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Abstract: The increasing environmental impact of salinity has significantly affected the global com-

munity's needs. Considerable number of empirical and semi-empirical soil salinity indices have 

been extensively studied in various studies utilizing data from multispectral and SAR sensors. Since 

the performance of such models is contingent upon multiple environmental parameters, it is imper-

ative to understand their applicability across a range of environmental conditions. This knowledge 

will enhance the well-being of farmers, their livelihoods, and the overall ecosystem. This study in-

vestigates and compares the effectiveness of different salinity models in estimating soil salinity in 

the study region using Sentinel-1, Sentinel-2, and Landsat 8 OLI data products. Firstly, the potential 

of various soil salinity indices, developed by analyzing different combinations of visible and infra-

red bands from Sentinel 2A, along with a modified salinity index (MSI) developed for Landsat data, 

was examined. Further, the study evaluated the performance of dielectric simulations of SAR (Syn-

thetic Aperture RADAR) data, namely DSDM-SS (Density Space Dielectric Model for soil salinity) 

and Hallikainen models. Based on the comparison with in-situ data, it was observed that the Hal-

likainen model performed well in irrigated conditions, while the modified salinity index (MSI) 

showed promising results in dry conditions. 
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1. Introduction 

Soil salinization is a process by which the salt concentration in the soil increases to 

levels that become harmful to plants and the overall ecosystem [1]. It is a significant envi-

ronmental issue that can have detrimental effects on agriculture, ecosystems, and human 

activities [2]. Soil salinity results in prolonged clogging of soil pores which makes diffi-

culty for plants in absorbing the moisture content and causing soil moisture stress espe-

cially in the root zone of the plants [3]. Scientists and agricultural experts continually re-

search and monitor soil salinity levels to better understand its causes and effects. This 

research is critical for developing sustainable solutions to mitigate and manage soil sali-

nization.  

According to the reports, Dharmapuri district in Tamil Nadu is significantly im-

pacted by soil salinization, affecting approximately 2% of its land [4]. The soil salinity area 

has increased substantially from 12 to 58% in the drought-affected areas of the study re-
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gion. Dharmapuri district is a dry and semi-arid production system facing high tempera-

tures and inadequate rainfall, accelerating the soil salinization rate [5]. Since the region 

plays a significant role in agriculture and the economy, it becomes crucial to map soil 

salinity accurately and identify an appropriate model. 

Though a considerable no of empirical and semi-empirical soil salinity indices have 

been developed using multispectral and SAR products, the performance of such models 

is subjected to various environmental parameters [6]. Hence, it is essential to understand 

their applicability across diverse environmental conditions. This study's primary goal is 

to evaluate the performance of different soil salinity indices and dielectric simulations us-

ing Sentinel-1, Sentinel-2, and Landsat 8 OLI (Operational Land Imager) data products to 

recommend the most promising one for the study region. The present study is centered 

on substantiating the results of different salinity indices with in-situ measurements 

through statistical analysis.  

2. Materials and Methods 

2.1. Study Area and Field Investigation 

Dharmapuri, situated in the northwestern climatic zone of Tamil Nadu, India was 

selected as a study region for this research. The region is found with the variety of soil 

types, including typic haplustalfs, typic ustorthents, typic ustropepts, typic ustropepts 

with exposed rock formations, typic rhodustalfs, lithic ustropepts, lithic ustorthents, and 

rhodic paleustalfs in which the predominant soil types consist of loam and clay. The pH 

levels in this area is found to be alkaline [7].  

A field investigation was conducted on Palacode Taluk of Dharmapuri district, and 

around 60 soil and water samples were collected. The soil samples collected under dry 

conditions were tested for their Soil Electrical conductivity (EC) levels in the field using a 

digital soil water analysis kit. For the soil samples observed under irrigated conditions, 

the samples were kept in zip lock covers (to preserve the field moisture content) for labor-

atory measurements. The samples were then calibrated for field moisture conditions to 

measure the dielectric measurements using a laboratory Microwave Analyzer (N9951A). 

