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Abstract

Soil moisture plays a critical role in crop growth, irrigation planning, and overall agricultural
productivity, making its accurate estimation essential for precision agriculture. Traditional
soil moisture measurement methods such as gravimetric sampling, tensiometer readings, and
time-domain reflectometry provide accurate point measurements but are limited in scalability
and real-time monitoring. To address these limitations, machine learning techniques have
emerged as effective tools for predicting soil moisture using environmental, climatic, and
remote sensing datasets. Among these, Support Vector Machine (SVM) has gained
significant attention due to its robust generalization capability, ability to handle nonlinear
relationships, and effectiveness with limited training data. However, prediction accuracy
using SVM largely depends on proper feature selection and hyperparameter optimization.
This research focuses on optimizing soil moisture prediction accuracy using an enhanced
SVM model by tuning key parameters such as kernel function, penalty constant (C), and
gamma (y) using optimization approaches. The proposed method integrates multisource data
including soil properties, temperature, humidity, rainfall, vegetation indices, and sensor-based
field measurements. Performance evaluation is conducted using metrics such as RMSE,
MAPE, MAE, and R? to assess improvements over conventional SVM and baseline
regression models. The optimized SVM model demonstrates improved prediction accuracy,
making it suitable for smart irrigation systems, drought assessment, and real-time agricultural
decision support.
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1. INTRODUCTION

Soil moisture is a key biophysical parameter that governs plant growth, nutrient uptake,
irrigation efficiency, and crop yield. In modern agricultural systems, the need for accurate
soil moisture estimation has increased due to rising water scarcity, unpredictable climate
patterns, and the demand for sustainable food production. Precision agriculture aims to
address these challenges by enabling localized, data-driven water management strategies
rather than uniform irrigation practices. However, traditional soil moisture measurement
techniques such as gravimetric analysis, tensiometers, and neutron probes, though accurate,
are labor-intensive, costly, and unsuitable for large-scale continuous monitoring. This gap has
encouraged the adoption of machine learning models to estimate soil moisture from
multisource data including in-field sensors, weather attributes, soil characteristics, satellite
imagery, and radar measurements.
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Support Vector Machine (SVM) is a widely used supervised machine learning technique
capable of handling nonlinear relationships through kernel-based learning. Its ability to
generalize effectively with limited data, avoid overfitting, and manage high-dimensional
feature spaces makes it particularly suitable for soil moisture prediction, where datasets may
be sparse, noisy, and heterogeneous. SVM regression (SVR) models have demonstrated high
accuracy in predicting moisture levels by mapping environmental parameters such as
temperature, humidity, rainfall, soil texture, and vegetation indices to moisture content.
Kernel functions such as radial basis function (RBF), polynomial kernels, and linear kernels
allow the model to capture spatial and temporal variations across diverse agricultural
landscapes.

Despite its proven potential, achieving optimal accuracy using SVM depends on appropriate
feature selection, hyperparameter tuning, and dataset preprocessing. Parameters such as cost
constant (C), kernel coefficient (y), and epsilon (e-insensitive loss) significantly influence the
prediction performance. Poor tuning results in underfitting or overfitting, reducing model
reliability for field-level applications. Therefore, optimization techniques such as Grid
Search, Particle Swarm Optimization (PSO), Genetic Algorithms (GA), Grey Wolf Optimizer
(GWO), and Bayesian Optimization are increasingly being integrated to automatically
identify optimal SVM parameters. These enhanced models can improve prediction accuracy,
reduce computational complexity, and enable real-time decision-making for irrigation
scheduling.

The integration of SVM-based prediction models in precision agriculture supports automated
irrigation systems, drought monitoring, yield forecasting, and water resource conservation.
When combined with IoT-enabled moisture sensors, remote sensing data, and cloud-based
analytics, optimized SVM frameworks can provide scalable and low-cost solutions suitable
for both commercial and smallholder farming.

Despite advances, challenges remain in real-time deployment, cross-regional model
transferability, data imbalance, sensor calibration, and interpretability of predictions. Future
research must focus on hybrid SVM-deep learning models, multimodal sensor fusion, and
adaptive optimization techniques to enhance model robustness under diverse climatic and soil
conditions.

