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Efficient irrigation management is essential for improving crop productivity and water use efficiency in semi-arid regions facing increasing water scarcity. The present study evaluated the performance of a sensor-based precision irrigation system in tomato cultivation under greenhouse and open field conditions in the semi-arid climatic region of Madakasira, Andhra Pradesh. Hybrid tomato (Saaho TO-3251) was grown under two cultivation environments: protected greenhouse conditions with sensor-based automated drip irrigation and open-field conditions with conventional drip irrigation scheduling. Total seasonal water use was 312 mm under greenhouse conditions and 428 mm in the open field. The greenhouse system produced a yield of 125 t ha⁻¹ compared to 60 t ha⁻¹ in the open field. Water use efficiency was higher under greenhouse cultivation due to reduced evapotranspiration losses and precise irrigation scheduling based on soil moisture thresholds (23–28%). Sensor-based irrigation reduced overall water application by approximately 27% compared to conventional scheduling. The results indicate that integration of soil moisture sensors with automated irrigation in protected cultivation can improve water productivity and crop performance in drought-prone semi-arid regions.
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1. Introduction
Water scarcity and climate variability are major constraints affecting agricultural productivity in semi-arid regions of India. Increasing temperature trends, erratic rainfall distribution and declining groundwater availability have significantly affected irrigation-dependent agriculture (Deveci et al., 2025). Semi-arid regions are particularly vulnerable due to high evaporative demand and limited groundwater recharge. In many parts of southern India, including drought-prone regions such as Madakasira in Andhra Pradesh, agriculture is heavily dependent on uncertain monsoon rainfall and over-exploited borewell irrigation. As groundwater levels continue to decline and pumping costs increase, small and marginal farmers face severe economic and production risks. As a result, improving irrigation efficiency has become a critical priority for ensuring long-term agricultural sustainability and food production stability.
Traditional irrigation practices often result in inefficient water application, leading to excessive runoff, deep percolation losses, uneven water distribution, poor soil moisture management and ultimately reduced crop yield. Surface irrigation systems generally exhibit lower water application efficiency compared to drip irrigation systems (Salokhe et al., 2005). Drip irrigation has been shown to significantly improve water use efficiency (WUE) and crop productivity in tomato cultivation (Gulshan Mahajan and Singh, 2006). However, irrigation scheduling based on fixed time intervals rather than actual crop water demand often causes either water stress or waterlogging. Under such conditions, optimizing irrigation scheduling based on real-time crop water requirements rather than conventional practices is essential for enhancing productivity while conserving scarce water resources (Zhu et al., 2022).

Protected cultivation, especially greenhouse farming, has gained importance due to its ability to create a controlled microclimate that enhances crop growth and yield. Greenhouse systems regulate environmental parameters such as temperature and humidity, which significantly influence plant physiological processes (Carrara et al., 2008). Studies have reported that greenhouse tomato cultivation results in improved growth and higher yields compared to open field conditions (Chacha et al., 2023; Kancheva et al., 2022). Compared to open field cultivation, greenhouse systems reduce evapotranspiration losses, maintain stable temperature and humidity, and improve resource use efficiency. However, improper irrigation management inside greenhouses can still reduce water use efficiency and negatively affect crop performance, highlighting the importance of precise irrigation scheduling (Salokhe et al., 2005).
Precise irrigation scheduling remains a key factor influencing productivity under both cultivation systems. Over-irrigation can lead to root diseases, nutrient leaching and oxygen deficiency in the root zone, while under-irrigation results in water stress and reduced photosynthetic activity. In open field conditions, climatic variability further complicates irrigation decisions due to fluctuating temperature and radiation levels. Therefore, scientific irrigation management based on real-time soil and environmental monitoring is essential for achieving optimal plant growth and improving water productivity (Zhu et al., 2022).
Recent advancements in sensor technology and Internet of Things (IoT)-based automation have enabled the development of smart irrigation systems capable of real-time monitoring and control (Shenan et al., 2017; Sivagami et al., 2021). Soil moisture sensors integrated with microcontrollers can automate irrigation based on threshold soil moisture levels rather than fixed scheduling (Alagarsamy et al., 2023). Furthermore, integration of multi-source environmental data has been shown to enhance prediction accuracy of crop water requirements in greenhouse tomato production systems (Lv et al., 2025). These systems provide continuous data, enabling dynamic decision-making and precise water application.
Sensor-based irrigation systems have been reported to reduce water consumption while maintaining or improving yield performance (Alagarsamy et al., 2023). By supplying water only when soil moisture falls below predefined levels, such systems enhance water use efficiency and reduce energy consumption. Improved synchronization between irrigation and crop demand ultimately contributes to higher yield and resource conservation (Zhu et al., 2022).
Tomato (Solanum Lycopersicum) is a high-value and water-sensitive crop widely cultivated under both protected and open field conditions. Tomato yield and fruit quality are highly influenced by irrigation management practices (Gulshan Mahajan and Singh, 2006). Water stress during flowering and fruit setting stages can significantly reduce yield and market quality. Studies have demonstrated that optimized drip irrigation scheduling in greenhouse tomatoes significantly improves plant growth, yield and water productivity (Salokhe et al., 2005; Kancheva et al., 2022).
Despite the availability of drip irrigation systems, many farmers continue to rely on subjective irrigation scheduling, which may not accurately reflect soil moisture status. Comparative studies evaluating sensor-based precision irrigation under both greenhouse and open field conditions in semi-arid agro-climatic regions of India remain limited. Therefore, there is a need to assess whether smart irrigation systems can significantly improve water productivity and yield performance under different cultivation environments.
The present study is therefore undertaken to evaluate the performance of a sensor-based precision drip irrigation system under greenhouse and open field tomato cultivation in semi-arid conditions of Madakasira. By assessing growth parameters, yield performance and water use efficiency, this study aims to contribute toward the development of sustainable and climate-resilient irrigation strategies for water-scarce regions.

