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ABSTRACT
Lysimeters constitute a fundamental class of scientific instrumentation for resolving soil-plant-atmosphere water exchange, offering direct measurements of evapotranspiration (ET), deep percolation, drainage, and soil-water balance components. The design and development of lysimeters have significantly progressed to ensure optimal performance across variable and complex agro-ecological regions. Modern lysimeters use precise load cells and automated data capture mechanism to boost ET measurement accuracy and enable better irrigation management. Advances in microcontrollers, data loggers, and wireless telemetry now enable continuous monitoring of mass changes, drainage, and soil moisture, supporting experiments in both controlled and field conditions. Contemporary research increasingly focuses on IoT-enabled sensors, cloud data storage, and automated controls to generate accurate datasets for model calibration, irrigation planning, hydrological simulations. Mechanical and environmental errors have been minimized due to advances in structural design, foundation stability and sensor calibration. The adoption of mini-lysimeters for containerized crops and the use of large-scale field lysimeters for full canopy systems illustrate the expanding versatility of device in agricultural water management, crop physiology studies, and climate-responsive irrigation research. Progression from basic manual weighing systems to fully automated coupled with high resolution monitoring platforms has increased the significance of lysimeter-based measurements. Collectively, the reviewed literature study demonstrates that modern lysimeter technologies have become indispensable tools for evolving precision irrigation, enhancing crop water-use efficiency, and enabling robust, data-driven agriculture under wide-range of framing environments. 
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1.| INTRODUCTION
Lysimeter can be defined as a device filled with soil or other media for measuring the soil water balance in agriculture by measuring the amount of infiltration and evapotranspiration in natural conditions. While the term “lysimeter” is derived from two Greek words: “lysis” which means dissolution or movement and “metron” which is to measure(Puppo et al., 2014). Lysimeters enables the study of various processes involved with the hydrological cycle. It can be installed in open fields in outdoor environment or indoors in a climate-controlled chamber. Description of lysimeters can be also done as a device that isolates a volume of soil or earth between the soil surface and a given depth and includes a percolating water sampling system at its bottom(Sołtysiak & Rakoczy, 2019). The earliest instance of use of lysimeter can be traced back to simple three-containers constructed by De La Hire in 17th century(LI et al., 2024). This kind of lysimeter measured the evapotranspiration of grassland and bare land by observing the changes associated with volume of water under different treatments. There is probability of lysimeter being constructed by Johann Baptist Van Helmont in Netherlands in around 1620(Howell et al., 1991). Growth of a tree in precisely weighed amount of soil was observed by feeding it with water. But the fact that this study did not concern the water balance principle, De La Hire can be considered as true mastermind behind the construction(Dabrowska & Rykala, 2021).
Various lysimeters designs have been adapted, numerous constructions, there duplications have been done. However, no single design can be considered as the standard. The best suitable design can be achieved by understanding the specific purpose of the experiment, the geological and climatic conditions of the experimental site. There is no universal methodology for conducting the research including lysimeter. The uniqueness involved is in the construction where the basic parameters like depth, measuring instrumentation, diameter of the container vary(Sołtysiak & Rakoczy, 2019). A lysimeter is considered an essential instrument in agricultural research which is used to measure numerous aspects of water movement in soils, evapotranspiration, percolation and drainage. Although lysimeters can measure soil water changes. Nevertheless, their low resolution and poor accuracy restrict their application. Hence, numerous researches have been conducted focusing on high-precision lysimeters involving complex structures, designs incorporating remote measurements, automated devices and wireless communication technology. 
Lysimeters have undergone notable improvements in terms of manufacturing and construction materials, size, hardware components(Mertens et al., 2005). Structure, dimensions and measurement performances have been updated from time to time. The primary aim of this study is to comprehensively review, analyse, and synthesize global advancements in the design, calibration, automation, and application of lysimeter systems particularly those integrated with Internet of Things (IoT) and sensor-based technologies for accurate evapotranspiration (ET) measurement, real-time soil–water balance monitoring, and precision irrigation scheduling. The study seeks to evaluate how technological innovations, ranging from high-precision load cell configurations to cloud-based data acquisition, have transformed lysimeter functionality from traditional manual systems into intelligent, automated, and scalable platforms. In particular, this review aims to identify the evolution of lysimeter construction from large, field-scale installations designed for long-term water balance studies to compact, low-cost, and IoT-enabled micro and mini-lysimeters suitable for greenhouses, pots, and controlled environments. These applications demonstrate the versatility of lysimeters as comprehensive tools for understanding soil–plant–atmosphere interactions under both field and controlled environments.
This literature review is structured to provide a comprehensive, thematic analysis of lysimeter technology, focusing on both traditional and smart (digital/IoT-enabled) implementations. Sources were selected to represent the breadth of lysimeter research, covering peer-reviewed articles, recent advancements, case studies, and experiment reports spanning various climatic regions, soil types, sensor technologies, and application scales.
The first stage involved classification and comparison of lysimeters by mechanical operation: suspended, weighable gravitation, lever-based, and gravity-flow types. For each, the review examined the underlying principle. Special emphasis was placed on hardware evolution: from mechanical balances to high-resolution electronic load cells, sensors for soil moisture/temperature, integrated environmental modules, and power management for autonomous operation. Data acquisition and logging methodologies were critically addressed, evaluating advances from manual records and local electronic data loggers. Validation of lysimeter measurements was explored through a review of commonly used models and metrics, including water balance equations, regression analysis, RMSE, R², and emerging machine learning algorithms. Comparative sections highlighted deployment in diverse environments which is open field, greenhouses, controlled laboratory chambers, and with different crops and soils, explaining design adaptations for each scenario. 







2.| TYPES OF LYSIMETERS
1. Weighing Lysimeters
2. Non-weighing Lysimeters.
2.1| Weighing Lysimeters
Weighing lysimeters are the most precise instruments for determining evapotranspiration (ET) by continuously monitoring the mass change of a soil–plant system(Anderson et al., 2022) . Unlike non-weighing lysimeters, which calculate ET indirectly from inflow and outflow measurements, weighing lysimeters provide direct, high-resolution measurements of water loss over time. The basic operating principle relies on the water balance equation, where all water inputs and outputs are accounted for in terms of mass or volume change(Brown et al., 2021).
Mathematically, the evapotranspiration is expressed as:

where
· = Change in lysimeter weight,
· = Precipitation,
· = Irrigation,
· = Dew deposition,
· = Runoff,
· = Seepage or drainage,
· = Biomass change,
· = Evapotranspiration,
· = Capillary rise.
In most field applications, the effects of dew, biomass growth, and capillary rise are negligible compared to other terms. Thus, the simplified water balance equation becomes:

Here, the irrigation amount and rainfall are recorded, the seepage and runoff are measured, and the change in lysimeter weight is determined from continuous weighing. The direct mass-based estimation of ET makes the weighing lysimeter a fundamental instrument for precise hydrological, agronomical, and irrigation studies.
Depending on the mechanical design used to measure weight change, weighing lysimeters are classified into three main types:
1. Suspended lysimeters,
2. Weighable gravitation lysimeters, and
3. Lever lysimeters.
Each type has distinct structural configurations and operational features, suitable for different scales of experimentation and environmental conditions.