This analysis aimed to investigate the imaginary part of the dielectric constant (that rep-

resents soil salinity) of the soil samples at C-band frequency (5.36 GHz) under varying 

moisture levels. 

2.2. Multispectral Data and Soil Salinity Indices 

Multispectral remote sensing data products, namely Landsat and Sentinel-2, have 

been employed in this present study. Landsat 8 OLI consists of 11 bands, including PAN 

(band 8 with a spatial resolution of 15m), Visible & SWIR (bands 1-7 with a spatial reso-

lution of 9 - 30m), and TIR (band 10 to 11 with a spatial resolution of 100m). The Sentinel-

2 (carrying the Multispectral Imager) delivers 13 spectral bands ranging from 10 to 60-

meter pixel size. The most widely used multispectral salinity indices, including Salinity 

Index-1, Salinity Index-2, Salinity Index-3, Salinity Index-4, Salinity Index-5, Salinity In-

dex-6, Salinity Index-7, and Modified Salinity Index (MSI), were chosen for this study 

based on their varying prediction performance demonstrated in the previous studies 

[8,9,10]. These indices were utilized to estimate the soil salinity levels from Landsat and 

Sentinel-2 data products, as indicated in Table 1.  

Table 1. Salinity Indices and their equations. 

Satellite data Salinity Index Equation Reference 

Landsat 8 OLI Salinity Index-1 (B*R)0.5 11 

Salinity Index-2 (G*R)0.5 12 

Salinity Index- 3 (G2 + R2 )0.5 11 

Salinity Index- 4 (G2 + R2 + NIR2 )0.5 11 

Salinity Index- 5 (B*R)/G 13 



Environ. Sci. Proc. 2023, 5, x FOR PEER REVIEW 3 of 4 
 

 

Salinity Index- 6 (NIR*R)/G 13 

Salinity Index- 7 (G+R)/2 12 

Modified Salinity 

Index (MSI) 
√(𝑁𝐷𝑉𝐼𝑖

2 +  𝑇𝐼𝑅𝑖
2) 

(1 + 𝑁𝐷𝑉𝐼𝑖)
 

5 

Sentinel- 2 Salinity Index- 1 (B*R)0.5 11 

Salinity Index- 2 (G*R)0.5 12 

Salinity Index- 3 (G2 + R2 )0.5 11 

Salinity Index- 4 (G2 + R2 + NIR2 )0.5 11 

Salinity Index- 5 (B*R)/G 13 

Salinity Index- 6 (NIR*R)/G 13 

Salinity Index- 7 (G+R)/2 12 

2.3. Sentinel 1 Data and Dielectric Models 

The multilooked Ground range detected (GRD) Sentinel 1 product acquired in VV 

and VH polarization modes with an incidence angle ranging from 30.09° to 36.82° was 

instrumental in this study. The semi-empirical SAR simulations, namely the Density space 

dielectric model for Soil Salinity (DSDM-SS) [14] (Equation 1) and simplified Hallikainen 

models [15, 16] (Equation 2), were employed to retrieve the imaginary part of the dielectric 

constant and compared to find the best-fit model. 

𝜺′′ =  
√(𝝈𝒗𝒗−𝒎𝒂𝒙

𝒐 − 𝝈𝒗𝒗−𝒊
𝒐 ) + 𝑺𝑻𝑰𝒊

𝟐

𝒄𝒐𝒔 [𝒕𝒂𝒏−𝟏 (
Ɛ (𝑵𝑺)𝒇𝒊𝒆𝒍𝒅−𝐦𝐚𝐱 (µ)

𝟐𝑫 − 𝑺𝑫𝑴(𝑵𝑺)𝐦𝐚𝐱(µ)
)]

−
√(𝝈𝒗𝒗−𝒎𝒂𝒙

𝒐 − 𝝈𝒗𝒗−𝒊
𝒐 ) + 𝑺𝑻𝑰𝒊

𝟐

𝒄𝒐𝒔 [𝒕𝒂𝒏−𝟏 (
Ɛ (𝑺)𝒇𝒊𝒆𝒍𝒅−𝐦𝐚𝐱 (µ)

