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Abstract - Soil moisture is one of the main hydro-
meteorological variables that play an important role in 
processes related to infiltration and runoff generation. 
Nowadays remote sensing techniques can detect surface soil 
moisture, compensating for the shortage of in-situ 
measuring techniques. This work aims to test the capability 
of thermal bands of Landsat-8 datasets in detecting surface 
soil moisture in a semi-arid environment and to investigate 
the temporal variation of soil moisture during three 
different time slots (2016, 2021, and 2022) representing 
different soil moisture conditions. The low rates of soil 
moisture content (SMC) in November 2021 represent the dry 
season due to the absence of rainfall, and the high SMC in 
January 2016 and February 2022 represents the rainy 
season due to the antecedent rainfall. Also, the sensitivity of 
the observed and predicted soil moisture content to the 
antecedent rainfall storms was discussed. Band 10 was used 
to determine the land surface temperature (LST) and 
convert it to soil moisture index (SMI). Measurements of 
(SMC) were carried out at several locations in the 
mainstream of Agarma watershed, a tributary of wadi 
Kharouba, Matrouh, Northwest of Egypt as a representation 
of a semi-arid environment. A linear regression analysis was 
selected to generate a relationship between the observed 
(SMC) and the estimated (SMI) for the three dates, also the 
validation of soil moisture was considered. The validation 
results showed that the coefficient of determination (R2) 
between SMC and SMI for three days in (2016, 2021, and 
2022) were 0.83, 0.80, and 0.89 respectively. 

Keywords: Soil moisture, Soil moisture index, Land 
surface temperature, Landsat-8  

1.  Introduction 

Soil moisture is essential in the global water cycle and 
other aspects of earth science [1] and is a crucial variable 
for hydrology, meteorology, and agriculture [2]. It is a key 
element in understanding the hydrological process as it 

regulates the infiltration-runoff mechanism. Hence, 
researchers are keen to estimate precise soil moisture for 
a variety of applications, including flood and drought 
prediction in hydrology [3]. In-situ measurements and 
remote sensing technology are examples of soil moisture 
monitoring technologies. For small-scale applications, in-
situ measurements of soil moisture are accurate [4], 
whereas estimates of soil moisture obtained from remote 
sensing using various techniques (optical, thermal 
infrared, and microwave) are suitable for large-scale 
applications in a few upper centimeters of soil [5]. The 
majority of regions worldwide suffer from a lack of soil 
moisture measurements, therefore remote sensing 
compensates such lack by providing soil moisture data 
with varying spatial and temporal resolutions all over the 
world [6]. Different studies [8, 9] noted that the emitted 
and reflected radiations are sensitive to soil moisture 
conditions.  Accurate retrieved soil moisture is enhancing 
the estimation of runoff and groundwater recharge [6, 7]. 
Landsat-8 thermal bands are effective for identifying the 
existence of shallow water by estimating land surface 
temperature (LST) [10]. Many authors [11, 12, 13] 
established various approaches for measuring soil 
moisture content (SMC) based on soil reflectance and LST. 
Soil moisture index (SMI) proposed by [14] is a 
relationship between LST and normalized difference 
vegetation index (NDVI). SMI values vary from 0 for dry 
conditions to 1 for moist conditions. [15] developed SMI by 
utilizing another relationship between maximum and 
minimum land surface temperature (LST). 

Recently, [10] estimated the soil moisture index (SMI) 
using thermal remote sensing to define waterlogged areas 
in Ismailia governorate, Egypt based on land surface 
temperature computation. Datasets of Landsat 5, 7, and 8 
were used to estimate LST, and SMI during three different 
dates (1998, 2008, and 2015). Validation of soil moisture 
was carried out only in 2015 and obtained a moderate 
correlation R2 equal to 0.61. The results showed that the 
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Spatio-temporal variations of soil moisture were related to 
Land-use/Land-cover and water table levels.   

While [16] used Landsat-7 and Sentinel-1 data to 
investigate the change in soil moisture content for one 
measurement only in August 2016 regarding crop patterns 
in the east of the Nile Delta of Egypt. Two methodologies 
were utilized based on LST and backscattering coefficient 
determination. Two correlations were generated between 
observed soil moisture content and the estimated SMI & 
backscattering coefficient. Results showed good R2 = 0.81 
and 0.83 for both types of datasets (Landsat-7 and 
Sentinel-1) respectively. Also, results ensured that the 
discrimination of crop types was related to the distribution 
of soil moisture. 

