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ABSTRACT 
 

Soil health monitoring is essential for sustainable agricultural practices and effective environmental 

management. Recent sensor technologies and remote sensing innovations have transformed how we 

assess soil health, providing real-time and precise data that enhance decision-making processes. This 

review focuses on integrating advanced sensor technologies, like Internet of Things (IoT) devices, 

alongside remote sensing techniques, including drones and satellite imagery, in soil science. These 

technologies enable continuous monitoring of critical soil parameters, such as moisture levels and 

nutrient content, significantly improving the accuracy and efficiency of soil health evaluations. 

Additionally, remote sensing provides a comprehensive overview of soil conditions across large areas, 

allowing for the identification of spatial patterns and temporal changes that traditional methods may 

overlook. Various case studies from agricultural and environmental projects demonstrate the practical 

benefits and the challenges of implementing these innovations. The article also discusses future trends 

and potential obstacles, highlighting the need for further research and development to exploit these 

technologies' capabilities fully. Ultimately, advanced sensors and remote sensing promise to improve 

soil health monitoring, contributing to more sustainable and productive agricultural systems. 
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1 Introduction  

Soil health is a fundamental aspect of sustainable agriculture and 

environmental stewardship. It is essential for ensuring food 

security, maintaining ecosystem services, and mitigating the 

negative impacts of climate change. Traditional monitoring 

methods of soil health often depend on manual sampling, and 

laboratory analyses can be labor-intensive, time-consuming, and 

limited in spatial and temporal coverage. However, the emergence 

of advanced sensor technologies and remote sensing has 

significantly improved our understanding of soil health assessment, 

providing more dynamic, comprehensive, and efficient approaches. 

Advanced sensor technologies, particularly those integrated with 

the Internet of Things (IoT), have revolutionized soil monitoring 

(Figure 1). IoT-based soil sensors can continuously measure soil 

properties, including moisture content, temperature, pH, and 

nutrient levels, transmitting real-time data to central databases for 

analysis (Mutyalamma et al. 2020). This continuous data stream 

enables researchers and farmers to make more accurate and timely 

management decisions related to irrigation optimization, 

fertilization, and other soil management practices, ultimately 

enhancing crop productivity and sustainability (Smith et al. 2020). 

Remote sensing includes satellite imagery and drone-based 

observations, which provide an aerial view of soil health over large 

areas (Figure 2). These technologies can detect changes in soil 

properties and vegetation health, allowing for the assessment of 

soil moisture, organic matter content, and salinity across various 

scales and periods. One of the main advantages of remote sensing 

is its ability to cover extensive regions that would be impractical to 

monitor using ground-based methods alone (Jones and Brown 

2019). Researchers can create accurate models to predict soil 

health and inform agricultural practices by combining remote 

sensing data with ground-truth measurements. 

One of the significant benefits of advanced sensor technologies 

and remote sensing is their ability to detect and address spatial 

variability in soil properties. Soils within a single field vary 

considerably due to the differences in topography, organic 

matter, and historical land use. Understanding this variability is 

crucial for precision agriculture, which aims to manage soil and 

crop inputs on a fine scale to optimize yields and minimize 

environmental impacts (Zhang et al. 2021a). Farmers can apply 

fertilizers and water more efficiently by mapping soil variability, 

reducing waste and enhancing environmental sustainability. 

Integrating these technologies also allows for real-time 

monitoring of soil health, providing immediate feedback on the 

effectiveness of management practices. For instance, IoT sensors 

can alert farmers to changes in soil moisture levels, prompting 

timely adjustments in irrigation to prevent crop stress or water 

wastage. Similarly, remote sensing can pinpoint underperforming 

 
Figure 1 illustrates the impact of IoT-based advanced sensor technologies on soil monitoring from 2015 to 2023.  

This figure has been regenerated using previously published data. 
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areas of a field, enabling targeted interventions that improve 

overall crop performance (Chen et al. 2020a). 

Despite these numerous advantages, adopting advanced sensor 

technologies and remote sensing in soil health monitoring presents 

several challenges. The initial cost of acquiring and deploying 

these technologies can be high, and there is a need for technical 

expertise to interpret the data accurately. Additionally, integrating 

data from various sources requires sophisticated analytical tools 

and methods to ensure reliability and consistency (Wang and Li 

2022). Addressing these challenges is crucial to maximizing the 

potential of these innovations. 

Future trends in soil health monitoring will likely see further 

advancements in sensor accuracy, data integration, and the 

development of user-friendly platforms that make these 

technologies accessible to a broader audience. Research is also 

needed to explore the long-term impacts of these technologies on 

soil health and agricultural productivity. As the field evolves, 

fostering collaboration among scientists, technology developers, 

and farmers will be essential to ensure that innovations in soil 

health monitoring translate into tangible benefits for sustainable 

agriculture and environmental management. 

This study aims to evaluate the role of advanced sensor 

technologies and remote sensing methods in soil health 

monitoring, focusing on how these innovations enhance the 

accuracy, efficiency, and scalability of soil assessments for 

sustainable agriculture. Specifically, the study examines how 

integrating IoT devices, drones, and satellite imagery enables real-

time monitoring of soil parameters such as moisture, nutrients, and 

pH levels. Additionally, it aims to identify the benefits and 

challenges of these technologies in capturing spatial and temporal 

soil variability, thereby supporting more precise, data-driven 

decisions for optimizing soil management practices. 