𝟐𝑫 − 𝑺𝑫𝑴(𝑺)𝐦𝐚𝐱(µ)
)]

 

(1) 

Where 𝝈𝒗𝒗−𝒎𝒂𝒙
𝒐 , 𝝈𝒗𝒗−𝒊

𝒐 , STI, Ɛ (𝑵𝑺)𝒇𝒊𝒆𝒍𝒅−𝐦𝐚𝐱 (µ) , 𝟐𝑫 − 𝑺𝑫𝑴(𝑵𝑺)𝐦𝐚𝐱(µ) , and 𝟐𝑫 −

𝑺𝑫𝑴(𝑺)𝐦𝐚𝐱(µ) stand for maximum value of VV polarized product, ith value of VV polari-

zation, Soil Textural Index, field-measured dielectric constant of non-saline soils, and 

field-measured dielectric constant of the saline soils. 

𝜺′′ =  𝒂𝟎 + 𝒂𝟏𝑺 + 𝒂𝟐𝑪 + 𝒃𝟎 𝒎𝒗 +  𝒃𝟏𝑺𝒎𝒗 + 𝒃𝟐𝑪𝒎𝒗

+ 𝑪𝟎𝒎𝒗
𝟐 + 𝑪𝟏𝑺𝒎𝒗

𝟐 + 𝑪𝟐𝑪𝒎𝒗
𝟐 

 

(2) 

Where, S and C represents sand and clay percent in the soil, 𝒎𝒗 stands for volumetric 

moisture content and 𝒂𝟎 , 𝒂𝟏 , 𝒂𝟐 , 𝒃𝟎 , 𝒃𝟏 , 𝒃𝟐 , 𝑪𝟎 , 𝑪𝟏 , 𝑪𝟐  are the calibration coeffi-

cents. The field-observed electrical conductivity values were considered in solving the lin-

ear equation to obtain the values of these calibration coefficients. 

2.4. Statistical Analysis with In-Situ Measurements 

The correlation coefficient analysis was carried out between the resultant products of 

salinity retrieved from the different multispectral and SAR models and the field observa-

tions from the 60 sampling locations. The statistical parameters, namely Correlation coef-

ficient (R2) (Equation 3), Root mean square error (RMSE) (Equation 4) and Mean absolute 

error (MAE) (Equation 5), were used to substantiate and compare the significance of the 

results. 
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𝑹𝟐 =   
∑(𝒙𝒊 −  𝒙) (𝒚𝒊 −  �̅� )

√∑(𝒙𝒊 −  𝒙)𝟐   ∑(𝒚𝒊 − �̅�)𝟐
  

 

(3) 

𝑹𝑴𝑺𝑬 = √
𝟏

𝑵
∑(𝒙𝒊 − 𝒚𝒊)

𝟐

𝑵

𝒊=𝟏

  (4) 

𝑴𝑨𝑬 =  
𝟏

𝑵
∑ (𝒙𝒊 − 𝒚𝒊) 𝑵

𝒊=𝟏    (5) 

Where, 𝒙𝒊 represents the observed value of salinity from the field measurements, 𝒙 rep-

resents the mean of the values of the x variable, 𝒚𝒊 represents the predicted value of sa-

linity obtained from remote sensing simulations, �̅� represents the mean of the values of 

the y variable, and N represents the total number of samples.  