On the other hand, [17] applied another methodology to 
estimate SMI using sentinel-2 data in wadi Kharouba, 
Northwest of Egypt. Shortwave Transformed Reflectance 
STR and Normalized Difference Vegetation Index NDVI 
were calculated and an optical trapezoidal model 
(OPTRAM) was established to obtain SMI.  R2 was 
generated between the observed soil moisture and the 
estimated SMI at different depths from 10 cm to 30 cm in 
Jan. 2016 only. Results ensured that correlation of 
observed soil moisture and estimated SMI at 10 cm was 
better than their values at 20 and 30 cm. 

The current work aims to generate a correlation between 
the observed soil moisture content (SMC), and the 
estimated soil moisture index (SMI) from the thermal 
bands of Landsat-8 and investigates the temporal variation 
of soil moisture related to different rainfall intensities 
during different periods in the rainy season of a semi-arid 
environment (Northwestern coast of Egypt).  

2. Materials and methods 

The Northwestern coast of Egypt is characterized by a high 
rate of rainfall in the rainy season from September to April. 
Rainfed farming is the primary source of food for the 
majority of the local Bedouins on Egypt’s Northwestern 
Coast and acts as one of the major economical pillars for 
them. As per [18] “Egypt’s coastal zone must be developed 
because it has the most promising land for agricultural 
expansion”. The region has a lot of wadis filled with 
natural vegetation, rain-fed crops, and olive and fig trees in 
the mainstream, where wadi deposits are located [19]. The 
classification of the soil type of the Northwestern coast of 
Egypt (from Fuka to Matrouh) was shallow sandy soil and 
deep sandy loam to loam soil [20], and was characterized 
by sandy clay loam and sandy loam texture described in El-
Hraka Basin [21]. Most of the land cover in the main wadis 

of the Northwestern coast of Egypt was classified to 
rainfed crops and bare soil. For example, Wadi El Raml had 
three main types of land cover such as rainfed crops, 
sparsely vegetated land, and bare soil [19]. Also, the same 
classification was founded in El-Hraka Basin as per [21].  

2.1 Study area description 
 
Wadi Kharouba, located in Matrouh governorate, 
Northwestern coast of Egypt, is having an area of 38 km2. It 
lies between latitudes 31° 11’ 0’’N, 31° 22’ 0’’N, and 

longitudes 27° 10’ 30’’E and 27° 20’ 0’’E. It is bordered 
from the North by Matrouh city and from the west by wadi 
El Raml. The climate of the region is characterized by a 
short rainy winter and long hot dry in summer, whereas 
the average annual temperature is about 24.5°C in 
Matrouh [21] and the average annual rainfall varies 
between 100 mm and 190 mm [22]. Figure (1) shows the 
Agarma watershed, a tributary of wadi Kharouba with an 
area of 6 km2, which was chosen to conduct several soil 
moisture content measurements. Figure (2a) shows the 
land cover of wadi Kharouba created by using the Landsat-
8 bands and the supervised classification technique and 
was classified into three categories rainfed crops, sparse 
grass, and bare soil. While figure (2b) shows the ASTER 
Global Digital Elevation Model (GDEM) of wadi Kharouba, 
where the low elevations represent the rainfed crop areas 
and the high elevations represent the sparse grass area 
and bare soil. On the other side, soil samples were 
collected from Agarma watershed and analyzed in the 
laboratory. The results indicated a sandy clay loam texture 
that was matching the description of the soil texture of the 
same watershed mentioned in [22]. 
 