2 Traditional Soil Health Monitoring Methods 

Traditional soil health monitoring methods are fundamental for 

understanding and managing soil conditions and crucial for 

agricultural productivity and environmental sustainability. These 

methods involve a variety of physical, chemical, and biological 

analyses that provide a comprehensive assessment of soil health. 

Physical analysis examines soil texture, structure, and porosity. 

Soil texture refers to the proportion of sand, silt, and clay, which 

affects water retention and aeration, essential for plant health and 

root growth. Soil structure influences how well water infiltrates 

and how deeply roots can penetrate, which is determined by how 

soil particles aggregate. Porosity, the measurement of pore spaces, 

impacts the soil's ability to hold air and water, which is vital for 

supporting plant roots and microbial activity (Brady and Weil 2008). 

Chemical analysis in traditional soil health monitoring primarily 

focuses on measuring pH, nutrient content (such as nitrogen, 

phosphorus, and potassium), and cation exchange capacity (CEC). 

Soil pH is significant in nutrient availability, while nutrient levels 

 
Figure 2 illustrates advancements in remote sensing technologies for soil health monitoring from 2015 to 2023.  

This figure has been regenerated based on published data. 
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directly affect soil fertility. CEC determines the soil's ability to 

hold and release essential nutrients for sustainable crop 

productivity. 

Biological analysis evaluates the soil's organic matter content, 

microbial biomass, and enzymatic activities—key indicators of soil 

biological health and productivity. A high microbial diversity 

supports nutrient cycling and helps plants resist diseases. While 

these traditional methods provide thorough insights into soil 

health, they are often labor-intensive and limited in spatial and 

temporal coverage. This limitation has led to the integration of 

newer technologies to enhance soil monitoring. 

Chemical analysis of soil involves testing pH levels, nutrient 

content, and organic matter. Soil pH measures the acidity or 

alkalinity of the soil, which significantly affects nutrient 

availability and microbial activity (Jones et al. 2020). Nutrient 

testing focuses on essential macronutrients and micronutrients, 

such as nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), 

magnesium (Mg), and trace elements like iron (Fe) and zinc (Zn) 

(Havlin et al. 2013). These tests are crucial for assessing soil 

fertility and guiding fertilization practices.  

The organic matter content, which includes decomposed plant and 

animal residues, is vital for nutrient cycling and improves soil 

structure and water-holding capacity (Sparks 2003). Biological 

analysis assesses microbial activity and biodiversity within the 

soil. Soil microbes, including bacteria, fungi, and other 

microorganisms, play a pivotal role in nutrient cycling, organic 

matter decomposition, and promoting plant health through 

symbiotic relationships. Microbial biomass measurement, enzyme 

assays, and soil respiration technology are used to evaluate 

microbial activity and overall soil health (Paul 2014). 

Traditional soil health monitoring methods involve manual 

sampling and laboratory analysis, focusing on assessing the soil's 

physical, chemical, and biological properties. These methods 

include testing soil texture, structure, pH levels, nutrient content, 

and organic matter. For instance, soil texture determined by sand, 

silt, and clay proportions—affects properties like water retention 

and drainage, while pH levels influence nutrient availability. The 

main advantages of traditional methods are their proven accuracy 

and the ability to provide detailed data. However, these techniques 

are labor-intensive, time-consuming, and offer limited spatial 

coverage, as they typically rely on point-based sampling. Although 

 
Figure 3 The waterfall chart illustrates future trends in soil health monitoring, highlighting key areas of advancement and their cumulative 

impact. The trends indicate a total improvement value of 190 by 2023, showcasing the substantial potential that advancements in soil health 

monitoring have for promoting more sustainable and efficient agricultural practices. This figure has been recreated based on the published  

                                                                                                        information. 
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accurate, laboratory analyses can take days to weeks to yield 

results, delaying important decision-making processes. 

Additionally, traditional methods do not provide continuous, real-

time data, which is increasingly crucial for precision agriculture 

and dynamic soil management (Adamchuk et al. 2004). This 

limitation makes it challenging to capture soil condition variability 

over large areas or in real-time, often requiring additional sampling 

to achieve a comprehensive assessment (Brady and Weil 2008). 

In contrast, advanced methods such as IoT-based sensors and remote 

sensing technologies, including drones and satellite imagery, offer 

real-time monitoring and broader spatial coverage. These 

technologies enable continuous data collection on soil moisture, 

temperature, pH, and nutrient levels, providing a dynamic and more 

accurate picture of soil health across large areas. The primary 

advantage of these advanced methods lies in their ability to collect 

data over extended periods and at a high spatial resolution, 

identifying soil variability and temporal changes that traditional 

methods may overlook. While the initial cost and technical expertise 

required to deploy these systems can be high, they are highly 

efficient in the long run, significantly reducing the labor and time 

involved in manual soil monitoring. Moreover, they facilitate 

precise, data-driven decisions that enhance agricultural management 

practices and sustainability (Jones et al. 2020; Zhang et al. 2021a). 