3. Results and Discussions 

The results obtained from various salinity indices derived from Landsat 8 OLI and 

Sentinel 2 imageries were validated using the field-scale soil EC measurements obatined 

from the soil water analysis kit. The R2 values for different multispectral salinity models 

for the same study region ranged from 0.43 to 0.89. It was evident from the results of the 

salinity indices that the MSI has shown the best prediction performance to map the salin-

ity in the soils under dry conditions (R2=0.88, RMSE= 0.022, MAE=-0.011). The higher ac-

curacy of MSI over other band combinations shows that the inclusion of the thermal band 

had significantly increased the performance of the index. However, the indices derived 

from Sentinel 2 were more accurate than those with the same band combination from 

Landsat 8. Salinity Index- 4 derived from Sentinel 2 have shown an accuracy with a R2 

value 0.79, followed by Salinity Index-5 with a R2 value of 0.77. Salinity Index-2, 3 and 7 

proved insignificant because of their poor correlation with field values (Landsat: R2 = 0.45, 

RMSE = 0.046, and MAE = 0.015; R2 = 0.56, RMSE = 0.136, MAE = -0.131; R2 = 0.43, RMSE = 

0.300, MAE = 0.186 respectively ; Sentinel-2: R2 = 0.62, RMSE = 0.046, MAE = -0.003; R2 = 

0.59, RMSE = 0.112, MAE = -0.099; R2 = 0.45, RMSE = 0.210, MAE = -0.199 respectively) 

results of the poorly correlated indices).  

Aylin et al., (2019) have studied and compared the applicabilty of various salinity 

indices in Urmia Lake basin, situated in the North-Western part of Iran. The results from 

the study shown a range of R2 from 0.50 to 0.78 for the models derived from sentinel-2 

imageries which is similar to the present study. In another study, Elhag (2015) applied 

landsat imagery based salinity indices in Wadi Al Dawasir Town, Riyadh and their results 

have an R2 value ranging from 0.40 to 0.95 in which salinity Index-6 (NIR*R)/G) have the 

higher accuracy of R2 = 0.98. Similarly in the present study, salinity Index-6 derived from 

landsat 8 was showing an accuracy of R2 = 0.76 followed by modifed salinity index. Shoba 

and Ramakrishnan (2016) reported performance of the MSI (R2 = 0.80) in predicting soil 

salinity in their study which has shown slighlty higher performance in the present study 

with an R2 value of 0.88 with the ground EC measurements. Since the study regions belong 

to dry climatic conditions, most of the time, the soils might be in the dry state, and MSI 

proves to be the best in predicting dry state salinity. Figure 1(a) shows the statistical sig-

nificance of the salinity indices derived from Landsat 8 and Sentinel 2 with field soil EC 

values. 

Table 2. Statistical performance of different salinity indices and models. 

Satellite data Salinity Indices/ Mod-

els 

R2 RMSE MAE 
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Landsat 8 OLI Salinity Index-1 0.65 0.028 0.007 

Salinity Index-2 0.45 0.046 0.015 

Salinity Index- 3 0.56 0.136 -0.131 

Salinity Index- 4 0.75 0.020 0.001 

Salinity Index- 5 0.76 0.009 0.001 

Salinity Index- 6 0.76 0.017 -0.001 

Salinity Index- 7 0.43 0.300 0.186 

Modified Salinity In-

dex (MSI) 

0.88 0.022 -0.011 

Sentinel 2 Salinity Index-1 0.64 0.011 -0.056 

Salinity Index-2 0.62 0.046 -0.003 

Salinity Index- 3 0.59 0.112 -0.099 

Salinity Index- 4 0.79 0.014 0.002 

Salinity Index- 5 0.77 0.024 0.004 

Salinity Index- 6 0.70 0.006 -0.007 

Salinity Index- 7 0.45 0.210 -0.199 

Sentinel 1 DSDM  0.67 0.094 -0.251 

Hallikainen Model 0.89 0.018 0.105 

Similarly, by analyzing the dielectric models, the imaginary part of the dielectric con-

stant was found to be highly sensitive to soil salinity, and hence, it is directly accounted 

for wet state salinity. The results from dielectric models were validated with the field-

scale dielectric loss estimated from a microwave nework analyzer. The Simplified Hal-

likainen model outperformed the DSDM-SS model with an increased R2 value of 0.89. This 

was due to the limitation of the applicability of the DSDM-SS model towards free water 

conditions prevailing in the sandy soil [14]. Since some part of the study region is irrigated 

agriculture, the Hallikainen model was found to be the best fit for estimating soil salinity. 