2. Material and Methods
Study Area
The experiment was conducted at the College of Agricultural Engineering, Madakasira located in Sri Sathya Sai District, Andhra Pradesh, India at an elevation of 641.6 m above mean sea level. The region falls under a semi-arid climatic zone with an average annual rainfall of about 560 mm. The soil of the experimental field was clay loam in texture, neutral in soil reaction, low in organic carbon, nitrogen, phosphorus and potassium.
Experimental Design
The experiment consisted of two treatments:
· T1 Greenhouse with sensor-based drip irrigation
· T2: Open field with drip irrigation (conventional)
Climatic Conditions
The climatic conditions of Madakasira are characterized by high temperature and low precipitation. The average air temperature is about 28.42°C, with a maximum of 40.3°C and a minimum of 15.5°C. The relative humidity ranges from 41% to 85%, and the average wind speed is around 10.3 km hr-¹, indicating high evaporative demand.
Greenhouse Structure
A Quonset-type greenhouse of 12 × 12 m dimension was constructed using PVC pipes placed 1.25 m apart to form an arch structure. The roof and gable ends were covered with polyethylene film to maintain a controlled microclimate suitable for crop growth.

Crop Details
Hybrid tomato variety Saaho (TO-3251) was used for the experiment. Thirty-day-old seedlings were transplanted with plant spacing of 40 cm and row spacing of 50 cm. The crop duration ranged from 90 to 150 days and transplanting method was adopted for cultivation in both greenhouse and open field plots.
Sensor-Based Automation System
The greenhouse system was equipped with the following hardware components:
· Soil moisture sensor
· Humidity sensor
· LDR (light sensor)
· LCD module
· Relay module
· Arduino UNO microcontroller
· Cooler motor and axial fan
Soil Moisture Sensor
The soil moisture sensor is used to measure the water content present in the soil and plays a vital role in automated irrigation systems. It works by detecting changes in the electrical properties of the soil. In smart irrigation applications, a capacitive soil moisture sensor is commonly used because it is more durable and resistant to corrosion compared to resistive types. The sensor measures volumetric water content by sensing changes in dielectric permittivity of the soil and provides an analog voltage output proportional to moisture level. Typically, the sensor operates at 3.3V to 5V DC, with an output voltage range of approximately 0–3V (analog). It can measure soil moisture from 0% (dry soil) to 100% (fully saturated soil). The sensor is directly connected to the analog input pins of the Arduino UNO. Based on the threshold value programmed in the microcontroller, irrigation is activated when soil moisture falls below the desired level, ensuring precise water application.
Humidity Sensor
The humidity sensor is used to measure the relative humidity of the surrounding air and often also provides temperature readings. Commonly used sensors include DHT11 and DHT22. These sensors work using a capacitive humidity sensing element and a thermistor to measure environmental conditions and provide calibrated digital output. The DHT11 operates at 3–5V DC, measures humidity in the range of 20–90% RH with an accuracy of ±5%, and temperature from 0–50°C with ±2°C accuracy. The DHT22 offers improved performance, operating at 3–6V DC, measuring humidity from 0–100% RH with ±2–3% accuracy, and temperature from –40 to 80°C with ±0.5°C accuracy. The sensor communicates digitally with the Arduino, reducing signal noise and improving reliability. It helps maintain optimal humidity conditions, especially in greenhouse cultivation.
LDR (Light Dependent Resistor)
The LDR, or light sensor, is used to measure the intensity of light in the environment. It works on the principle of photoconductivity, where the resistance decreases as the intensity of light increases. Under dark conditions, the resistance may exceed 1 MΩ, while under bright light it can drop below 10 kΩ. The LDR operates within a 3.3–5V DC circuit, usually configured in a voltage divider arrangement to produce an analog voltage output that is read by the Arduino. It does not measure light in exact lux units unless calibrated but provides relative light intensity data. Monitoring light intensity is important because sunlight influences evapotranspiration, plant growth rate, and greenhouse temperature.
LCD Module (16×2 Display)