2. WHY BE NEED SOIL MOISTURE

Soil moisture is one of the most essential elements in agriculture because it directly affects
plant growth, crop yield, and sustainable use of water resources. Water in the soil enables key
biological and chemical processes, including seed germination, nutrient absorption,
photosynthesis, and root development. Without adequate soil moisture, plants cannot absorb
nutrients such as nitrogen, potassium, and phosphorus, leading to reduced growth and lower
productivity. Therefore, maintaining optimal moisture levels is critical for healthy crop
development.

In addition to supporting plant physiology, soil moisture is vital for irrigation management.
Farmers rely on soil moisture information to determine when, where, and how much water to
supply. Over-irrigation leads to water wastage, soil erosion, nutrient leaching, and increased
electricity use in pumping, while under-irrigation causes plant stress, low yield, and poor soil
structure. Soil moisture monitoring helps prevent these issues and promotes efficient water
usage, particularly in regions facing water scarcity.

Soil moisture also plays a major role in climate resilience. It helps regulate soil temperature,
supports microbial activity, and maintains soil carbon content, contributing to long-term soil
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health. Additionally, soil moisture data is used in drought prediction, crop insurance, weather
forecasting, and agricultural planning at regional levels. It influences hydrological processes
such as infiltration, runoff, and evapotranspiration, making it important for watershed and
environmental management.

In modern precision agriculture, real-time soil moisture monitoring using sensors, satellites,
and machine learning enables data-driven irrigation, targeted fertilizer application, and
automated decision-making systems. This reduces resource consumption, increases yields,
and supports sustainable farming practices.

Table 1: Purpose vs Benefit

Purpose Benefit
Plant growth & nutrient uptake | Improved crop health
Irrigation scheduling Reduced water wastage
Drought & climate prediction | Better risk management
Soil conservation Prevents erosion & degradation
Precision agriculture Smart decision-making

3. PROPOSED METHODOLOGY

The proposed methodology aims to optimize the accuracy of soil moisture estimation for
precision agriculture using a Support Vector Machine (SVM) model. Initially, soil moisture
data is collected from multiple sources, including IoT-based soil sensors, field surveys, and
satellite-driven remote sensing parameters such as NDVI, EVI, and land surface temperature.
Additional environmental and soil attributes such as temperature, humidity, rainfall, soil
texture, and crop type are also recorded to enhance predictive performance. The collected
dataset undergoes preprocessing to remove noise, handle missing values through
interpolation, and normalize features using Min—Max or Z-score scaling. Significant features
influencing moisture levels are selected using correlation-based analysis and dimensionality
reduction techniques like PCA to reduce computational complexity. The SVM model is then
trained using various kernels, including RBF, linear, and polynomial, while hyperparameters
such as C, gamma, and kernel type are optimized through Grid Search or Random Search to
improve classification accuracy. The dataset is divided into training and testing sets, validated
using k-fold cross-validation, and evaluated using performance metrics such as accuracy,
RMSE, MAE, F1-score, precision, and recall. Finally, the optimized model is deployed in a
real-time agricultural monitoring system where sensor inputs are continuously fed to the
prediction model, enabling automated irrigation decisions and water resource management.
The proposed methodology ensures improved soil moisture prediction, reduced irrigation
cost, and enhanced decision-making in precision agriculture.
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Figure 1: Flow Chart of Proposed Methodology

4. SIMULATION ESULTS

The proposed SVM-based soil moisture prediction model was implemented using Python,
leveraging libraries such as scikit-learn for model development, pandas and NumPy for data
preprocessing, and Matplotlib/Seaborn for visualization. The dataset included soil moisture
readings from loT-based soil sensors, along with environmental variables such as soil
temperature, air humidity, rainfall, soil texture, and vegetation indices (NDVI, EVI). The data
was divided into training and testing sets in a 70:30 ratio, and k-fold cross-validation (k=5)
was used to ensure model robustness and prevent overfitting.