3 Advanced Sensor Technologies in Soil Health Monitoring 

3.1 Overview of Sensor Technologies 

Recent advancements in sensor technologies have significantly 

improved the ability to monitor various soil parameters with high 

precision (Kumar and Lal 2020). These sensors are designed to 

measure soil moisture, temperature, electrical conductivity, pH, 

and nutrient levels, providing continuous and real-time data crucial 

for precision agriculture (Zhang et al. 2021b). For example, soil 

moisture sensors can accurately detect the volumetric water 

content in the soil, enabling precise irrigation management and 

reducing water wastage. These sensors generally measure moisture 

levels using electrical resistance, capacitance, and time-domain 

reflectometry (TDR). In the case of resistive sensors, the electrical 

resistance between two probes decreases as soil moisture increases, 

allowing the sensor to estimate water content accurately. 

Capacitive sensors, on the other hand, measure changes in the 

dielectric constant of the soil, which varies with moisture content. 

TDR sensors send an electromagnetic pulse through the soil, and 

the time it takes for the pulse to return is used to determine the 

moisture level. 

Numerous studies have demonstrated the effectiveness of soil 

moisture sensors in improving irrigation practices. For instance, 

Patel et al. (2021) used soil moisture sensors to optimize irrigation 

scheduling in agricultural fields, resulting in a 25% reduction in 

water usage without compromising crop yield. Similarly, a field 

experiment by Huang et al. (2022) employed these sensors in a 

vineyard, leading to better water management and improved 

grapevine growth conditions by monitoring soil moisture levels 

more accurately. 

Soil temperature sensors provide valuable insights into the thermal 

conditions of the soil, which are essential for understanding 

microbial activity and plant growth dynamics. These sensors 

 
Figure 4 Visually appealing chart illustrates the efficiency and effectiveness of various traditional soil health monitoring methods. It 

highlights the balance between time consumption, labor requirements, and accuracy. This figure has been recreated from previously 

published data for inclusion in the current manuscript. 
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measure soil temperature at various depths, and commonly used 

types include thermistors, thermocouples, and resistance 

temperature detectors (RTDs). Thermistors change their resistance 

with temperature, while thermocouples generate a voltage in 

response to temperature differences. RTDs operate on the principle 

that the resistance of certain metals increases with temperature. 

Typically, these sensors are embedded in the soil or inserted at 

different depths to provide real-time temperature readings, which 

is critical for managing planting schedules and irrigation systems. 

Experiments utilizing soil temperature sensors have been conducted 

in various agricultural settings to understand the effects of soil 

temperature on crop growth and microbial activity. For instance, 

Shao et al. (2019) conducted a study in which soil temperature 

sensors were used to monitor temperature fluctuations in paddy 

fields, revealing a direct correlation between soil temperature and 

rice growth rates. Similarly, in an experiment by Wang et al. (2020), 

data collected from soil temperature sensors were used to optimize 

planting times and improve wheat yields by aligning sowing 

schedules with optimal soil temperature conditions. These findings 

underscore the importance of soil temperature in influencing plant 

development and soil biota activity, which are crucial for effective 

crop management and yield optimization. 

Electrical conductivity (EC) sensors are essential for assessing soil 

salinity, significantly impacting nutrient availability and plant 

health. These sensors measure the soil's ability to conduct 

electrical current, which increases with dissolved salts. The 

principle behind EC sensors is that soluble salts in the soil create 

ionic conductivity; therefore, higher salt concentrations result in 

greater conductivity. Typically, EC sensors consist of two 

electrodes placed in the soil. The electrical resistance measured 

between the electrodes is inversely related to the soil's 

conductivity. EC sensors can be categorized into two types: contact 

and non-contact. Contact sensors are inserted directly into the soil, 

while non-contact sensors use electromagnetic fields to evaluate 

conductivity from a distance. These sensors play a crucial role in 

evaluating soil salinity, which can affect nutrient balance, plant 

water uptake, and overall growth. High soil salinity can lead to 

nutrient imbalances and inhibited growth. Various studies have 

demonstrated the effectiveness of EC sensors in managing soil 

salinity. For example, Saha et al. (2020) utilized EC sensors in 

saline-prone regions of India to monitor changes in soil salinity, 

correlating these variations with reductions in crop yield. Another 

study by Basso et al. (2021) examined the influence of different 

irrigation schedules on soil salinity using EC sensors, finding that 

precise irrigation management based on real-time EC data can 

significantly lower salinity levels and enhance crop performance. 

Nutrient sensors are designed to measure the concentration of 

essential nutrients, such as nitrogen, phosphorus, and potassium, 

facilitating targeted fertilization practices that enhance crop yield 

while minimizing environmental impacts. These sensors can 

employ various techniques such as electrochemical, optical, or 

spectrometric methods to detect and quantify nutrient levels in the 

soil. Ion-selective electrodes (ISEs) are commonly used for 

nitrogen and potassium detection, responding specifically to 

certain ions in the soil solution. Sensors may utilize colorimetric 

methods for phosphorus detection, where chemical reactions with 

phosphorus compounds produce a color change proportional to the 

concentration. Additionally, some sensors use near-infrared 

spectroscopy (NIR) for non-destructive analysis by measuring the 

soil's light absorption at different wavelengths, providing real-time 

data on nutrient levels. 