2.1.1 | Suspended lysimeters
A typical suspended lysimeter is designed as a precision weighing instrument that measures small variations in soil water content by detecting changes in the total mass of a soil–plant system. It generally consists of a steel-framed soil container, known as the experimental soil box, which is suspended using steel wire ropes or rods attached to a balance arm or counterweight system. The counterweight mechanism is carefully designed to offset most of the static load of the soil box, thereby isolating and amplifying the smaller mass variations caused by water loss through evapotranspiration or water gain through irrigation or rainfall(Gao et al., 2025). The major components of a suspended lysimeter include the soil box, which holds undisturbed or repacked soil and vegetation; a suspension system made up of steel wires, pulleys, or rods that maintain the position of the soil box; a counterweight mechanism that balances the static load to enhance the sensitivity of measurement; a displacement sensor or load cell that detects variations in tension or angular displacement; and a data acquisition unit that converts these signals into digital readings of mass change and transmits them for processing and analysis.
The working principle of the suspended lysimeter is based on detecting mass variations due to evapotranspiration(Sołtysiak & Rakoczy, 2019). As water is lost from the soil surface and through plant transpiration, the total mass of the soil–plant system decreases, leading to a corresponding change in tension in the suspension wires and an alteration in the angle or displacement of the balance arm. These mechanical changes are sensed by the displacement or load sensors, which convert them into electrical signals proportional to the change in mass. By integrating these mass change data with concurrent records of precipitation, irrigation, and drainage, the total evapotranspiration can be accurately estimated using the water balance equation. This enables researchers to quantify water loss with high temporal precision, which is essential for understanding crop water use dynamics and calibrating models of soil moisture and evapotranspiration.
The inclusion of high-resolution displacement sensors, digital signal processors, and automated data logging systems has substantially increased the precision, allowing for continuous and real-time monitoring of evapotranspiration under diverse environmental conditions. Modern suspended lysimeters often feature wireless data transmission and digital calibration routines that improve usability and reduce manual intervention(Dong & Hansen, 2023). However, despite these advancements, suspended lysimeters continue to face several inherent limitations. One major challenge lies in their sensitivity to environmental disturbances, particularly wind-induced vibrations and temperature fluctuations which can introduce noise or drift into measurements. The suspension wire’s thermal expansion and contraction can alter tension and affect readings, requiring frequent recalibration. Another limitation is the need to maintain a stable center of gravity in the soil box; any tilting or uneven distribution of soil or vegetation can lead to significant measurement errors. Large-scale suspended lysimeters also demand robust structural support and are difficult to install and maintain, especially in open-field environments where environmental forces are unpredictable. These challenges have restricted their widespread use in long-term field experiments, despite their high sensitivity and accuracy in controlled or semi-controlled conditions.
2.1.2| Weighable gravitation lysimeters
The weighable gravitation lysimeter represents a more direct and technologically advanced approach for accurately determining evapotranspiration compared to earlier designs. In this system, the experimental soil box is placed directly on a weighing platform that integrates high-precision load cells or pressure sensors capable of continuously measuring small variations in mass. This design eliminates the need for mechanical levers, counterweights, or suspension mechanisms, thus simplifying the overall construction while improving precision and reliability through direct weight sensing. Structurally, a weighable gravitation lysimeter typically consists of a rectangular or cylindrical soil box made from durable materials such as stainless steel or reinforced fiberglass, designed to hold either undisturbed field soil or repacked soil with growing crops(Krevh et al., 2023). Beneath this soil box lies a weighing platform embedded with load cells or force sensors that record even minute mass changes resulting from water loss or gain. A drainage outlet is positioned at the base of the box to allow percolated water to flow into a collection tank or be measured using a flowmeter, ensuring that deep percolation and seepage losses are accounted for in the water balance. The entire system is linked to a microcontroller-based data acquisition unit that records the sensor outputs at predefined intervals, converting the analog signals into digital readings for analysis. In more advanced configurations, wireless data transmission modules and automatic calibration features are incorporated, enabling remote monitoring and reducing the need for manual operation and recalibration.
The working principle of a weighable gravitation lysimeter is straightforward yet highly effective. As evapotranspiration occurs, the combined weight of the soil, water, and vegetation decreases because of water loss through evaporation and plant transpiration(Bednorz et al., 2016). The load cells detect this subtle decrease in mass and convert it into an electrical signal that is proportional to the change in weight. Conversely, when rainfall or irrigation adds water to the system, the total mass increases, and the sensors capture this gain as well. These continuous measurements provide a real-time record of water dynamics within the soil–plant system. By combining the recorded data for precipitation (P), irrigation (I), runoff (R), and seepage (S) with the measured change in weight (ΔW), evapotranspiration (ET) can be determined using the simplified water balance equation: ET = P + I – R – S – ΔW. The advantage of this direct weight measurement method is that it eliminates the need for complex balancing systems used in suspended lysimeters, thereby enhancing operational simplicity and reducing mechanical error sources.
The weighable gravitation lysimeter offers several notable advantages. Its simple mechanical design, consisting of few moving parts, minimizes maintenance and mechanical error. The direct sensing method provides high precision and excellent potential for automation using modern load cell technology. Its flexibility makes it suitable for both small-scale laboratory setups and modular field installations, and its adaptability to controlled environments such as greenhouses or growth chambers allows researchers to conduct precise water balance experiments under regulated conditions. The digital nature of data acquisition systems enables high-frequency sampling, remote control, and integration with IoT platforms, expanding its usability in precision agriculture and hydrological modelling. Nevertheless, the system is not without limitations. The main constraint lies in the range and sensitivity of the load cells; for large-scale soil boxes with several tons of soil mass, it becomes difficult to detect small changes in water content without extremely high-capacity sensors, which are costly and technically demanding. Additionally, periodic calibration is essential to correct for sensor drift caused by temperature fluctuations or long-term static loading(Kim et al., 2020). Continuous application of heavy loads can cause mechanical creep in sensors, leading to measurement errors if the system is not periodically relieved or recalibrated. For this reason, intermittent weighing systems where the soil box is weighed only at set intervals are preferred in long-duration experiments. Despite these challenges, weighable gravitation lysimeters remain one of the most practical and accurate instruments for quantifying evapotranspiration, particularly in small to medium-sized studies.
2.1.3| Lever lysimeters
The lever lysimeter functions on the principle of mechanical leverage, which enables the precise measurement of very small mass changes in large and heavy soil boxes by amplifying force differences through a system of lever arms. This design effectively combines the advantages of suspended and gravitation lysimeters while minimizing their respective limitations, making it particularly well-suited for large-scale and high-accuracy field experiments(Jiménez-Carvajal et al., 2017). Structurally, a typical lever lysimeter comprises a large-capacity soil container often several cubic meters in volume filled with undisturbed or repacked soil and supporting growing crops. Beneath the soil container lies a multi-level lever system that balances the soil box weight against carefully calibrated counterweights. A force sensor or load cell is installed at the end of the lever arm to measure the small residual force not counterbalanced by the weights. The system is supported by a sturdy frame equipped with bearings to ensure smooth, low-friction movement of the levers. A data acquisition and control unit continuously records the sensor outputs and automatically converts them into corresponding mass change values. The counterweight system is engineered to balance most of the static weight of the soil box, leaving only a small residual load for the force sensor to detect. This arrangement enhances sensitivity and allows the system to measure minute variations in water content due to evapotranspiration with exceptional accuracy.
The working principle of a lever lysimeter is straightforward but highly effective. When evapotranspiration occurs, water is lost from the soil through evaporation and plant transpiration, resulting in a slight decrease in the total mass of the soil–plant system.(López-Urrea et al., 2021) This decrease produces a small imbalance in the lever system, which alters the force acting on the load cell located at the end of the lever. The sensor then converts this force variation into an electrical signal that is directly proportional to the change in mass. Since the lever arm amplifies the effect of small mass variations, the lysimeter can detect even minor water losses in the order of a few grams in systems weighing several tons. This capability makes the lever lysimeter particularly useful for field-scale experiments that require the simulation of natural soil profiles and plant canopies. By replicating real-world soil–plant–atmosphere interactions while maintaining laboratory-grade accuracy, the lever lysimeter provides highly reliable evapotranspiration data critical for hydrological and agricultural research.
Lever lysimeters possess several important advantages. Their mechanical stability and low susceptibility to environmental noise make them highly reliable for continuous outdoor operation. The design allows for the handling of large, field-scale soil monoliths, which ensures that experimental results closely represent actual field conditions. The lever amplification mechanism enhances precision by allowing small mass changes to be measured with standard force sensors, reducing the need for expensive high-capacity load cells. This efficiency makes the lever lysimeter both cost-effective and scientifically robust for long-term hydrological observations(Ouédraogo et al., 2022). However, the system also has certain limitations that must be considered during design and deployment. The mechanical structure of a lever lysimeter is inherently complex, requiring meticulous assembly, calibration, and periodic maintenance to ensure sustained accuracy. The construction involves a large physical footprint, making installation resource-intensive and space-demanding. Over time, wear and tear on the mechanical joints and bearings can introduce errors if not regularly serviced. Despite these challenges, the advantages of lever lysimeters far outweigh their limitations. Their combination of durability, precision, and ability to handle large-scale soil volumes makes them the most robust and accurate option for quantifying evapotranspiration and studying water balance under real-world agricultural and environmental conditions. As a result, lever lysimeters continue to be the gold standard for long-term evapotranspiration measurement, providing critical data for irrigation optimization, climate adaptation studies, and sustainable water resource management.
2.2| Non weighing lysimeters
Non-weighing lysimeters are among the earliest and most widely used devices for estimating evapotranspiration (ET) through the water balance method rather than direct mass measurement(Hagenau et al., 2015). Unlike weighable lysimeters that rely on load cells or force sensors to measure the change in soil weight due to water loss, non-weighing lysimeters determine ET indirectly by quantifying the components of the water balance equation: precipitation (P), irrigation (I), drainage or seepage (R), and change in soil water storage (ΔS). The general form of the water balance equation is given as:

In these systems, the evapotranspiration rate is derived by maintaining the hydrological balance within a confined soil volume, typically enclosed within an experimental soil box. Non-weighing lysimeters are comparatively simple in design, low-cost, and easy to construct, making them ideal for field-scale or long-term experiments where high-precision weighing systems may not be feasible. They replicate natural soil conditions closely, allowing researchers to evaluate plant-water relations, irrigation efficiency, and groundwater interactions under realistic conditions(Montoro et al., 2020).
Non-weighing lysimeters are generally classified into three main types based on their working principle and water management mechanism: (1) Gravity-flow lysimeters, (2) Groundwater lysimeters.  


2.2.1| Gravity-flow lysimeter
The gravity-flow lysimeter is one of the simplest and oldest types of non-weighing lysimeters used to estimate evapotranspiration (ET) based on the water balance principle(Farsad et al., 2019). It works by collecting seepage water that drains naturally through the soil profile under gravity. The difference between water inputs rainfall and irrigation and outputs drainage and runoff represents the evapotranspiration loss. The lysimeter typically consists of a soil tank (rectangular or cylindrical) filled with undisturbed or repacked soil, with crops grown on the surface. A drainage outlet at the bottom connects to a collection bucket placed in an underground chamber to collect percolated water, which is then measured manually or automatically(Morvan et al., 2020).
During operation, rainfall or irrigation infiltrates the soil, and water that is not retained or used by plants drains through the outlet. Measuring this drainage allows calculation of ET. However, manual measurements often lead to errors due to evaporation losses or reading inaccuracies(Straub et al., 2022). Development of the pressurization/suction gravity-flow lysimeter, has eliminated deep basements and submerged electrical parts. In pressurization mode, compressed air pushes drainage water into a measuring vessel, while in suction mode, a vacuum pump draws it upward. 
2.2.2| Groundwater lysimeter
The groundwater lysimeter is an advanced form of non-weighing lysimeter designed to simulate the interaction between groundwater and soil moisture, closely replicating natural field conditions with shallow water tables(Kohfahl & Saaltink, 2020). Unlike gravity-flow lysimeters, which only measure drainage, groundwater lysimeters actively control the water table to maintain a consistent soil moisture level through capillary rise, providing a more realistic representation of plant–soil–water relationships. Structurally, the system comprises four main components: an experimental soil box that holds soil and crops, a Mariotte bottle that acts as a constant-head device to supply water at a steady rate, a water-level balancing bottle to maintain hydraulic equilibrium, and a drainage and collection system for measuring excess water. These parts are interconnected via a network of pipelines, allowing water to move bidirectionally between the soil box and the Mariotte system(Liu et al., 2002). The Mariotte bottle functions by releasing water automatically as air enters the bottle, ensuring a stable water level regardless of the depletion caused by evapotranspiration.
The working principle of a groundwater lysimeter is based on capillary rise and the Mariotte principle. As evapotranspiration occurs, the upper soil layers lose water, reducing their water potential. This initiates the upward movement of water from the lower soil layers to replenish moisture through capillary action. The Mariotte bottle compensates for this loss by releasing water to maintain a constant groundwater level. The volume of water released from the Mariotte bottle corresponds directly to the rate of evapotranspiration, making it possible to estimate ET by measuring this outflow over time. 
Table 1: Comparative analysis of various types of Lysimeters
	Parameter
	Suspended Lysimeter
	Weighable Gravitation Lysimeter
	Lever Lysimeter
	Gravity-Flow Lysimeter
	Groundwater Lysimeter

	Measurement Nature
	Direct weighing (mechanical tension detection)
	Direct weighing (load-cell based)
	Direct weighing (mechanical amplification via lever)
	Indirect (water balance: input-output)
	Indirect (capillary-controlled water balance)

	Typical Measurement Range
	Up to 100–500 kg
	500 kg – 5 ton
	1 – 50 ton
	Depends on soil box size, typically <1 ton
	500 kg – 5 ton

	Resolution (Sensitivity)
	Moderate (50–100 g)
	High (±10–50 g)
	Very high (1–10 g, due to lever amplification)
	Low (200–500 mL drainage accuracy)
	High (50 mL or better with Mariotte system)

	Accuracy / Error Range
	1–2 % of total mass
	0.5–1 %
	0.1–0.5 %
	3–5 % (depends on manual reading)
	0.5–1 % (automated system)

	Data Recording Method
	Displacement sensors or manual reading
	Electronic load-cell output to data logger
	Force sensors or strain gauges linked to DAQ*
	Manual reading or flow sensor output
	Volume or level sensor integrated with DAQ* system

	Advantages
	Lightweight, low-cost, simple
	Accurate, easy automation, moderate cost
	Exceptional precision, robust, stable
	Simple design, low maintenance
	Simulates shallow groundwater, stable ET measurement

	Shortcomings
	Unstable in windy conditions, limited load
	Limited load range, sensor drift
	Mechanically complex, expensive, large footprint
	Low precision, manual measurement error
	Complex installation, costly, frequent calibration

	References
	(Lepore et al., 2011; McCauley et al., 2021)	(Krevh et al., 2023; Schrader et al., 2013)	(Bednorz et al., 2016b; Xiao et al., 2009)	(Liu et al., 2002; Williams et al., 2020)	(S. Shukla et al., 2006; Zhao et al., 2010)