 

 

 

 

 

 

 

 

 

 

Figure 1: Location map of Wadi Kharouba 

https://asterweb.jpl.nasa.gov/gdem.asp
https://asterweb.jpl.nasa.gov/gdem.asp
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Figure 2: a) Land cover classes b) digital elevation model 

(DEM) of wadi Kharouba 

 
2.2 Data sets  
 

2.2.1 In-situ soil moisture measurements  
 
Soil moisture measurements were taken at twenty 
locations along the mainstream of Agarma watershed, 
figure (3). Theta Probe soil moisture sensor type ML2X 
was used with a measuring depth of 5 to 10 cm. Measuring 
started consequently from the downstream (point 1) in a 
curved line, following the mainstream path, till (point 20) 
at the most upstream. Runoff concentration in the 
mainstream, low elevations, and agricultural activities 
made these locations more promising for the estimation of 
soil moisture. These locations were studied before in the 
MARSADEV project carried out by the Mediterranean 
Agronomic Institute of Bari and provided this current 
work by only one measurement on 16 January 2016 at the 
twenty locations [17, 22].  
 

 
 
 
 

 
 
 
 
 
 
 
 

Figure 3: Location of soil moisture measurements in 
Agarma watershed  

 
One historical record of soil moisture in Agarma 
watershed was available in the literature on 16 Jan.2016 

[17]. In addition, new measurements were performed on 
10 Nov.2021 and 6 Feb.2022. Figure (4) shows the 
observed soil moisture measurements at the twenty 
locations in Agarma watershed for those dates. High values 
were observed in Feb 2022 and moderate were recorded 
in Jan.2016, while the other low values were measured in 
Nov 2021.  
 

 
 

Figure 4: Observed soil moisture content (SMC%) for 
different dates in Agarma watershed 

 
Landsat-8 data were downloaded close to the dates of field 
measurements and according to their availability. Table 
(1) shows the details of both measured and acquired data, 
in addition to the recorded rainfall information in Matrouh 
before and after the measurement dates. 

 
Table 1: Details of measured and acquired data  

 

Measuring Date 

Available 
Acquisition 

Date 
Landsat-8 

(OLI/TIRS)  
 

Rainfall status during the measuring 
and acquisition dates in (mm) 

Source: Water Resources Research 
Institute. WRRI 

 

16-Jan-2016 21-Jan-2016 
12.2 mm on 31-Dec-2015 

No rainfall from 1 Jan. to 21 Jan.2016 

10-Nov-2021  2-Nov-2021  
No rainfall over the study area from the 
start of the rainy season in September 

till 20 Nov.2021 

6-Feb-2022 6-Feb-2022 

12.2 mm on 2-Jan-2022 
15.5 mm on 13-Jan-2022 
11.2 mm on 26-Jan-2022 

No rainfall from 27-Jan-to 6 Feb.2022 
 

All acquired scenes mentioned above in table (1) contain 
low cloud cover and are far from the study area, hence 
they were used in the analysis after processing. While 
another acquired scene with the corresponding field 
measurement in Dec.2021, was not considered in the 
analysis due to the dense cloud cover over the study area. 
Table (1) also shows that there was a time gap between 
measuring time and acquisition time in 2016 and 2021 due 

Location 20 

Location 18 

(a) (b) 
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to the revisit time of Landsat every 16 days. Therefore, it 
was deemed necessary to report the rainfall events 
recorded during such a period, as it is one of the variables 
that will affect the soil moisture content. 
 

2.2.2 Remote sensing data used 
 
The Landsat-8 data with two sensors (Operational Land 
Imager OLI/Thermal Infrared Sensor TIRS) were used and 
downloaded from USGS [27] website 
https://earthexplorer.usgs.gov/. Downloading was carried 
out by defining the location of the study area using 
(Path/Row:179/38), and the data were acquired in the 
three target periods. Table (2) describes the specifications 
of Landsat-8 (OLI/TIRS) data.  
 

Table 2: Specifications of Landsat-8 (OLI/TIRS) data 
 

Specifications 
Landsat-8 

(OLI/TIRS) 

Spatial Resolution 
30 m (OLI) except 

Panchromatic band B8=15 m 
30 m (TIRS) 

Temporal Resolution 16 days 

Product Level 
Collection 1&2 

Level-1 

Detection depth 0 – 7.5 cm 

 
2.3 Land Surface Temperature (LST) computation 

 
Computation of LST required doing a lot of corrections on 
the thermal bands of Landsat-8 (B10&B11), figure 5. The 
thermal atmospheric correction was applied using ENVI 
software to remove the atmospheric contribution 
from thermal infrared radiance data. While radiometric 
calibration was used by calibrating the corrected thermal 
bands to radiance, reflectance, or brightness temperatures. 
On the other hand, land Surface Emissivity LSE (Ɛ) is one 
of the key parameters for retrieving accurate LST from 
remotely sensed imagery [23]. The resulting top of 
atmospheric spectral radiance (TOA), at-sensor brightness 
temperature, and emissivity were included in the land 
surface temperature LST calculation using the algorithm 
[24]. Three atmospheric functions (ψ1, ψ2, ψ3) were 
involved in LST calculation based on equation (1) and 
defined from the seasonal-latitude surface temperature 
model available in ENVI 5.3.  
 