These nutrient sensors are vital for precision agriculture, allowing 

farmers to implement targeted fertilization practices, optimize 

nutrient application, reduce fertilizer waste, and mitigate 

environmental issues like nutrient runoff and leaching. Rai et al. 

(2020) monitored nitrogen and phosphorus levels in cornfields 

using nutrient sensors, discovering that real-time data helped 

optimize fertilizer application, resulting in a 15% reduction in 

nitrogen use and a 10% improvement in crop yields. Similarly, 

Zhang et al. (2021b) assessed potassium levels in wheat fields with 

nutrient sensors, leading to more precise fertilization that 

minimized over-application and enhanced crop quality. 

Collectively, these advanced sensors contribute to a comprehensive 

understanding of soil health, empowering farmers and researchers 

to optimize agricultural practices based on accurate, timely data 

(Smith and Black 2019; Jones et al. 2020). 

3.2 Internet of Things (IoT) in Soil Monitoring 

Integrating Internet of Things (IoT) devices into soil monitoring 

systems has transformed agricultural practices by enabling the real-

time collection and transmission of soil data. IoT-based soil 

sensors facilitate continuous data gathering and sharing in modern 

monitoring systems. These sensors typically measure soil moisture, 

temperature, pH, and nutrient levels and are interconnected 

through wireless communication networks. The data collected by 

IoT devices is transmitted to a central platform or cloud-based 

system for analysis and informed decision-making. 

IoT systems commonly use energy-efficient wireless 

communication protocols such as LoRaWAN, Zigbee, or NB-IoT, 

which allow for long-range data transmission. When integrated 

with cloud computing and machine learning algorithms, these 

sensors can enhance their ability to provide predictive analytics for 

improved resource management. For instance, Sood et al. (2020) 

utilized IoT-based sensors to monitor soil moisture and 

temperature in a vineyard. The real-time data collected enabled 

precise irrigation management, which reduced water consumption 

by 20% while improving grape quality. Similarly, Hassan et al. 

(2021) integrated IoT sensors in a wheat farming system to track 
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soil nutrient levels and pH, providing farmers with actionable 

insights that led to more efficient fertilizer use and overall crop 

yield. These studies underscore how IoT devices can effectively 

improve soil health management by delivering precise, real-time 

information that supports sustainable agricultural practices.  

IoT-based soil monitoring systems are equipped with multiple 

sensors that can be deployed across extensive agricultural fields, 

creating detailed soil health profiles. These systems offer remote 

access to data, allowing farmers and researchers to make informed 

decisions without being physically present in the field (Hassan et 

al. 2021). This real-time data access facilitates timely 

interventions, such as adjusting irrigation schedules or applying 

fertilizers, thus enhancing resource efficiency and crop 

productivity. Additionally, IoT devices can be integrated with 

weather forecasting systems to anticipate and mitigate the impacts 

of adverse weather conditions on soil health (Akyildiz et al. 2002; 

Kim et al. 2017). This integration combines real-time soil data 

collected from IoT sensors—such as moisture, temperature, pH, and 

nutrient levels—with weather data from meteorological systems. 

For instance, weather forecasting systems predict temperature 

fluctuations, rainfall, humidity, and extreme weather events like 

droughts or storms. When IoT sensors detect changes in soil 

conditions that correlate with predicted weather patterns, they can 

trigger automatic irrigation systems or alert farmers to take 

preventive actions, such as adjusting fertilization schedules or 

preparing for soil erosion. The data from both systems can be 

processed through cloud-based platforms or edge computing 

systems, providing predictive analytics for smarter decision-

making. Several experiments have demonstrated the effectiveness 

of this integration. For example, Smith et al. (2021) studied IoT 

soil moisture sensors in combination with weather forecasting tools 

to predict and mitigate the impact of drought conditions on 

agricultural fields. This integration enabled early warning systems 

that adjusted irrigation schedules based on forecasted rainfall and 

soil moisture levels, leading to a 25% reduction in water usage. 

Another study by Chen et al. (2020b) integrated weather data with 

soil health sensors in rice paddies to forecast flood risks. This 

system allowed farmers to proactively adjust their water 

management practices, enhancing rice yields and minimizing 

flooding-related crop damage. These examples illustrate how IoT-

based systems, when combined with weather data, can help 

mitigate adverse weather impacts on soil health, ensuring better 

resource management and crop sustainability. 

4 Types of Soil Sensors 

4.1 Soil Moisture Sensors  

Soil moisture sensors are devices that measure the amount of water 

present in the soil. They use techniques such as time-domain 

reflectometry (TDR) and capacitance. TDR sensors measure how 

long an electromagnetic pulse travels through the soil, while 

capacitance sensors estimate moisture content based on the soil's 

dielectric constant (Figure 5). These sensors are crucial for 

precision irrigation, as they help ensure that crops receive the right 

amount of water, preventing both over-irrigation and waterlogging 

(Topp et al. 1980; Sehgal et al. 2023). 