DAQ*: Data acquisition system
3.| COMPARATIVE REVIEW OF LYSIMETER STUDIES ACROSS CLIMATIC REGIONS
The accurate quantification of evapotranspiration (ET) and soil water balance is fundamental to sustainable irrigation management and crop productivity. Among the various techniques developed to measure water use efficiency and crop water requirements, lysimeters remain the most reliable and direct instruments for quantifying ET under both controlled and field conditions. Over the past several decades, the design, construction, and automation of lysimeters have evolved significantly from simple non-weighing types that estimate ET based on water balance to advanced weighing lysimeters equipped with electronic load cells, data loggers, and IoT-based monitoring systems. This technological advancement has broadened their application across various geographical locations, climatic zones, and cropping systems, providing critical data for irrigation scheduling, crop coefficient estimation, and hydrological modelling. The review of lysimeter-based research reflects the diversity of experimental objectives and environmental conditions across different parts of the world. Researchers have designed lysimeters to operate under tropical, subtropical, semi-arid, and temperate climates, each presenting unique challenges related to temperature variability, rainfall patterns, and soil properties.
The global diversity of lysimeter experiments demonstrates how researchers have systematically adapted system design, soil selection, and crop choice to local climatic and agronomic contexts. Broadly, these studies can be grouped according to environmental setting tropical, subtropical to semi-arid, temperate to Mediterranean, and humid to cold continental zones—and by experimental environment, whether in-house greenhouse setups or outdoor field installations. This synthesis highlights the range of soils and crops studied, the corresponding climatic adaptations, and the purpose-driven modifications to lysimeter construction and operation across regions.
In tropical climatic regions, lysimeter research has largely focused on irrigation optimization, evapotranspiration estimation, and crop water management under both open-field and greenhouse settings. At the Federal University of Rondonópolis in Mato Grosso, Brazil, (Junior et al., 2023) deployed a smart IoT-based hydraulic weighing lysimeter within a 96 m² field area to evaluate evapotranspiration in a tropical hot continental climate characterized by alternating wet and dry seasons. Although the specific crop was not stated, the experiment simulated field cropping conditions, reflecting typical tropical field water balance studies. Similarly, (Fenner et al., 2019) conducted outdoor field lysimeter experiments at the State University of Mato Grosso (UNEMAT), Tangará da Serra, within a tropical savanna (Cerrado) environment. Using local field soil layered to maintain its natural profile, the study grew beans (Phaseolus vulgaris) to measure daily evapotranspiration under tropical open-field conditions. In humid tropical climates, (Dumkhana et al., 2022) worked at Rivers State University, Nigeria, where a combined weighing and non-weighing lysimeter was used in loamy soil to monitor soil–water balance in Talinum triangulare (water leaf). Similarly, (Fonseca de Carvalho et al., 2024) conducted an in-house nursery-based lysimeter study in Rio de Janeiro, Brazil, where forest seedlings (Dalbergia nigra and Enterolobium contortisiliquum) were grown in soilless substrates. These studies illustrate that tropical research typically emphasizes field-based ET measurements or greenhouse calibration of automated lysimeters under high humidity and intense solar radiation, using crops ranging from legumes to forestry species.
In subtropical and semi-arid climatic zones, lysimeter experiments often integrate automation and IoT-based control systems to manage irrigation under limited water availability. At Punjab Agricultural University, Ludhiana, India, (GOYAL et al., 2020) developed an IoT-enabled micro-lysimeter within a naturally ventilated greenhouse to monitor evapotranspiration of cucumber (PBRK-4) grown in cocopeat slabs. Likewise, (Sagar et al., 2022) constructed a smart weighing lysimeter filled with sandy loam soil at ICAR–IARI, New Delhi, to measure evapotranspiration of chrysanthemum under semi-arid, forced-ventilated greenhouse conditions. The semi-arid farmlands of Las Tiesas, Albacete, Spain, provided another context for lysimeter testing (Ávila-Dávila et al., 2021) and (Nicolás-Cuevas et al., 2020)) both worked under an arid Mediterranean environment to study water balance and infiltration using compact and LP1 weighing lysimeters, respectively, in loamy soils. The experiments involved bare soil and crops such as barley and romaine lettuce, emphasizing ET and percolation in water-limited regions. In South Africa’s semi-arid zone, (Bello & Van Rensburg, 2017) examined barley evapotranspiration in a glasshouse at the University of the Free State using small load-cell lysimeters, while (Misra et al., 2011) conducted indoor lysimeter experiments on wheat under controlled irrigation regimes, representing the semi-arid agricultural environments typical of northern India. Collectively, semi-arid studies tend to emphasize water balance precision, automation, and optimization of irrigation scheduling for crops such as cucumber, barley, chrysanthemum, and wheat, grown in sandy loam or silty soils either in greenhouses or outdoor test plots.
In Mediterranean and temperate regions, lysimeter research has evolved toward precision irrigation, soil water modelling, and the calibration of portable systems for both horticultural and field crops. (Soler-Méndez et al., 2021) performed their experiment on a commercial farm in Lorca, Murcia, Spain, a Mediterranean semi-arid site, using clayey soil covered with plastic mulch for Burgundy broccoli asparagus. Their portable weighing lysimeter system effectively captured field capacity points for irrigation control. Similarly, the same group validated their system under greenhouse conditions for pepper, bridging field and controlled applications. At the SUPREHILL Critical Zone Observatory in Zagreb, Croatia, (Krevh et al., 2023) conducted lysimeter experiments on vineyard slopes using silty loam soil to evaluate soil–water balance in temperate continental conditions. (Dong & Hansen, 2023b) also implemented four portable lysimeters in Michigan, USA (humid continental climate), using sandy loam to monitor Cannabis sativa water use under outdoor field conditions. These experiments, conducted across Mediterranean and temperate climates, highlight the versatility of lysimeter designs capable of simulating both open-field and protected cultivation systems.
Further north, in the temperate maritime and humid continental zones, lysimeter studies have primarily aimed to improve accuracy and scalability for water balance monitoring. (McCauley et al., 2021) developed a low-cost mini-lysimeter in the Pacific Northwest, USA, under a temperate maritime climate, suitable for both field and greenhouse use. This system demonstrated substantial irrigation water savings while maintaining precise ET estimation for horticultural crops. In contrast, (Du et al., 2024) conducted field lysimeter experiments in Breton, Alberta, Canada, where porous stainless-steel lysimeters were installed in Gray Luvisolic soils under a humid continental climate to assess trace element movement in wheat-based rotations. Similarly, (Brown et al., 2021) established a high-precision lysimeter facility in Elora, Ontario, under a cold mid-latitude climate, utilizing intact monoliths of silt loam and loamy sand to study crop rotations involving soybean, corn, and winter wheat. These northern field-based lysimeters exemplify high structural precision and long-term hydrological monitoring capabilities, contrasting with the smaller automated systems used in subtropical or tropical climates.
In controlled indoor and laboratory-based systems, the focus has been on developing small-scale lysimeters for water use estimation under uniform microclimatic control. (Abhiram et al., 2023) performed their study in a climate-controlled laboratory simulating New Zealand’s Taranaki conditions using sandy loam over sand layers to study ryegrass (Lolium perenne). The precise environmental regulation allowed accurate ET and nitrogen-use analysis. Similarly, (Liyanage et al., 2022) implemented an Arduino-based semi-automated lysimeter in a greenhouse for soybean (Glycine max) under different soil moisture regimes, using sterilized loam soil. (Pineda-Castro et al., 2024) developed the IoT-enabled LysipheN system for common bean under controlled greenhouse conditions using sandy loam soil, integrating Wi-Fi and Node-RED data logging. (Libardi et al., 2018) carried out greenhouse experiments in Sao Paulo, Brazil, growing pre-sprouted sugarcane plantlets in bagasse–vermiculite mixtures using high-precision weighing lysimeters. These in-house systems highlight the transition toward automation, miniaturization, and data-driven irrigation management in controlled agricultural environments.
The hyper-arid and desert environments represent another end of the climatic spectrum, where lysimeter studies emphasize soil–water interaction and recharge. (Baalousha et al., 2022) conducted experiments at Abu Thayla, Qatar, in loamy soil under hyper-arid conditions, using smart weighing lysimeters to assess groundwater recharge and soil infiltration dynamics. These studies show that lysimeters can be adapted even for extreme desert climates, providing critical insights into soil water behaviour under minimal precipitation. 
4.| COMPARISON OF LYSIMETER STUDIES ACROSS DIFFERENT SOIL TYPES AND MEDIA
Soil type plays a crucial role in lysimeter design, calibration accuracy, and the interpretation of evapotranspiration and water balance results, leading researchers to tailor experiments according to local pedological characteristics. Sandy loam soils have been widely favoured for lysimeter-based studies due to their moderate drainage, ease of handling, and responsiveness to irrigation management. For instance, (Sagar et al., 2022) constructed a smart weighing lysimeter under a semi-arid subtropical climate at ICAR–IARI, New Delhi, using sandy loam soil to study chrysanthemum evapotranspiration under controlled irrigation. Similarly, (Naveen-Gupta et al., 2019) employed sandy loam soil in outdoor PVC mini-lysimeters in Punjab for evaluating water use in wheat and rice cropping systems. (Pineda-Castro et al., 2024) also utilized sandy loam in a greenhouse IoT-based lysimeter (LysipheN) to monitor common bean evapotranspiration under controlled irrigation regimes, while (Abhiram et al., 2023) filled laboratory-scale lysimeters with a fine sandy loam top layer over washed sand to assess ryegrass growth and drainage dynamics. These studies demonstrate that sandy loam soils are often selected for their ability to balance infiltration and retention, offering stable conditions for continuous ET monitoring.