Periasamy and Ravi (2020) proposed DSDM-SS model and it was showing high accuracy 

of R2 = 0.88 in predicting salinity, but which was found decreasing to R2 = 0.76 according 

to the increase in clay content of the soil from 7% to 48%. According to the study conduced 

by Peraisamy and Shanmugam (2017), Imaginery part of dielectric constant derived from 

Hallikainen’s model founds to be increasing with the increase in clay content. R2 value 

between imaginary part and in-situ dielectric loss increased from 0.68 to 0.72 when the 

clay percet increased from 45% to 60% which shows the suitability of Hallikainen’s model 

in predicting salinity in clayey soil. Figure 1(b) shows the statistical significance of both 

the models validated with in-situ dielectric loss estimates. The values of the simulations 

and field measurements were normalized from 0 to 1 in figure 1. 

     

Figure 1. (a, b) The statistical significance of the model validated with in-situ observations. 
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4. Conclusion 

It is crucial to monitor and analyze changes in soil salinity over time to effectively 

devise strategies in natural resource management. The study area is severely affected by 

soil salinity under both dry and wet conditions, so it's important to find the best-fit model 

for salinity assessment. According to the analysis, the Simplified Hallikainen model is the 

best representation for wet state salinity, while the Modified Salinity Index is accurate for 

estimating dry state salinity. However, it's worth noting that the models' performance 

may vary from region to region, depending on environmental and geographic patterns. 

Author Contributions: Conceptualization, N.M.G.; methodology, N.M.G.; software, N.M.G; vali-

dation, N.M.G.; formal analysis, N.M.G.; investigation, S.P.; resources, N.M.G.; data curation, 

N.M.G; writing—original draft preparation, N.M.G; writing—review and editing, S.P.; visualization, 

N.M.G.; supervision, R.A.; project administration, R.A. All authors have read and agreed to the 

published version of the manuscript. 

Data Availability Statement: On the basis of request. 

Acknowledgments: We would like to express our sincere gratitude to the European Space Agency 

and USGS earth explorer for granting us free access to the satellite data products. Additionally, we 

would like to extend our appreciation to the SRM Institute of Science and Technology and the Col-

lege of Engineering, Anna University, for the invaluable support throughout the execution of this 

project and the preparation of our paper. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Machado, R.M.A.; Serralheiro, R.P. Soil salinity: effect on vegetable crop growth. Management practices to prevent and mitigate 

soil salinization. Horticulturae 2017, 3, 30. https://doi.org/10.3390/horticulturae3020030  

2. Shrivastava, P.; Kumar, R. Soil salinity: A serious environmental issue and plant growth promoting bacteria as one of the tools 

for its alleviation. Saudi journal of biological sciences 2015,  22, 123-131. https://doi.org/10.1016/j.sjbs.2014.12.001  

3. Sahab, S.; Suhani, I.; Srivastava, V.; Chauhan, P. S.; Singh, R. P.; Prasad, V. Potential risk assessment of soil salinity to 

agroecosystem sustainability: Current status and management strategies. Science of The Total Environment 2021, 764, 144164. 

https://doi.org/10.1016/j.scitotenv.2020.144164  

4. Periasamy, S.; Shanmugam, R.S. Multispectral and microwave remote sensing models to survey soil moisture and salinity. Land 

Degradation & Development 2017, 28, 1412-1425. https://doi.org/10.1002/ldr.2661 

5. Shoba, P.; Ramakrishnan, S.S. Modeling the contributing factors of desertification and evaluating their relationships to the soil 

degradation process through geomatic techniques. solid earth 2016, 7, 341-354. https://doi.org/10.5194/se-7-341-2016  

6. Hoa, P. V.; Giang, N. V.; Binh, N. A.; Hai, L. V. H.; Pham, T. D.; Hasanlou, M.; Tien Bui, D. Soil salinity mapping using SAR 

sentinel-1 data and advanced machine learning algorithms: A case study at Ben Tre Province of the Mekong River Delta 

(Vietnam). Remote Sensing 2019, 11, 128. https://doi.org/10.3390/rs11020128  

7. Gopi, N.M.; Periasamy, S. "Indirect Method of Identifying Fluoride (F) Affected Soil," IGARSS 2022 - 2022 IEEE International 

Geoscience and Remote Sensing Symposium, Kuala Lumpur, Malaysia, 17- 22 July 2022, pp. 5758-5761. Doi: 

10.1109/IGARSS46834.2022.9884713. 