4.2 Soil Temperature Sensors 

Soil temperature sensors provide crucial data about the thermal 

conditions of the soil, which are essential for various biological 

processes, including seed germination, root development, and 

microbial activity. Accurate measurements of soil temperature help 

determine optimal planting times and manage soil-borne diseases. 

These sensors typically utilize thermocouples or resistance 

temperature detectors (RTDs) to measure soil temperature at 

different depths, offering insights into the soil's thermal profile 

(Fritton and Olson 1972; Papendick and Campbell 1981). 

In practical applications, these sensors are frequently used in 

agricultural research to optimize planting schedules and enhance 

crop yields by ensuring that crops are planted when soil 

temperatures are ideal for growth. Additionally, they aid in 

studying the effects of temperature fluctuations on soil ecosystems, 

particularly in terms of microbial activity and the decomposition of 

organic matter. In a specific field experiment, the accuracy of 

various soil temperature sensors was tested under different soil 

conditions. The results showed consistent temperature readings 

across various depths, which can be useful for predicting planting 

windows or adjusting irrigation schedules. 

4.3 Electrical Conductivity Sensors 

 Electrical conductivity (EC) sensors are essential for measuring 

soil salinity, significantly impacting nutrient availability and plant 

health. High soil salinity can lead to osmotic stress and ion 

toxicity, hindering plant growth and reducing crop yields. EC 

sensors pass an electrical current through the soil and measure its 

ability to conduct electricity. This data is invaluable for identifying 

saline areas and implementing soil remediation practices to 

enhance soil health (Rhoades et al. 1989; Corwin and Lesch 2005). 

In agricultural settings, EC sensors enable real-time monitoring of 

soil salinity, allowing farmers to manage irrigation systems better 

and prevent over-fertilization, which can worsen salinity issues. 

For instance, Gao et al. (2023) utilized EC sensors in irrigated 

fields to optimize water management by adjusting irrigation 

schedules based on real-time salinity data. This approach helped 

reduce water wastage and improve crop yields. Similarly, Sharma 

et al. (2021) demonstrated that integrating EC sensors into 

automated irrigation systems maintained optimal salinity levels in 

vineyard soils, enhancing grapevine health and reducing input 
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costs. These sensors also play a vital role in environmental 

monitoring by assessing soil salinity levels in areas impacted by 

industrial activities or salinization due to climate change. Kong et 

al. (2022) employed EC sensors to monitor salt accumulation in 

reclaimed lands, offering long-term land management strategy 

insights. Regularly measuring electrical conductivity facilitates the 

prediction of salinity risks and allows for timely corrective actions, 

such as modifying irrigation practices or applying soil 

amendments. 

4.4 Nutrient Sensors 

Nutrient sensors are devices that measure the concentration of 

essential nutrients such as nitrogen (N), phosphorus (P), and 

potassium (K) in the soil. They utilize various techniques to detect 

and quantify nutrient levels, including ion-selective electrodes and 

colorimetric assays. Accurate measurements of these nutrients 

enable precision fertilization practices, ensuring that crops receive 

the necessary nutrients for optimal growth while minimizing the 

risk of nutrient runoff and environmental pollution (Adamchuk et 

al. 2004; He et al. 2007). A practical application of nutrient sensors 

is found in precision farming, which enhances fertilization 

practices. For example, Sharma et al. (2023) demonstrated how 

nitrogen sensors can be integrated into automated irrigation 

systems to monitor and adjust nitrogen levels in real-time. This 

approach reduces the overuse of fertilizers and ensures that crops 

receive the right amount of nutrients at the right time, ultimately 

improving both economic and environmental outcomes. 

Similarly, Martínez et al. (2021) utilized phosphorus and 

potassium sensors in vineyards to optimize fertilization practices, 

improving soil health and increasing grape production. In addition, 

these sensors are valuable for environmental monitoring, 

particularly in assessing nutrient runoff and its impact on 

surrounding ecosystems. A study by Hassan et al. (2022) involved 

placing nutrient sensors in agricultural fields to monitor nutrient 

leaching into nearby water bodies. The data collected from these 

sensors facilitated the development of strategies to reduce nutrient 

pollution and protect water quality, underscoring the broader 

environmental benefits of nutrient sensing technology. 

5 Remote Sensing Technologies 

5.1 Introduction to Remote Sensing 

Remote sensing is gathering information about the Earth's surface 

without making direct contact. This is achieved using satellites, 

aircraft, or drones with various sensors. It allows for large-scale 

soil health monitoring by capturing spectral data that can be 

analyzed to determine soil properties (Jensen 2007) (Figure 6). In 

soil health monitoring, remote sensing is particularly useful for 

 
Figure 5 This chart provides a comprehensive overview of the various soil sensors used to monitor soil health, focusing on three key metrics: 

accuracy, cost, and deployment rate. The blue and green bars represent the accuracy and cost of each sensor type, respectively, while the red 

line illustrates the deployment rate. This visual representation helps to clarify the trade-offs between cost, accuracy, and deployment rate for 

different soil sensors, offering valuable insights for selecting the most suitable sensor type for soil health monitoring. Based on previously  

                                                published data, this figure has been recreated for the current manuscript. 
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evaluating conditions over vast areas, which might be challenging 

or time-consuming with traditional ground-based methods. For 

instance, Vaughan et al. (2022) demonstrated using satellite-based 

remote sensing to assess soil moisture across extensive agricultural 

regions. By integrating multispectral images, they were able to 

estimate soil water content, revealing how remote sensing can help 

optimize irrigation schedules and minimize water wastage. Drones 

are also increasingly being used for more localized assessments. 