Loamy soils, with their intermediate texture and balanced hydraulic conductivity, have been another common choice for lysimeter experiments aimed at evaluating water use efficiency and soil moisture variation. (Dumkhana et al., 2022) developed a combined weighing and non-weighing lysimeter at Rivers State University, Nigeria, using locally available loamy soil to study water leaf (Talinum triangulare) under humid tropical field conditions. Similarly, (Misra et al., 2011) used loamy soil in a laboratory-based lysimeter to determine wheat evapotranspiration, while (Yang et al., 2000) utilized loam over coarse sand for lysimeter-based estimation of winter wheat water use in the temperate region of Shandong, China. Loamy soils’ relatively high field capacity and good structure make them suitable for lysimeter experiments simulating realistic agricultural field conditions.
In silty loam soils, lysimeter investigations have often focused on quantifying the influence of soil texture on hydraulic behaviour and evapotranspiration. (Krevh et al., 2023c) conducted a detailed soil–water balance study in a vineyard hillslope at Jazbina, Croatia, where lysimeters filled with silty loam soils revealed variations in hydraulic conductivity and water storage with slope position. (Ávila-Dávila et al., 2021) performed a similar analysis using bare silty loam soil in Spain’s Mediterranean climate to assess soil evaporation patterns, demonstrating the texture’s high-water retention and moderate permeability. Such studies highlight that silty loam, despite its high water-holding capacity, often exhibits slower drainage and potential for stagnation, influencing lysimeter water balance calculations.
Clayey soils and their variants have also been frequently used in lysimeter research, particularly for assessing drainage limitations and capillary rise under arid and semi-arid conditions. (Soler-Méndez et al., 2021) designed a portable weighing lysimeter using clayey soil in Murcia, Spain, to measure water use of broccoli and asparagus crops. (Evett et al., 2012) employed large precision weighing lysimeters filled with Pullman clayey soil at Bushland, Texas, to determine cotton evapotranspiration under semi-arid field conditions. Likewise, (Clawson et al., 2009) used Sharkey clay in humid Louisiana for cotton studies, where high water retention influenced ET estimates. Clayey soils, due to their low infiltration rates and high storage capacity, are ideal for studying capillary movement and waterlogging effects in lysimetric experiments.
Studies utilizing silt loam soils have often focused on hydrological precision and evapotranspiration modelling in temperate environments. (Lyles et al., 2024) employed native silt loam at the Nevada Agricultural Experiment Station, USA, for semi-arid field lysimeter studies. (Brown et al., 2021b) also filled field-scale lysimeters with silt loam and loamy sand in Ontario, Canada, to evaluate evapotranspiration in corn and soybean rotations. The use of silt loam provides stable calibration characteristics, as it maintains consistent water retention and capillary behavior under moderate climatic fluctuations.
Apart from mineral soils, several studies have adopted soilless or engineered media to simulate specific hydrological or horticultural environments. (GOYAL et al., 2020) employed cocopeat slabs in an IoT-enabled lysimeter for greenhouse cucumber cultivation, optimizing irrigation scheduling in soilless conditions. (W. Shi et al., 2023) used rockwool as a medium for tomato evapotranspiration estimation in Beijing’s controlled greenhouse environment. Similarly, (Libardi et al., 2022.) utilized a bagasse–vermiculite mixture in Brazil for studying sugarcane plantlets, while (Fonseca de Carvalho et al., 2024) conducted nursery-based lysimeter experiments with forest seedlings in soilless substrates. These studies illustrate how artificial media help isolate plant transpiration effects from soil heterogeneity.
Lastly, some lysimeter-based studies have combined multiple soil types to simulate natural stratification or hydrological gradients. (Fenner et al., 2019) constructed double-tank weighing lysimeters at Tangará da Serra, Brazil, filled with local field soils arranged in natural layering to replicate in-situ profiles for bean cultivation. (Du et al., 2024) used Gray Luvisolic soils in Canada to evaluate water fluxes under crop rotation systems, while (Braaten & Ireson, 2025) applied sandy and clayey glacial deposits within boreal transition zones of Saskatchewan for hydrogeological modelling. These examples emphasize that soil stratification in lysimeter design enhances realism, allowing better interpretation of vertical water movement and evapotranspiration dynamics.
5.| HARDWARE-BASED COMPARATIVE ANALYSIS OF LYSIMETER DESIGNS
Weighing lysimeters primarily rely on load cells as the core sensing element to measure tiny variations in soil–plant mass corresponding to evapotranspiration (ET) or drainage. Across studies, strain-gauge load cells (ranging from 20 kg to 500 kg capacity) were the dominant sensors. In (Junior et al., 2023), four stainless-steel load cells interfaced with a Campbell Scientific CR1000 datalogger measured mass changes, while auxiliary meteorological sensors pyranometer, thermohygrometer, anemometer, and rain gauge provided data for ET computation using the FAO-56 Penman–Monteith method. This system used an ESP8266 Wi-Fi module for data transmission and 12 V solenoid valves with pumps as actuators for automatic irrigation control, achieving full irrigation scheduling based on ET feedback. Conversely, (GOYAL et al., 2020) employed a Digitone DGT30 load-cell platform with an HX711 amplifier and Arduino Uno, supported by a DHT22 temperature-humidity sensor. Although ET was measured accurately, irrigation remained manual, as no actuators were included.
In (Almeida et al., 2021), an advanced IoT lysimeter integrated HX711 load cells, SHT30 air temperature–humidity sensors, TSL2561 light sensors, and DS18B20 soil temperature sensors, all controlled by an MSP430G2553 microcontroller with ESP8266 Wi-Fi connectivity. Irrigation scheduling was automated, executed through servo-operated irrigation valves based on real-time soil-moisture and ET data, forming a closed-loop feedback system. Similarly, (Lyles et al., 2024) used a ZA1-25 load cell with a mechanical lever for enhanced precision and pressure transducers to monitor water level fluctuations. Data were logged by a Campbell CR6, but irrigation was manual, limiting its use to ET estimation. (Soler-Méndez et al., 2021) also used strain-gauge load cells connected to a CR300 datalogger to measure infiltration and drainage, again with no irrigation control.
The TeleNatura lysimeter by (Ávila-Dávila et al., 2021) applied precision load cells with Teensy 3.2 microcontroller, SD card logging, and LoRa wireless communication to quantify ET and leachate, though irrigation remained manual. In low-cost systems, (Dong & Hansen, 2023b) utilized four 300 kg S-type load cells with HX711 amplifiers and Arduino Mega 2560 for mass measurement, while (Sagar et al., 2022) combined 500 kg shear-beam load cells with DHT22 sensors on the same microcontroller for ET evaluation both lacked actuators. (Baalousha et al., 2022) expanded measurement capability using soil moisture, temperature, electrical conductivity (EC), and matric potential sensors connected to a Campbell CR1000X, capturing detailed hydrological data, though irrigation was manual. Likewise, (Krevh et al., 2023) employed ECH2O 5TE and TEROS 21 sensors to monitor volumetric water content, EC, and soil temperature at multiple depths through a CR3000 datalogger, focusing only on ET and soil-water dynamics.
Earlier studies such as (Nicolás-Cuevas et al., 2020) used multiple load cells linked to a Campbell CR23X datalogger with additional meteorological sensors (temperature, humidity, radiation) to calculate water balance and ET. Irrigation was manual, emphasizing ET validation. (Bello & Van Rensburg, 2017) also used multi-load-cell lysimeters with a CR10 datalogger, separating evaporation and transpiration components without automation. (Dumkhana et al., 2022) developed a hybrid lysimeter combining a 40 kg load cell, HX711 amplifier, and three capacitive soil-moisture sensors connected to an Arduino Nano, measuring soil-water content and lysimeter weight under manual irrigation. (Liyanage et al., 2022) advanced this design by using dual 20 kg load cells, HX711 modules, and Arduino Uno for automated irrigation via 24 V solenoid valves actuated through relay modules, maintaining soil moisture within target limits using capacitive sensors and DS18B20 probes—thus achieving closed-loop irrigation control.
Large-scale systems like (Fenner et al., 2019) and (Misra et al., 2011) employed industrial load cells (Alfa SV100, PT2000) with Campbell CR10/CR23X dataloggers, complemented by meteorological sensors for rainfall, temperature, and humidity. These were limited to ET measurement, with manual irrigation. (Amaral et al., 2018) and (Libardi et al., 2018) similarly focused on ET calibration using Campbell dataloggers and load cells, without control mechanisms. More recent IoT-based designs like LysipheN by (Pineda-Castro et al., 2024) incorporated Atmega328p microcontrollers, HX711 load-cell interfaces, TMP36 and SI7021 temperature-humidity sensors, and thermocouples for soil temperature. Irrigation was fully automated through peristaltic pumps managed by relay modules, which applied water volumes equivalent to 100% of the previous day’s ET. Data processing and cloud connectivity were handled via Raspberry Pi Zero W using MQTT and Node-RED, providing real-time irrigation scheduling. (Payero, 2024) extended this system with a Particle Boron LTE microcontroller, solar power, and ThingSpeak cloud integration for remote ET monitoring and irrigation analysis.
Finally, (W. Shi et al., 2023) demonstrated a greenhouse-based PLC-controlled lysimeter integrating digital water meters, flow sensors, and load-cell systems under rockwool slabs, supported by WS-1802 weather stations for temperature, humidity, radiation, and wind data. Irrigation scheduling was automatic, controlled by electric solenoid valves that adjusted drip flow rates according to ETc derived from multiple models, including FAO-56 PM and ANN. This system achieved high precision, with deviations under 1.2% between measured and predicted ET.
Overall, load cells remain the primary sensors for mass-based ET determination, while auxiliary sensors (temperature, humidity, soil moisture, EC, light intensity) extend system capability. Microcontrollers like Arduino Uno, Mega 2560, Nano, MSP430, Teensy 3.2, and ESP8266, and dataloggers such as Campbell CR1000/CR300/CR23X dominate data acquisition. Where irrigation scheduling is integrated, solenoid valves, peristaltic pumps, and servo motors serve as actuators for closed-loop irrigation, while systems without actuators focus solely on ET computation and calibration. This evolution demonstrates a clear progression from manual ET monitoring to IoT-enabled precision irrigation, integrating diverse sensors, microcontrollers, and actuators for intelligent water management ((Almeida et al., 2021; Junior et al., 2023; Liyanage et al., 2022; Pineda-Castro et al., 2024; W. Shi et al., 2023)).
Table 2: Components, Measured Parameters, and References in Lysimeter-Based IoT and Field Systems
	Component Category
	Component Type / Model
	Physical Parameter Measured / Controlled
	References