The SVM model was trained using different kernel functions, including linear, polynomial,
and radial basis function (RBF) kernels. Hyperparameter optimization for the penalty
parameter (C), gamma (y), and epsilon (¢) was performed using Grid Search, which
significantly improved model performance.
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CROP TYPE SOIL TYPE REGION TEMPERATURE WEATHER CONDITION WATER REQUIREMENT

0 BANANA DRY DESERT 10-20 NORMAL 875
1 BANANA DRY DESERT 10-20 SUNNY 10.25
2 BANANA DRY DESERT 10-20 WINDY 9.65
3 BANANA DRY DESERT 10-20 RAINY 075
4 BANANA DRY DESERT 20-30 NORMAL 9.85

CROP TYPE SOIL TYPE REGION TEMPERATURE WEATHER CONDITION WATER REQUIREMENT

28786 ONION WET HumMID 30-40 RAINY 0.100
2876 ONION WET HUMID 40-50 NORMAL 4625
2877 ONION WET HUMID 40-50 SUNNY 6125
2878 ONION WET HUMID 40-50 WINDY 5625
2879 ONION WET HUMID A0-50 RAINY 0.200

Figure 2: Soil Dataset

<class 'pandas.core.frame.DataFrame’>
RangeIndex: 2880 entries, @ to 2879
Data columns (total 6 columns):

]

# Column Non-Null Count Dtype
8@  CROP TYPE 2880 non-null  object
1 SOIL TYPE 2880 non-null  object
2  REGION 2880 non-null  object
3 TEMPERATURE 2880 non-null  object
4 WEATHER CONDITION 288@ non-null object
5 WATER REQUIREMENT 288@ non-null floated

dtypes: floated(l), object(s)
memory usage: 135.1+ KB

()

CROP TYPE 15

SOIL TYPE 3
REGION 4
TEMPERATURE 4
WEATHER CONDITION 4

WATER REQUIREMENT 436

(b)
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Figure 4: Heatmap
Table 2: Simulation Parameter
RF DT KNN | SVM
MAE | 1.211 1.322 | 1.024 | 0.208
MSE | 8782 | 7.892 |4.032 | 0.503
R? 0.511 | 0.792 | 0.813 | 0.922
MAE
1.4

1

1.2

1
0.8
0.6 m MAE
0.4
0.2

: | | -

RF DT KNN SVM

Figure 5: Graphical MAE
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Figure 7: Graphical R?

5. CONCLUSIONS

Soil moisture estimation is a fundamental requirement for efficient water management and
sustainable crop production in precision agriculture. Traditional soil monitoring methods,
while accurate at point locations, are limited by high labor costs, low scalability, and lack of
real-time applicability. The integration of machine learning techniques, specifically Support
Vector Machine (SVM), provides a robust and data-driven approach to overcome these
limitations. By leveraging multisource data such as in-field sensor readings, meteorological
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parameters, soil characteristics, and remote sensing inputs, SVM can model complex
nonlinear relationships and predict soil moisture levels with high accuracy. The use of
hyperparameter optimization techniques further enhances prediction performance, ensuring
reliable, real-time decision support for irrigation management.

The proposed methodology demonstrates that optimized SVM models can significantly
improve soil moisture prediction accuracy compared to conventional approaches, reducing
water wastage and operational costs. Moreover, the deployment of such models within IoT-
based smart farming systems allows continuous monitoring and automated irrigation
scheduling, contributing to resource-efficient and sustainable agriculture. Despite these
advancements, challenges remain, including model transferability across diverse soil types,
data sparsity, and integration of heterogeneous datasets. Future research should focus on
hybrid machine learning models, multimodal data fusion, and adaptive algorithms capable of
handling dynamic environmental conditions to further enhance prediction reliability. Overall,
optimized SVM-based soil moisture estimation provides a promising solution for intelligent
irrigation, precision farming, and long-term agricultural sustainability.

REFERENCES

[1] Jantana Panyavaraporn, Paramate Horkaew, Rungroj Arjwech and Sitthiphat Eua-
apiwatch, “Machine Learning Approaches for Soil Moisture Prediction Using Ground
Penetrating Radar: A Comparative Study of Tree-Based Algorithms”, MDPI, 01-25,
2025.

[2] Akinsunmade, A. Towards an Evaluation of Soil Structure Alteration from GPR
Responses and Their Implications for Management Practices. Appl. Sci. 2025, 15,
6078.

[3] Li, K,; Liao, Z.; Ji, G.; Zhang, D.; Liu, H.; Yang, X.; Zhang, S. Estimation of the Soil
Moisture Content in a Desert Steppe on the Mongolian Plateau Based on Ground-
Penetrating Radar. Sustainability 2024, 16, 8558.