The LCD module is used to display real-time data such as soil moisture level, temperature, humidity, and system status (pump ON/OFF, fan ON/OFF). A commonly used module is the 16×2 alphanumeric LCD, which can display 16 characters per line across 2 lines. It typically operates at 5V DC and can be interfaced in 4-bit or 8-bit parallel mode, or through an I2C interface module to reduce the number of Arduino pins required. The LCD includes an LED backlight for visibility and consumes low power. This display enhances user interaction by providing continuous monitoring of environmental parameters and system operations.
Relay Module
The relay module functions as an electrically operated switch that allows the low-voltage Arduino controller to operate high-voltage devices such as water pumps, cooler motors, and fans. It provides electrical isolation between the control circuit and the power circuit, ensuring safety. A standard 5V single-channel relay module operates with a 5V DC control signal and can switch loads up to 250V AC at 10A or 30V DC at 10A. It contains a transistor driver circuit and opto-isolator (in some models) for protection. When the Arduino sends a signal, the relay energizes and completes the circuit to power the connected device.
Arduino UNO Microcontroller
The Arduino UNO is the central processing unit of the smart irrigation system. It is based on the ATmega328P microcontroller and controls all sensing and switching operations. It reads input data from sensors, processes it according to programmed threshold values, and controls output devices through relays. The Arduino UNO operates at 5V DC, has a 16 MHz clock speed, and provides 14 digital I/O pins (6 with PWM capability) and 6 analog input pins. It contains 32 KB flash memory, 2 KB SRAM, and 1 KB EEPROM. The board can be powered through USB or an external power supply (7–12V DC). Its simplicity, reliability, and compatibility with various sensors make it suitable for precision agriculture applications.
Cooler Motor and Axial Fan
The cooler motor and axial fan are used to regulate temperature and airflow, particularly in greenhouse environments. The cooler motor typically drives an evaporative cooling system or water circulation mechanism to reduce internal temperature. Depending on the model, it may operate at 12V DC or 230V AC. The axial fan is used for ventilation and air circulation. It commonly operates at 12V DC or 230V AC, with speeds ranging from 1500 to 3000 RPM and airflow capacity between 100–300 CFM (Cubic Feet per Minute). These devices are activated through the relay module when temperature or humidity exceeds preset limits. Proper ventilation reduces heat stress, maintains uniform temperature distribution, and improves crop growth conditions.
Together, these components form an integrated smart irrigation and environmental control system. The sensors continuously monitor soil and atmospheric parameters, the Arduino processes the data, the relay controls high-power devices, and the cooling system maintains favorable microclimatic conditions. This integration enhances water use efficiency, reduces manual intervention, and supports sustainable crop production under greenhouse conditions.
Observations recorded
Growth parameters like plant height, leaf area, number of branches plant-1 number of leaves plant-1 and stem thickness were recorded and tabulated.
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Fig: 1 Connection Overview


3. Results and discussions
The data pertaining to growth parameters of tomato viz., Growth parameters like plant height, leaf area, number of branches plant-1 number of leaves plant-1 and stem thickness were recorded and presented in the Table 1.
Growth parameters 
Plant growth increased progressively from 30 to 75 days after transplanting (DAT) under both cultivation systems. However, plants grown under greenhouse conditions showed greater vegetative development compared to open-field plants.
Plant height
Plant height increased progressively from 30 to 75 DAT under both growing conditions. However, plants grown in the greenhouse recorded greater height at all stages compared to the open field. At 75 DAT, greenhouse plants reached 107.8 cm, whereas open-field plants attained only 67.4 cm. The enhanced height under greenhouse conditions may be attributed to favourable microclimatic factors such as optimal temperature, higher relative humidity and reduced wind stress, which promote cell elongation and vegetative growth. In contrast, open-field conditions expose plants to environmental fluctuations, limiting vertical growth.