	








Load Cells (Weighing Sensors)
	Strain-gauge load cell (unspecified capacity)
	Soil–plant system mass (ΔW), evapotranspiration (ETa)
	(Junior et al., 2023)

	
	Digitone DGT30 with built-in load cell + HX711
	Lysimeter mass, ETc estimation
	(GOYAL et al., 2020)

	
	HX711-based load cells (multiple)
	Soil–plant mass variation for ET
	(Almeida et al., 2021)

	
	ZA1-25 load cell with lever–counterweight (2.8 g sensitivity)
	Weight change, evaporation, drainage
	(Lyles et al., 2024)

	
	Five strain-gauge load cells (4 under soil tank + 1 drainage)
	Soil and drainage tank weight
	(Soler-Méndez et al., 2021)

	
	High-precision strain-gauge load cells (20 g & 1 g resolution)
	Soil and drainage tank weights
	(Ávila-Dávila et al., 2021)
	
	4 × 300 kg S-type load cells + HX711 amplifier
	Soil mass, ET determination
	(Dong & Hansen, 2023)

	
	3 × 500 kg shear-beam load cells
	Soil–crop mass, ET and Kc
	(Sagar et al., 2022)
	
	Resistive 40 kg load cell + HX711 amplifier
	Mass variation, evapotranspiration
	(Dumkhana et al., 2022)

	
	Dual 20 kg load cells + HX711
	Mass loss, irrigation trigger threshold
	(Liyanage et al., 2022)
	
	Alfa SV100 load cell
	ET monitoring, mass variation
	(Fenner et al., 2019)

	
	PT2000 load cell
	Lysimeter weight change for ET
	(Misra et al., 2011)

	
	Strain-gauge load cell (unspecified)
	Lysimeter weight, ETa estimation
	(Baalousha et al., 2022)

	
	Multiple load cells (main + drainage)
	Soil weight, leachate measurement
	(Nicolás-Cuevas et al., 2020)

	
	Multi-load-cell weighing system
	ET partitioning (evaporation vs transpiration)
	(Bello & Van Rensburg, 2017)

	
	Load cells (unspecified type)
	ET and percolation monitoring
	(Pineda-Castro et al., 2024)

	
	Load cells (unspecified type)
	ET measurement, water balance
	(Abhiram et al., 2023)

	
	Load cells (unspecified type)
	ET-driven irrigation control
	(W. Shi et al., 2023)

	
	Load cells (unspecified)
	Real-time ET via IoT
	(Payero, 2024)

	




Soil Moisture Sensors
	Capacitive soil moisture sensors (100–300 mm depth)
	Volumetric water content (θv)
	(Dumkhana et al., 2022)

	
	EC-5 soil moisture sensor
	Soil volumetric water content
	(Abhiram et al., 2023)

	
	Soil moisture probes (unspecified)
	Soil moisture
	(Sagar et al., 2022)

	
	ECH2O 5TE
	Soil moisture, EC, temperature
	(Krevh et al., 2023)

	
	TEROS 21
	Matric potential, soil water retention
	(Krevh et al., 2023)
	
	Soil moisture probes (TeleNatura)
	Water content, infiltration
	(Ávila-Dávila et al., 2021)

	
	Neutron probe
	Soil moisture up to 230 cm depth
	(Evett et al., 2012)

	



Temperature Sensors
	DHT22
	Air temperature and relative humidity
	(Abhiram et al., 2023; GOYAL et al., 2020)

	
	SHT30
	Air temperature and humidity
	(Almeida et al., 2021)

	
	DS18B20
	Soil temperature
	(Abhiram et al., 2023; Almeida et al., 2021)

	
	TMP36
	Air temperature
	Pineda-Castro et al. (2024)

	
	Thermocouples
	Soil temperature
	(Pineda-Castro et al., 2024)
	
	Soil temperature probes
	Soil temperature
	(Sagar et al., 2022)

	

Light / Radiation Sensors
	TSL2561
	Light intensity / solar radiation
	(Almeida et al., 2021)

	
	Net radiation and solar radiation sensors
	Incoming/outgoing radiation
	(Junior et al., 2023)

	
	Light sensors (unspecified)
	Light intensity
	(Abhiram et al., 2023)

	

Humidity Sensors
	DHT22
	Air humidity
	(Abhiram et al., 2023; GOYAL et al., 2020)

	
	SHT30
	Air humidity
	(Almeida et al., 2021)

	
	SI7021
	Relative humidity
	(Pineda-Castro et al., 2024)

	
Hydraulic / Water Level Sensors
	Submersible pressure transducer
	Water level in drainage/stilling well
	(Lyles et al., 2024)

	
	Pressure transducer
	Groundwater pressure, hydraulic head
	(Yang et al., 2000)
	Electrical Conductivity (EC) Sensors
	EC sensor (unspecified)
	Soil electrical conductivity
	(Baalousha et al., 2022; Krevh et al., 2023)

	Matric Potential Sensors
	TEROS 21
	Soil matric potential
	(Krevh et al., 2023)

	Chemical / Analytical Sensors
	ICP-MS, AF4-UV-ICPMS
	Trace element concentration in soil solution
	(Du et al., 2024)

	

Meteorological Sensors
	Wind speed anemometer
	Wind velocity
	(Junior et al., 2023)

	
	Soil heat flux plates
	Soil heat flux
	(Junior et al., 2023)

	
	Rain gauge
	Precipitation
	(Junior et al., 2023; Nicolás-Cuevas et al., 2020)