[4] Alzubaidi, L.; Chlaib, H.K.; Fadhel, M.A.; Chen, Y.; Bai, J.; Albahri, A.S.; Gu, Y.
Reliable deep learning framework for the ground penetrating radar data to locate the
horizontal variation in levee soil compaction. Eng. Appl. Artif. Intell. 2024, 129,
107627.

[5] L, K.; Lu, Q.; Zeng, Z.; L1, Z. Estimation of soil moisture content of farmlands based
on AEA method of GPR. J. Phys. Conf. Ser. 2023, 2651, 12036.

[6] Dabboor, M.; Atteia, G.; Alnashwan, R. Optimizing Soil Moisture Retrieval: Utilizing
Compact Polarimetric Features with Advanced Machine Learning Techniques. Land
2023, 12, 1861.

[7] Liu, G.; Tian, S.; Xu, G.; Zhang, C.; Cai, M. Combination of effective color
information and machine learning for rapid prediction of soil water content. J. Rock
Mech. Geotech. Eng. 2023, 15, 2441-2457.

[8] Uthayakumar, A.; Mohan, M.P.; Khoo, E.H.; Jimeno, J.; Siyal, M.Y.; Karim, M.F.
Machine learning models for enhanced estimation of soil moisture using wideband
radar sensor. Sensors 2022, 22, 5810.

[9] Chen, L.; Xing, M.; He, B.;Wang, J.; Shang, J.; Huang, X.; Xu, M. Estimating soil
moisture over winter wheat fields during growing season using machine-learning
methods. IEEE J. Sel. Top. Appl. Earth Obs. Remote Sens. 2021, 14, 3706-3718.

[10] Riese, F.M.; Keller, S. Fusion of hyperspectral and ground penetrating radar data to
estimate soil moisture. In Proceedings of the 2018 9th Workshop on Hyperspectral

270
Volume 13 Issue 04 October - December 2025 www.ijrt.org


http://www.ijrt.org/

International Journal of Research and Technology (IJRT)

International Open-Access, Peer-Reviewed, Refereed, Online Journal

ISSN (Print): 2321-7510 | ISSN (Online): 2321-7529

| An ISO 9001:2015 Certified Journal |

Image and Signal Processing: Evolution in Remote Sensing (WHISPERS), Amsterdam,
The Netherlands, 23-26 September 2018; pp. 1-5.

[11] Anbazhagan, P.; Chandran, D.; Burman, S. Investigation of soil compaction
homogeneity in a finished building using ground penetrating radar. In Proceedings of
the Forensic Engineering 2012, ASCE, San Francisco, CA, USA, 31 October—3
November 2012; pp. 773-782.

[12] S. Sapidi, J. Jyostna and M. Santhoshi, “Design and Development of Intelligent
Agricultural System Using NB- 107T,” 2023 IEEE World Conference on Applied
Intelligence and Computing (AIC), Sonbhadra, India, 2023

[13] A. Kapoor, D. Bhatia, A. Kumar and S. Gupta, “Water Treatment and Crop
Recommendation Model Using Artificial Intelligence,” 2024 IEEE International
Conference on Computing, Power and Communication Technologies (IC2PCT),
Greater Noida, India, 2024, pp. 164—169.

[14] K. P. K. Devan, B. Swetha, P. Uma Sruthi and S. Varshini, “Crop Yield Prediction and
Fertilizer Recommendation System Using Hybrid Machine Learning Algorithms,” 2023
IEEE 12th International Conference on Communication Systems and Network
Technologies (CSNT), Bhopal, India, 2023, pp. 171 — 175.

[15] M.R,D.R,E.E, G. R, and A. T, “Prediction of Soil Fertility Using ML Algorithms and
Fertilizer Recommendation System,” 2023 International Conference on Self
Sustainable Artificial Intelligence Systems (ICSSAS), Erode, India, 2023, pp. 313 —
317.

[16] B. S. Sri, G. Pavani, B. Y. S. Sindhuja, V. Swapna and P. L. Priyanka, “An Improved
Machine Learning based Crop Recommendation System,” 2023 International
Conference on Sustainable Computing and Data Communication Systems (ICSCDS),
Erode, India, 2023, pp. 64 — 68.

271
Volume 13 Issue 04 October - December 2025 www.ijrt.org


http://www.ijrt.org/



