizes nitrate leaching into
groundwater and reduces surface runoff, which protects soil from erosion.

Carbon Footprint: Carbon assessments indicate a 30-50% reduction in emissions
compared to flood irrigation, largely due to reduced energy requirements for pumping.

Water Productivity Improvements Through Precision Irrigation

Cereals 0.4-0.6 0.8-1.5 100-150% 3,000-5,000 20,000-40,000

Pulses 0.3-0.5 0.6-1.0 100-120% 1,500-2,500 15,000-30,000

Oilseeds 0.2-04 0.5-0.8 150-200% 2,000-3,000 25,000-45,000

Vegetables 2.0-4.0 4.0-8.0 100-120% 2,500-4,000  50,000-150,000

Fruits 1.5-3.0 3.0-6.0 100-120% 4,000-6,000 100,000-300,000

Sugarcane 5.0-8.0 10.0-15.0 100-125%  6,000-10,000  40,000-80,000

Cotton 0.15-0.25 0.35-0.50 133-150% 2,500-3,500 30,000-60,000

(Source: Ministry of Jal Shakti — Bureau of Water Use Efficiency Report)

Case Studies and Success Stories of Precision Irrigation in India
Real-world deployments across India demonstrate the technical robustness and economic
viability of precision irrigation systems, while the country’s highly varied agro-climatic zones
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demand location-specific design, scheduling, and management strategies for their effective

adoption.

> Maharashtra’s Drip Revolution: In the Jalgaon district, farmers transitioning from
furrow to drip irrigation in sugarcane reported water savings of 45-55% and yield
increases of 25-35%. This was supported by contract farming models providing technical
and financial assistance.

> Punjab’s Tensiometer Network: To address the groundwater crisis, community-
managed networks using low-cost tensiometers were deployed across 50,000 hectares.
Combined with laser land levelling, this reduced water application by 20-30% in rice-
wheat systems.

> Andhra Pradesh’s Micro-Irrigation Mission: This state-wide program covers 2.5
million hectares, benefiting 1.8 million farmers. By linking IoT sensors to command
centers, the state enables real-time monitoring and rapid problem resolution for
smallholders.

> Northwestern Plains (Punjab and Haryana): These regions prioritize high-efficiency
systems for water-intensive staples like rice and wheat to combat severe groundwater
depletion. Drip irrigation in paddy through direct seeded rice (DSR) techniques has
demonstrated water savings of up to 60%.

> Southern Peninsula (Karnataka and Tamil Nadu): These states leverage precision
tools for high-value horticultural clusters. Karnataka leads in micro-irrigation for
sugarcane and pomegranate, while Tamil Nadu integrates drip systems with mulching for
banana and coconut plantations.

> Arid West (Rajasthan and Gujarat): Rajasthan utilizes drip irrigation for pearl millet
and cluster beans to supplement rainfed farming. Gujarat has seen widespread success
with micro-sprinklers for groundnut and cotton crops.

> Karnataka’s Ramthal Project: Asia’s largest integrated drip irrigation project, covering
24,000 hectares, proves that community-managed precision is possible.

> Haryana’s "Mera Pani Meri Virasat'": A successful policy-driven crop diversification
from paddy to maize using micro-irrigation incentives.

Global Market Potential (2025-2030)

The global precision irrigation market is projected to grow from USD 9.56 billion in 2025 to
USD 16.98 billion by 2032, at a CAGR of 8.47% (Research and Markets, 2025). Drivers
include the "net-zero" corporate pledges and rising food prices.

Indian Market Potential (2025-2030)

India is the fastest-growing market in the Asia-Pacific. The India Precision Irrigation
Market is valued at USD 0.71 billion in 2025 and is expected to reach USD 1.19 billion by
2030 with 10.9% CAGR. (Research and Markets, 2025)

Government Support & Policy Framework

v PMKSY (Pradhan Mantri Krishi Sinchai Yojana) - (Per Drop More Crop): The
flagship scheme has covered 95.58 lakh hectares with a total release of 321,968 crore
(2016-2025).

v Ministry of Jal Shakti / National Water Mission: Driving the "Jal Shakti Abhiyan-
Catch the Rain" campaign and the Bureau of Water Use Efficiency (BWUE), which
targets a 20% improvement in WUE.

v Atal Bhujal Yojana: A 26,000 crore scheme focusing on community-led groundwater
management in 7 states.

v Central Ground Water Board (CGWB): Provides the NAQUIM (National Aquifer
Mapping) data essential for precision planning.