	
	Weather station (integrated)
	Air temperature, humidity, rainfall
	(Fenner et al., 2019)
	Cameras / Image Sensors
	Raspberry Pi 8 MP Camera
	Plant image acquisition for stress indices
	(Almeida et al., 2021)

	







Microcontrollers / Dataloggers
	Arduino Uno
	Sensor integration, manual control
	(GOYAL et al., 2020; Liyanage et al., 2022)

	
	Arduino Mega 2560
	Multi-sensor data acquisition
	(Abhiram et al., 2023; Dong & Hansen, 2023b; Fonseca de Carvalho et al., 2024; Sagar et al., 2022)

	
	Arduino Nano
	Hybrid system control
	(Dumkhana et al., 2022)
	
	MSP430G2553
	Low-power irrigation and drainage control
	(Almeida et al., 2021)

	
	Campbell Scientific CR1000 / CR1000X
	High-precision datalogging, ET computation
	(Amaral et al., 2018; Junior et al., 2023; McCauely & Nackley, 2022)

	
	CR300
	Multi-load-cell monitoring
	(Soler-Méndez et al., 2021)
	
	CR10 / CR23X
	ET monitoring and data logging
	(Misra et al., 2011; Payero & Irmak, 2008)

	
	Raspberry Pi 3B+
	Image capture, IoT control
	(Almeida et al., 2021)

	
	Raspberry Pi Zero W
	Cloud data transmission via MQTT
	(Pineda-Castro et al., 2024)

	
	Particle Boron (LTE)
	Real-time cloud data transmission
	(Payero, 2024)

	
	Programmable Logic Controller (PLC) + Embedded PC
	Model-driven irrigation scheduling
	(W. Shi et al., 2023)

	

Communication / IoT Modules
	ESP8266
	Wi-Fi communication and cloud control
	(Almeida et al., 2021; Junior et al., 2023)

	
	Node-RED / MQTT (via Raspberry Pi)
	Cloud dashboard and data transmission
	(Pineda-Castro et al., 2024)

	
	ThingSpeak via LTE
	Remote IoT data monitoring
	(Payero, 2024)

	



Actuators (Irrigation / Drainage Control)
	Solenoid valves (24 V AC / DC)
	Automatic irrigation based on weight threshold
	(Fonseca de Carvalho et al., 2024; Junior et al., 2023; Liyanage et al., 2022; McCauely & Nackley, 2022)

	
	Servo motors
	Irrigation and drainage valve control
	(Almeida et al., 2021)
	
	Peristaltic pumps + relays
	Irrigation based on previous day ET
	(Pineda-Castro et al., 2024)

	
	Drip irrigation pump (relay-controlled)
	Controlled irrigation cycles
	(Abhiram et al., 2023)
	
	PLC-actuated solenoid valves
	ANN-driven irrigation scheduling
	(W. Shi et al., 2023)

	



Auxiliary Components
	HX711 (24-bit ADC amplifier)
	Load cell signal conditioning
	(Almeida et al., 2021; Dong & Hansen, 2023; Dumkhana et al., 2022; GOYAL et al., 2020; Liyanage et al., 2022)

	
	SD card module / LCD display
	Data storage and display
	(Dumkhana et al., 2022; Sagar et al., 2022)
	
	Relay modules (MOSFET, 5V/12V)
	Switching irrigation actuators
	(Almeida et al., 2021; Liyanage et al., 2022; Pineda-Castro et al., 2024)



6.| COMPARATIVE ANALYSIS OF DATA STORAGE APPROACHES.
The evolution of weighing lysimeters has been closely tied to advancements in load-cell technology and microcontroller-based automation, which together enable high-precision measurement of evapotranspiration (ET) and water balance components. Central to these systems are strain-gauge load cells that detect minute mass variations in the soil–plant–water system, translating them into accurate ET estimates.
Across the reviewed lysimeter-based studies, data logging and storage systems varied widely depending on the level of automation, IoT integration, and accessibility requirements. Early designs primarily used stand-alone dataloggers or microcontroller-based systems for local storage, while recent developments have increasingly adopted IoT-based architectures that enable real-time cloud synchronization and remote monitoring.
Fully IoT-enabled systems were demonstrated in several studies emphasizing smart irrigation and automated evapotranspiration (ET) monitoring. (Junior et al., 2023) at the Federal University of Rondonópolis (Brazil) implemented an advanced IoT cloud-based lysimeter in which environmental and mass data were transmitted via Wi-Fi to Google Sheets using Google App Script, enabling live data access and automatic irrigation feedback control. Similarly, (GOYAL et al., 2020) integrated IoT with cloud storage by uploading lysimeter readings to ThingSpeak, where each device had a dedicated online channel for visualization and analysis. (Almeida et al., 2021) adopted a more advanced Node-RED–MongoDB–MQTT framework hosted on cloud servers, allowing machine learning–supported analytics, forming a robust IoT–cloud hybrid architecture for large-scale environmental monitoring.
Other IoT-based developments included the system (Baalousha et al., 2022) which implemented solar-powered data logging with continuous transmission for environmental monitoring, and (Krevh et al., 2023c), who integrated Grafana for real-time server-based data visualization. The LysipheN system developed by (Pineda-Castro et al., 2024) employed Node-RED with MQTT for cloud data transmission, combined with local MySQL storage, thus representing a hybrid IoT–cloud approach. Likewise, (Payero, 2024) at Clemson University utilized the ThingSpeak IoT platform via LTE-enabled connectivity for direct cloud upload of lysimeter data, signifying complete IoT-based remote data management.
In contrast, most earlier and some recent studies employed non-IoT local storage systems. For instance, (Dumkhana et al., 2022; Lyles et al., 2024; Sagar et al., 2022) stored data on SD cards or within datalogger memory for offline retrieval. Studies by (Ávila-Dávila et al., 2021; Bello & Van Rensburg, 2017; McCauley et al., 2021) used Campbell Scientific dataloggers (CR300, CR1000, CR1000X) for high-frequency local recording without cloud transmission. Similarly, (Brown et al., 2021; Soler-Méndez et al., 2021) relied on local CR-series dataloggers, whereas (Dong & Hansen, 2023) used microcontroller-based offline SD storage.
Other field and greenhouse experiments, such as those of (Abhiram et al., 2023; Fenner et al., 2019; Fonseca de Carvalho et al., 2024; Misra et al., 2011), followed similar offline logging approaches using CR-series dataloggers or SD-based acquisition systems. Studies like (Naveen-Gupta et al., 2019) even employed manual data recording methods, showing the persistence of traditional approaches where IoT infrastructure is limited. Meanwhile, (Clawson et al., 2009; Yang et al., 2000) implemented CPU-based or CR3000 dataloggers, while (Braaten & Ireson, 2025) utilized internal Solinst Levelogger memory for autonomous hydrological monitoring.
Overall, IoT-based storage were evident mainly in studies by (Almeida et al., 2021; GOYAL et al., 2020; Junior et al., 2023; Krevh et al., 2023; Payero, 2024). In contrast, most lysimeter research still depends on localized data storage through CR-series dataloggers, SD cards, or embedded memory. The transition toward IoT platforms like ThingSpeak, Google Sheets, Node-RED, and Grafana represents a significant shift toward real-time, cloud-integrated environmental monitoring, enabling scalable and remotely accessible data management frameworks.