Yilmaz et al. (2021) utilized drone-based hyperspectral sensors to 

detect soil organic carbon content variations. Their research 

illustrated that drones with high-resolution sensors can provide 

precise, real-time data on soil health, which can inform customized 

management practices. Kang et al. (2023) also employed satellite 

imagery and machine learning algorithms to map soil salinity in 

arid regions. Their findings emphasized the potential of merging 

remote sensing data with advanced analytical tools to enhance soil 

management strategies and predict long-term trends in soil health. 

These applications highlight the effectiveness of remote sensing 

technologies as a comprehensive, non-invasive method for 

monitoring soil health. They offer both broad-scale and high-

resolution insights, significantly improving decision-making in 

agriculture and environmental management. 

5.2 Satellite Imagery 

Satellites equipped with multispectral and hyperspectral sensors 

provide valuable data on soil properties and vegetation health. 

These sensors capture information at different wavelengths, 

enabling the analysis of soil moisture, organic matter content, and 

nutrient levels (Mulla 2013). Multispectral sensors typically 

measure data across a few broad spectral bands, including the 

visible, near-infrared, and shortwave infrared regions. In contrast, 

hyperspectral sensors collect data across many narrow and 

continuous bands, offering more detailed insights into various soil 

and vegetation characteristics. The operation of these sensors is 

based on the principle that different materials on the Earth's surface 

reflect or absorb light differently across various wavelengths.  

It is well established that soil moisture affects reflectance in the 

shortwave infrared (SWIR) region, while organic matter content 

can be inferred from the reflectance in the near-infrared (NIR) 

region. Vegetation health is often evaluated using indices such as 

the Normalized Difference Vegetation Index (NDVI), which is 

calculated from visible and near-infrared bands and indicates the 

vigor of plant growth. In practical applications, Zhao et al. (2022) 

used satellite-based multispectral sensors to monitor soil moisture 

and organic carbon levels across extensive agricultural areas. Their 

research demonstrated that these sensors delivered accurate, 

scalable insights into the soil's water-holding capacity and organic 

matter content, both crucial for effective irrigation management 

and improving crop productivity. In another study, Hernández et 

al. (2021) utilized satellite hyperspectral sensors to assess soil 

nutrient content. The hyperspectral data were analyzed to identify 

nutrient deficiencies, such as nitrogen and phosphorus, vital for 

crop growth. This experiment showed how hyperspectral data 

could provide precise information on nutrient levels, enabling 

 
Figure 6 The chart illustrates the development of remote sensing technologies in soil health monitoring from 2015 to 2023, highlighting four 

key metrics. This chart offers a comprehensive overview of advancements in remote sensing, emphasizing the increasing adoption of these 

technologies, improved accuracy, and reduced costs. Together, these factors significantly enhance soil health monitoring practices. This  

                                        figure has been recreated for the current manuscript based on the available information. 
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more targeted and efficient fertilization practices. These satellite-

based sensors are particularly beneficial for large-scale soil 

monitoring, offering data over vast areas that would be impractical 

or costly to collect using traditional ground-based methods. In this 

context, multispectral sensors like Landsat and Sentinel-2 capture 

data in multiple wavelength bands, facilitating the monitoring of 

various soil health parameters (Van der Meer et al. 2012). 

5.3 Drone-Based Remote Sensing 

Drones provide high-resolution, flexible, and cost-effective 

solutions for remote sensing. With advanced cameras and sensors, 

drones can capture detailed images and data of agricultural fields, 

facilitating precise soil health assessments (Zhang and Kovacs 

2012). Utilizing drones for soil health monitoring allows for 

frequent and targeted data collection, which enhances the accuracy 

and timeliness of these assessments (Zarco-Tejada et al. 2014). 

Drone sensors gather high-resolution imagery processed using 

specialized software to create detailed maps and models. For 

instance, multispectral sensors capture images across various 

bands, including visible light, near-infrared, and red edge, which 

are often used to evaluate vegetation health through indexes such 

as the NDVI. Thermal sensors provide critical information 

regarding soil temperature, which is essential for understanding 

microbial activity and plant growth dynamics. 