Role of Financial Institutions
Banking giants like State Bank of India (SBI) and NABARD are bridging the credit gap.
SBI’s Agri-Term Loans offer competitive rates (7.5-9.75%) for installing micro-irrigation
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systems. NABARD’s Micro Irrigation Fund (MIF), with a doubled corpus of ¥10,000
crore, allows states to provide additional top-up subsidies, making the technology affordable
for the poorest farmers.

Recommendations and the Way Ahead for Precision Irrigation

The Data & Digital Revolution

The transition from manual scheduling to predictive automation is the cornerstone of

modern irrigation.

e Al-Driven Forecasting: Using machine learning to process ETc (crop
evapotranspiration) data alongside real-time soil moisture sensor feeds allows for precise
"just-in-time" watering.

o Digital Twins: Creating a virtual replica of a farm allows managers to run "what-if"
scenarios to optimize water distribution without risking actual crop stress.

e Blockchain Accounting: Provides an immutable ledger for water usage, which is
essential for carbon credit verification and water-trading schemes.

Next-Gen Material Science

Future-proofing irrigation involves looking at the molecular level to improve efficiency and

reduce environmental impact.

e Nanotechnology: "Smart" delivery systems can utilize nano-encapsulated water droplets
that release only when triggered by specific chemical signals from plant roots.

o Biodegradable Sensors: To prevent "electronic trash™ in fields, sensors made of organic
materials can monitor soil health and then naturally decompose at the end of the season.

The Circular Economy: Waste-to-Wealth

Sustainability is achieved by treating wastewater and agricultural by-products as valuable

resources rather than liabilities.

e Treated Municipal Wastewater: Utilizing 1C-EcoWS (Innovation Centre for Eco-
Prudent Wastewater Solutions), urban sewage is recycled into nutrient-rich water. This
provides a reliable, climate-resilient supply that reduces groundwater dependency and
adds essential minerals to crops.

e Agro-Industrial Waste: Processed via Vermicomposting or enzyme technology,
residues like rice husks become potent bio-fertilizers. These amendments improve Soil
Organic Carbon (SOC), enhancing moisture retention and maximizing the efficiency of
every drop applied.

e Livestock and Animal Waste: Through Anaerobic Biogas Digestion, manure produces
clean energy and organic slurry. Methane powers irrigation pumps, while the nutrient-
dense digestate is used for Fertigation, delivering liquid gold directly to the roots.

e Crop Residues to Biochar: Using Pyrolysis, biomass is converted into Biochar. This
stable carbon acts as a permanent soil sponge, significantly increasing water-holding
capacity and preventing nutrient leaching, making precision systems far more effective.

Socio-Economic Scaling Models

High-tech tools are only effective if they are accessible to smallholder farmers. The "Way

Ahead" focuses on democratizing technology.

e Irrigation-as-a-Service (laaS): Startups provide mobile-controlled pumping and
precision drip setups where farmers pay based on volume (kg/m3) rather than owning
expensive hardware.

e Community-Led Resource Management: Empowering Farmer Producer Organizations
(FPOs) and women-led Self-Help Groups (SHGS) to centralize the management of Water
User Associations. This model ensures the equitable distribution of water resources and
the efficient "Uber-ization" of precision farming equipment through localized leadership.

Integrated Farming Systems

Precision irrigation should not exist in a vacuum; it must be integrated into modern urban and

peri-urban farming architectures.
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e Hydroponics & Vertical Farming: Utilizing treated wastewater in controlled
environments to maximize yield per drop.

o Renewable Synergy: Coupling solar-powered pumps with precision sensors to ensure
that the energy used for water delivery is as green as the water itself.

Conclusion

Precision irrigation marks India’s decisive shift from flood-based excess to fine-tuned water
stewardship. By combining drip, sprinkler, protected cultivation, and sensor-driven
automation, farmers can routinely save 30-65% water while boosting yields and water
productivity. Public policy (PMKSY, NWM, Atal Bhujal, CGWB’s NAQUIM) now
converges with digital tools, circular bioeconomy innovations, and climate-resilient water
sourcing to mainstream these practices. Banks such as SBI, through YONO Krishi and
targeted agri-term loans, along with NABARD’s refinance and Micro Irrigation Fund, are
turning high upfront costs into manageable investments. With finance, technology, and
community institutions aligned, precision irrigation can secure India’s hydrological future
and sustain its role as a resilient food provider.
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