8. Elhag, M. Evaluation of different soil salinity mapping using remote sensing techniques in arid ecosystems, Saudi Arabia. Jour-

nal of Sensors 2016, 1-8. https://doi.org/10.1155/2016/7596175  

9. Yildirim, A.; Gorji, T.; Hamzehpour, N.; Sertel, E.; anik, A. Comparison of different soil salinity indices derived from sentinel-

2A images, In International Symposium on Applied Geoinformatics (ISAG-2019), Istanbul, Turkey, 7- 9 November, 2019. Doi: 

10.1080/07038992.2022.2056435 

10. Kazemi Garajeh, M.; Blaschke, T.; Hossein Haghi, V.; Weng, Q.; Valizadeh Kamran, K.; Li, Z. A comparison between sentinel-2 

and landsat 8 OLI satellite images for soil salinity distribution mapping using a deep learning convolutional neural network. 

Canadian Journal of Remote Sensing 2022, 48, 452-468. https://doi.org/10.1080/07038992.2022.2056435  

11. Douaoui, A. E. K.; Nicolas, H.; Walter, C. Detecting salinity hazards within a semiarid context by means of combining soil and 

remote-sensing data. Geoderma 2006, 134, 217-230. https://doi.org/10.1016/j.geoderma.2005.10.009  

12. Khan, N.M.; Rastoskuev, V.V.; Sato, Y.; Shiozawa, S. Assessment of hydrosaline land degradation by using a simple approach 

of remote sensing indicators. Agricultural Water Management 2005, 77, 96-109. https://doi.org/10.1016/j.agwat.2004.09.038  

13. Abbas, A.; Khan, S. Using remote sensing techniques for appraisal of irrigated soil salinity. In International Congress on 

Modelling and Simulation (MODSIM), Christchurch, New Zealand, 10- 13 December 2007, 2632-2638.   

14. Periasamy, S.; Ravi, K.P. A novel approach to quantify soil salinity by simulating the dielectric loss of SAR in three-dimensional 

density space. Remote Sensing of Environment. 2020, 251, 112059. https://doi.org/10.1016/j.rse.2020.112059  

https://doi.org/10.3390/horticulturae3020030
https://doi.org/10.1016/j.sjbs.2014.12.001
https://doi.org/10.1016/j.scitotenv.2020.144164
https://doi.org/10.1002/ldr.2661
https://doi.org/10.5194/se-7-341-2016
https://doi.org/10.3390/rs11020128
https://doi.org/10.1016/j.geoderma.2005.10.009


Environ. Sci. Proc. 2023, 5, x FOR PEER REVIEW 7 of 4 
 

 

15. Hallikainen, M.T.; Ulaby, F.T.; Dobson, M.C.; El-Rayes, M.A.; Wu, L.K. Microwave dielectric behavior of wet soil-part 1: 

Empirical models and experimental observations. IEEE Transactions on Geoscience and Remote Sensing, 1985, GE- 23, 25-34. 

Doi: 10.1109/TGRS.1985.289497 

16. Quan, C.; Jiuli, L.; Zhihua, T.; Jiangyuan, Z.; Yan, L. Study on the relationship between soil moisture and its dielectric constant 

obtained by space-borne microwave radiometers and scatterometers. In IOP Conference Series: Earth and Environmental 

Science, 35th International Symposium on Remote Sensing of Environment (ISRSE35), Beijing, China, 22–26 April 2013. Doi: 

10.1088/1755-1315/17/1/012143 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 

people or property resulting from any ideas, methods, instructions or products referred to in the content. 