Multiple studies have highlighted the effectiveness of drone-based 

sensors in precision agriculture. For example, Feng et al. (2022) 

demonstrated how drones equipped with multispectral sensors 

were used to monitor soil moisture levels and crop stress in large 

agricultural fields. Their research illustrated that drones could 

deliver real-time, high-resolution data, aiding farmers in timely 

irrigation and crop management decisions. Similarly, Khatami et 

al. (2021) utilized drones with thermal and multispectral sensors to 

evaluate the health of soil and crops in vineyards. Their findings 

revealed that drones could detect early signs of nutrient 

deficiencies and water stress, enabling more focused and efficient 

farming practices. Furthermore, Van der Meer et al. (2023) 

showcased drones equipped with hyperspectral sensors for 

mapping soil properties such as organic matter and pH levels. This 

high-resolution data allows for meticulous soil management and 

the identification of spatial variability in soil health across 

agricultural fields. These examples highlight the benefits of 

employing drone-based sensors in agricultural monitoring, where 

high spatial resolution and flexibility lead to more effective and 

timely soil health assessments. 

5.4 Spectral Analysis 

Spectral analysis involves studying how light interacts with soil 

and vegetation. Different soil properties reflect and absorb light at 

specific wavelengths, which can be analyzed to infer soil health 

parameters. Techniques such as the Normalized Difference 

Vegetation Index (NDVI) and the Soil Adjusted Vegetation Index 

(SAVI) are commonly used in remote sensing for monitoring soil 

health (Rouse et al. 1974; Huete 1988). These indices help assess 

vegetation health, soil moisture, and organic matter content, 

providing valuable insights into soil conditions (Tucker 1979). The 

NDVI compares the difference between near-infrared and red-light 

reflectance and is widely used for monitoring vegetation health. 

High NDVI values generally indicate healthy vegetation, while 

low values suggest stressed or sparse vegetation. The SAVI is a 

modified version of NDVI that adjusts for soil brightness by 

incorporating a soil adjustment factor, making it particularly useful 

in areas with sparse vegetation or when soil background 

significantly influences the signal. These indices play a crucial role 

in remote sensing for soil health monitoring. For instance, Zhou et 

al. (2021) utilized NDVI and SAVI to assess the health of 

vegetation and soil moisture in a semi-arid region, helping to 

identify areas with moisture stress and insufficient organic matter. 

Similarly, Zhao et al. (2022) applied both indices in a study 

involving agricultural fields to detect spatial variations in soil 

organic matter and nutrient levels, which aided in improving 

fertilization strategies. These experiments highlight the 

effectiveness of spectral analysis techniques, such as NDVI and 

SAVI, in providing valuable insights into soil conditions and 

guiding precision agriculture practices. 

6 Applications of Advanced Sensor and Remote Sensing 

Technologies 

6.1 Precision Agriculture 

Precision agriculture improves crop yield while reducing the 

environmental impact caused by the excessive use of agricultural 

inputs. For example, soil sensors can continuously monitor moisture 

levels, nutrient content, and pH, enabling targeted interventions that 

address the specific needs of different areas within a field. 

Additionally, remote sensing through satellite imagery and drone 

surveys provides a comprehensive overview of crop health and soil 

conditions across large regions. This technology helps identify areas 

that require attention and supports site-specific management 

practices (Zhang and Kovacs 2012; Mulla 2013). 

6.2 Irrigation Management 

Irrigation management facilitates the creation of precise irrigation 

schedules that align with the water requirements of crops. This 

practice helps reduce water waste and improves crop productivity. 

Remote sensing technologies, such as satellite and drone imagery, 

can enhance ground-based sensors by providing a broader view of 

soil moisture distribution across extensive agricultural fields. By 

integrating both ground and aerial data, farmers can implement 

more effective water management strategies, ensuring that water is 
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applied where and when it is most needed. This approach supports 

sustainable agricultural practices (O'Shaughnessy and Evett 2010; 

Jagarlapudi 2016). 

6.3 Nutrient Management 

The information is essential for effectively applying fertilizers and 

ensuring that crops receive the necessary nutrients without excess, 

which can lead to environmental problems such as nutrient runoff 

and eutrophication of water bodies. Remote sensing technologies 

improve nutrient management by providing detailed maps of 

nutrient variability within fields, allowing for site-specific 

fertilization. By adopting these technologies, farmers can 

implement targeted nutrient management practices that enhance 

crop health and yield and promote environmental sustainability 

(Scharf and Lory 2000; Jensen et al. 2007). 

6.4 Soil Conservation 

Soil conservation is vital for maintaining soil health and preventing 

land degradation. Remote sensing technologies are key in 

monitoring soil erosion and degradation issues across vast areas. 

Satellite imagery and aerial surveys from drones can identify 

changes in soil structure, vegetation cover, and erosion patterns, 

providing early warnings of potential soil degradation. This 

information is essential for implementing effective soil 

conservation strategies, such as contour farming, terracing, and 

cover cropping, which help to preserve soil integrity and fertility. 

Furthermore, remote sensing can evaluate the effectiveness of 

these conservation practices over time, allowing for necessary 

adjustments and improvements to ensure long-term soil health and 

sustainability (Lal 2001; Borrelli et al. 2017). 