Table 3: Classification of Data Storage Location and IoT Platform Used in Lysimeter Studies
	Type of Data Storage Location
	IoT Platform / Framework Used
	Representative Studies / References

	Cloud-based IoT Storage
	Google Sheets (via Google App Script)
	(Junior et al., 2023)

	
	ThingSpeak IoT Platform
	(GOYAL et al., 2020; Payero, 2024)

	
	Node-RED + MongoDB + MQTT
	(Almeida et al., 2021)

	
	Grafana (Server-based IoT Visualization)
	(Krevh et al., 2023)

	
	Node-RED + MySQL + MQTT (Hybrid Cloud-Local)
	(Pineda-Castro et al., 2024)

	Local Data Storage (Non-IoT)
	Internal Datalogger Memory (CR10, CR1000, CR300, CR3000, CR1000X)
	(Amaral et al., 2018; Ávila-Dávila et al., 2021; Bello & Van Rensburg, 2017; Brown et al., 2021; Clawson et al., 2009; McCauley et al., 2021; Misra et al., 2011; Payero & Irmak, 2008)

	
	Micro-SD Card / Local Microcontroller Memory
	(Abhiram et al., 2023; Dong & Hansen, 2023; Dumkhana et al., 2022; Fonseca de Carvalho et al., 2024; Sagar et al., 2022)

	
	CPU-Based Collector / Internal Sensor Memory
	(Braaten & Ireson, 2025; Yang et al., 2000)
	
	Manual / Computer-Linked Local Recording
	(Liyanage et al., 2022; Naveen-Gupta et al., 2019)



7.| COMPARATIVE ANALYSIS OF ACCURACY ASSESSMENT AND VALIDATION FRAMEWORK.
Ensuring the accuracy of evapotranspiration and soil–water balance measurements has remained a central challenge in lysimeter research. Across the reviewed lysimeter studies, accuracy validation relied on a combination of statistical calibration, regression modelling, and cross-comparison with established reference models. The most frequently applied technique was linear regression-based calibration, which was used to relate electrical or digital output from load cells to applied mass or evapotranspiration (ET) depth. This method, applied by researchers such as (Clawson et al., 2009; Fenner et al., 2019; Junior et al., 2023; Libardi et al., 2022.; Payero & Irmak, 2008), produced near-perfect linearity (R² > 0.99) and minimal hysteresis (< 0.05 %), confirming that regression calibration remains the most dependable validation framework for weighing lysimeters. These systems also employed complementary statistical tests such as ANOVA, Shapiro–Wilk, and Durbin–Watson to verify independence and normality of residuals, while error indices RMSE, MAE, and MBE were used to quantify precision, often yielding RMSE < 0.1 mm or equivalent.
A second major validation pathway involved model-based and simulation-driven comparisons, where lysimeter-derived ET or infiltration data were evaluated against theoretical or empirical models. For example, (Ávila-Dávila et al., 2021) fitted field infiltration data to multiple infiltration models and identified the Horton equation as the best performer (RMSE = 0.89; R² = 0.65). Similarly, (S. Shi et al., 2025) compared lysimeter ETc with values estimated from Penman–Monteith, Hargreaves–Samani, and ANN models, with the ANN giving the closest fit (R² = 0.94; error = –1.12 %). (Baalousha et al., 2022; Krevh et al., 2023c) used the van Genuchten–Mualem hydraulic model within HYDRUS 1D, achieving strong correlations between measured and simulated soil moisture (R²= 0.88–0.93), illustrating the effectiveness of parameter-optimization frameworks for hydrological validation.
Several studies incorporated empirical or algorithmic frameworks instead of regression. (Brown et al., 2021) used an Adaptive Window and Adaptive Threshold (AWAT) filtering algorithm to quantify measurement uncertainty (error ≈ 2 %), while (Soler-Méndez et al., 2021) validated a soil-field-capacity detection algorithm by direct comparison of lysimeter and flow-meter irrigation volumes, confirming empirical precision without mathematical fitting. Likewise, (Liyanage et al., 2022) relied on t-tests to confirm that automated irrigation events corresponded accurately to target soil-moisture levels, validating system control logic.
Further, hydro-mechanical and RMSE-optimization frameworks were reported in advanced field studies such as (Braaten & Ireson, 2025) where Geological Weighing Lysimeter (GWL) pressure data were corrected for barometric and earth-tide effects. Regression of pore-pressure against atmospheric pressure yielded barometric efficiency (β = 0–0.2), while RMSE between corrected and manual readings (17–22 mm) quantified representational accuracy. This integrated hydrological modelling approach extended validation beyond mass balance to full water-storage estimation.
Lastly, multi-metric statistical validation combining RMSE, MAE, and percent bias (PBIAS) provided a comprehensive framework for IoT-based lysimeters such as (Fonseca de Carvalho et al., 2024; GOYAL et al., 2020), where R² approached unity and errors were negligible (< 0.1 %). These results confirm that whether through regression, model-based fitting, or multi-metric error analysis, lysimeter validation consistently demonstrates sub-millimetric precision. Collectively, the reviewed works show that the choice of framework regression, physical modelling, algorithmic filtering, or statistical testing—depends on system complexity, but all converge on the goal of ensuring high-accuracy evapotranspiration and soil-water balance estimation.

Table 4: Comparison of Validation Frameworks Used in Lysimeter Studies
	Statistical / Modelling Framework
	Model / Technique Used
	Validation or Calibration Method
	Accuracy / Error Metrics
	   References

	Linear regression calibration
	Linear fit between load-cell output and mass
	Incremental loading–unloading regression; hysteresis and residual tests
	R² > 0.99; RMSE < 0.1 mm; negligible hysteresis (< 0.05 %)
	(Clawson et al., 2009; Fenner et al., 2019; Junior et al., 2023; Libardi et al., 2018; Payero & Irmak, 2008)

	Error-index statistical analysis
	RMSE, MAE, MBE, PBIAS, ANOVA
	Calibration with standard weights and statistical testing
	RMSE = 0.04–0.09 mm; MAE ≈ 0.06 mm; PBIAS ≈ 0 %
	(Fonseca de Carvalho et al., 2024; GOYAL et al., 2020; Sagar et al., 2022)

	Model-based comparison (FAO / infiltration / ANN)
	FAO-56 PM, Hargreaves, Pan, ANN, Horton, Kostiakov, Philip
	Regression of simulated vs. measured ET / infiltration
	R² = 0.65–0.94; RMSE = 0.89; ANN error ≈ –1.1 %
	(Ávila-Dávila et al., 2021; S. Shi et al., 2025)

	Soil hydraulic modeling
	van Genuchten–Mualem (HYDRUS 1D)
	Parameter optimization and regression fitting of moisture curves
	r = 0.88–0.93; strong agreement with observed drainage
	(Baalousha et al., 2022; Krevh et al., 2023)

	Hydro-mechanical modeling
	Effective-stress and storage response equations (ΩT model)
	Regression of pore vs. atmospheric pressure; RMSE minimization
	RMSE = 17–22 mm; β = 0–0.2
	(Braaten & Ireson, 2025)

	Empirical / algorithmic validation
	AWAT filtering; SFCP irrigation algorithm
	Signal-noise and uncertainty quantification; empirical flow comparison
	Error < 2 %; high reproducibility
	(Brown et al., 2021b; Soler-Méndez et al., 2021)

	Statistical testing framework
	Paired t-tests and correlation analysis
	Comparison of measured vs. target soil-moisture and physiological data
	p < 0.05; precise irrigation triggering
	(Liyanage et al., 2022)

	Empirical model comparison
	APSIM, Taranaki, Penman–Monteith ET₀
	Regression and correlation (r, R²) between observed and simulated data
	r = 0.76–0.97; low RMSE
	(Abhiram et al., 2023; Naveen-Gupta et al., 2019)




8.| CONCLUSION
Technological advancement in load cell instrumentation, data logging and IoT integration have fundamentally enhanced the accuracy, automation, and adaptability across diverse environments. This has evolved lysimeters into indispensable tools for the precise measurement of soil – plant – atmosphere water fluxes. The reviewed studies demonstrate how lysimeters experiments have adapted system design, calibration methods, sensor networks to address specific climatic, agronomic, and operation challenges. The recent trend of lysimeter development underscores their status as highly versatile, scalable and scientifically robust instrument required for optimizing irrigation scheduling, improving crop water-use efficiency in the context of global climate variability. 
9.| FUTURE SCOPE
Upcoming studies should focus on developing comprehensive smart lysimeter systems that go beyond measuring evapotranspiration only. With the integration of additional sensors such as gas analysers for monitoring photosynthesis and other plant growth parameters, systems could enable automatic irrigation scheduling, dynamically adjusting to the water requirements. The method shows potential for transforming lysimeter technology into a holistic platform for advanced plant and water management in modern agriculture.  
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