Number of branches plant-1
Branch number increased substantially with crop age in both environments. At 60 DAT, greenhouse plants produced 20 branches compared to 18 in the open field, and at 75 DAT, 31 and 29 branches were recorded, respectively. The slightly higher branching under greenhouse conditions could be due to better nutrient uptake and reduced environmental stress, leading to enhanced lateral bud development. Environmental stresses in the open field may have slightly restricted branching potential.
Table 1: Growth parameters of tomato under greenhouse and open field conditions
	Treatments
	Plant height (cm)  
	Number branches of plant-1
	Number of leaves plant-1
	Stem thickness
plant-1
	Leaf area index

	Green house plot

	30 DAT
	28.0
	8
	35
	5.4
	0.24

	60 DAT
	61.1
	20
	101
	8.4
	0.72

	75 DAT
	107.8
	31
	145
	11.5
	0.52

	Open field plot

	30 DAT
	23.0
	7
	27
	4.6
	0.15

	60 DAT
	43.2
	18
	90
	7.2
	0.45

	75 DAT
	67.4
	29
	141
	9.8
	0.29



Number of leaves plant-1
Leaf production followed a similar increasing trend with crop age. Greenhouse plants recorded 35, 101 and 145 leaves at 30, 60 and 75 DAT, respectively, while open-field plants produced 27, 90 and 141 leaves at corresponding stages. The results show that leaf development was faster in the greenhouse during the early growth stages. However, as the crop matured, the difference in leaf count between the two conditions became minimal. Overall, greenhouse conditions promoted slightly better leaf growth while open field plants gradually caught up by harvest.

Stem thickness plant-1
Stem thickness increased steadily with plant age in both treatments. Greenhouse plants recorded greater stem thickness at all stages (11.5 mm at 75 DAT) compared to open-field plants (9.8 mm at 75 DAT). Thicker stems under greenhouse conditions suggest better assimilate accumulation and structural development, possibly due to enhanced photosynthetic activity and reduced mechanical stress. In open-field conditions, environmental stresses may have limited stem girth expansion.

Leaf area index
Leaf Area Index (LAI) is an important growth parameter that represents the total leaf area per unit ground surface area, expressed as the ratio of leaf area (m²) to ground area (m²). It is measured either by direct methods, involving destructive sampling and leaf area determination using a leaf area meter or length × breadth × correction factor, or by indirect methods such as optical canopy analyzers and digital image analysis based on light interception. LAI increased up to 60 DAT and declined slightly at 75 DAT in both environments. The highest LAI was recorded at 60 DAT under greenhouse conditions (0.72), followed by open field (0.45). The decline at 75 DAT may be attributed to leaf aging, shading effects, and the onset of reproductive growth leading to partial senescence. The consistently higher LAI under greenhouse conditions indicates better canopy development and greater photosynthetic surface area due to a favourable microclimate that supports enhanced vegetative growth.
Gross yield  
Open field  
The average fruit weight per plant was 1.2 kg, resulting in a total yield of 600 kg per plot, which is equivalent to 60 tonnes per hectare.
 Greenhouse  
The average fruit weight per plant was 2.5 kg, resulting in a total yield of 1250 kg per plot, which corresponds to 125 tonnes per hectare.
Irrigation management 
Calculation of operation time of Drip system for Open Field  
For a crop water requirement of 4.1 mm day⁻¹ over 100 m² area, the daily water requirement was 410 L (4.1 × 100). With 500 emitters of 3 L h⁻¹ discharge, the total discharge rate was 1500 L h⁻¹, resulting in an irrigation time of 0.273 h (≈17 minutes) per irrigation. Since irrigation was applied twice a week, the weekly water requirement was 820 L, and for a 12-week crop period the total irrigation water applied was 9840 L.
Green house Drip irrigation system 
It senses the soil moisture content if it has less than 40 % then directly it will irrigate.  
Calculation of operation time of Drip system for Green House   
For a crop water requirement of 3.1 mm day⁻¹ over 100 m² area, the daily water requirement was 310 L (3.1 × 100). With 500 emitters of 3 L h⁻¹, the total discharge rate was 1500 L h⁻¹, resulting in an irrigation time of 0.206 h (≈14 minutes) per irrigation. With irrigation applied twice a week, the weekly requirement was 620 L and the total water applied over 12 weeks was 7,440 L.

4. Conclusion 
The study demonstrated that sensor-based precision irrigation under greenhouse conditions improved tomato yield, water use efficiency, and resource conservation in semi-arid regions. The greenhouse system achieved 37.8% higher yield than open field cultivation while reducing seasonal water use by 27% (312 mm vs. 428 mm). The automated system maintained optimal soil moisture levels (23–28%), which enhanced vegetative growth, leaf development, and fruit formation. Reduced irrigation frequency and precise drip application minimized water losses and moisture stress during critical growth stages. Integration of soil moisture and environmental sensors with Arduino-based automation improved irrigation accuracy and reduced manual intervention. Overall, sensor-based precision irrigation with protected cultivation proved to be a sustainable and climate-resilient approach for enhancing tomato productivity and water use efficiency in drought-prone semi-arid regions.
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