7 Case Studies 

7.1 IoT in Smart Farming 

An excellent example of the effective use of IoT-based soil 

monitoring systems is a smart farming project conducted in 

California (Circuit Digest 2023). In this project, a network of soil 

sensors was deployed across extensive agricultural fields to gather 

real-time data on various soil health parameters, including 

moisture levels, temperature, and nutrient content. Integration of 

soil moisture sensors allowed for precise irrigation management, 

resulting in a reduction of water usage by up to 30% compared to 

traditional irrigation methods. Additionally, using nutrient sensors 

enabled farmers to optimize fertilization practices, leading to a 

20% decrease in fertilizer consumption while ensuring an adequate 

supply of nutrients for the crops. 

These improvements enhanced both water and nutrient use 

efficiency and contributed to higher crop yields and more 

sustainable farming practices. The incorporation of IoT technology 

allowed farmers to access this data remotely and in real-time, 

significantly improving water use efficiency and crop yield. By 

utilizing precise soil moisture data, the project facilitated more 

efficient irrigation scheduling, minimizing water wastage and 

ensuring optimal conditions for crop growth. Additionally, the 

ongoing assessment of soil nutrients facilitated the precise 

application of fertilizers, which improved soil fertility and 

agricultural productivity. This case study illustrates how IoT 

technology can transform traditional farming practices, making 

them more sustainable and resource-efficient. 

7.2 Drone-Based Soil Health Monitoring in India 

In India, the use of drone technology for monitoring soil health has 

shown promising results in enhancing agricultural productivity 

(Press Information Bureau 2023; India CSR 2024). Drones 

equipped with advanced multispectral and hyperspectral cameras 

capture high-resolution images of agricultural fields. These images 

are then analyzed to evaluate soil health indicators, including 

moisture content, nutrient levels, and the presence of diseases or 

pests. The detailed data collected from drones allows farmers to 

identify and address soil health issues more precisely. For 

example, drones can pinpoint areas in a field experiencing water 

stress, enabling targeted irrigation efforts. Similarly, they can 

quickly identify and correct nutrient deficiencies, promoting 

balanced soil fertility. Overall, drone technology has improved 

crop management practices, increasing crop yields and better 

resource utilization in large agricultural fields across India. 

8 Challenges and Future Directions 

8.1 Technical Challenges 

Despite significant advancements in sensor technologies and 

remote sensing, several technical challenges hinder their 

widespread adoption for soil health monitoring. One major 

challenge is the high cost of purchasing and maintaining advanced 

sensors and remote sensing equipment, which can be particularly 

prohibitive for small-scale farmers. Additionally, integrating data 

from various sensors and remote sensing platforms presents 

significant difficulties. Ensuring that data from different sources is 

compatible and seamlessly integrated into a cohesive monitoring 

system requires advanced technical expertise and sophisticated 

software solutions. Furthermore, interpreting these technologies' 

vast amounts of data necessitates specialized soil science and data 

analytics knowledge. Addressing these technical challenges is 

essential for these advanced monitoring technologies' broader 

adoption and effective use. 

8.2 Data Privacy and Security 

Using IoT devices and remote sensing technologies for soil health 

monitoring raises significant data privacy and security concerns. 
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The large amounts of data collected by these devices, which 

includes sensitive information about soil conditions and 

agricultural practices, must be protected from unauthorized access 

and misuse. To ensure data security, it is essential to implement 

robust encryption protocols and secure data storage solutions. 

Additionally, clear guidelines and regulations are necessary to 

govern the ethical use of this data, ensuring that farmers' privacy is 

respected and that the data is used solely to enhance agricultural 

practices and soil health. Building trust among farmers and other 

stakeholders is crucial for successfully adopting these 

technologies. By adopting transparent data management practices 

and stringent security measures, we can address concerns and 

foster a supportive environment for using IoT and remote sensing 

in monitoring soil health. 

8.3 Future Trends 

The future of soil health monitoring is expected to be influenced 

by integrating advanced technologies, such as artificial 

intelligence (AI) and machine learning (ML), with sensor and 

remote sensing data. AI and ML algorithms can analyze complex 

datasets, providing deeper insights into soil health dynamics. 

These technologies have the potential to identify patterns and 

correlations that may not be evident through traditional analysis 

methods, enabling more accurate predictions and proactive soil 

health management. For example, AI-driven models can forecast 

soil moisture trends based on historical data and weather 

predictions, helping farmers plan their irrigation schedules more 

effectively. Similarly, ML algorithms can analyze spectral data 

from remote sensing platforms to detect early signs of soil 

degradation or nutrient deficiencies, allowing for timely 

interventions. The ongoing advancement of AI and ML 

technologies promises to enhance soil health monitoring systems, 

making them more predictive, efficient, and accessible to a wider 

range of users. 

Conclusion 

Integrating advanced sensor technologies and remote sensing in 

soil health monitoring marks a significant advancement toward 

achieving sustainable agriculture. These innovations provide real-

time, accurate, and comprehensive data on soil health, empowering 

farmers and researchers to make informed decisions and optimize 

resource management. While challenges related to cost, data 

integration, and privacy persist, ongoing technological 

advancements and the potential integration of artificial intelligence 

(AI) and machine learning (ML) offer promising solutions to these 

issues. The future of soil health monitoring is set to become more 

efficient, precise, and accessible, contributing to enhanced 

agricultural practices and environmental conservation. As these 

technologies evolve, they will help ensure soil health and 

sustainability for future generations. 
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