Ts =ɣ (Ɛ10 (ψ1*L10 sensor + ψ2) + ψ3) + δ−1                  (1)                                                                                      
 
Where: Ts is LST in (Kelvin), Ɛ10: is emissivity for band 10, 
and the L10 sensor is Band 10 radiance.  
ɣ ≈T2 10 sensor / (b γ. L10 sensor)                               (2)  
                                                                                                          

δ≈T10 sensor – (T2
10 sensor / b γ)                                          (3)   

                                                                               
Where: T10sensor is Band 10 at-sensor brightness 
temperature, λ10: Band 10 effective wavelength, b γ=c2/λ= 
(1324 K) and (ψ1, ψ2, ψ3) are atmospheric functions. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5: Flow chart of Land Surface Temperature (LST) 

computation 
 

2.3.1 Soil Moisture Index estimation (SMI) 

 
The soil moisture index (SMI) is the ratio of the difference 
between present soil moisture and the permanent wilting 
point to field capacity and residual soil moisture. This 
indicator ranges from 0 to 1, with 0 representing dry 
conditions and 1 representing moist conditions [25]. 
Determination of SMI requires the computation of the 
maximum and minimum values of LST [15] as explained in 
equation (4). 

 
SMI = (LSTmax – LST)/ (LSTmax – LSTmin)           (4)  
                                                                                                                                                  
Where: SMI is Soil Moisture Index, LSTmax, LSTmin, and LST: 
are the maximum, minimum, and value of the retrieved 
LST respectively. 
 
By applying the previously mentioned methodology of 
land surface temperature (LST) estimation and using 
equation 4 for computing the soil moisture index (SMI), 
LST and SMI maps of Kharouba watershed were created 
for the three measuring days of Jan. 2016, Nov.2021, and 
Feb.2022, figure (6) and figure (7) respectively.  

Thermal 
atmospheric 

correction 
 

Radiometric 
calibration 

 

Top of 

Atmospheric 

Spectral Radiance 

Brightness 
Temperature 

 

Emissivity 

Land Surface 

Temperature 
(LST) 

Radiometric correction                               
 

Landsat 8 

(TIRS)                               

https://earthexplorer.usgs.gov/
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(a) LST Jan-2016                      (b) LST Nov-2021                             (C) LST Feb-2022 

 
Figure 6: Land surface temperature (LST) maps of 

Kharouba watershed 
 

 
(a) SMI Jan-2016                         (b) SMI Nov-2021                    (C) SMI Feb-2022 

 
Figure 7:  Retrieved Soil moisture indices (SMIs) of 

Kharouba watershed  
 

Figures 6 and 7 show the variation in soil moisture indices 
that were related to LST changes, where high 
temperatures were accompanied by low soil moisture 
content and vice versa. The lowest values of the estimated 
SMI were observed in Nov.2021, while the highest values 
were estimated in Feb.2022. And the values of retrieved 
SMI in Jan.2016 had moderate values.   
 
In addition, the variation in soil moisture was correlated 
with the types of land cover mentioned before in wadi 
Kharouba, where rainfed crops corresponded to an 
increase in SMI, while the bare soil and areas covered by 
grass have low values of SMI. 
 

3. Validation of soil moisture content using 
Landsat-8 data   

 
A linear regression analysis was created between the 
measured soil moisture content SMC of 20 samples in 
Agarma watershed and the estimated SMI for different 
dates (Jan.2016, Nov.2021, and Feb.2022). 14 readings for 
each of those dates were utilized to calibrate the model 
between SMC and SMI. Six readings were selected 
randomly for validation as shown in figure 8.   

 
 

Figure 8: Selected samples for calibration and validation 
 

The coefficient of determination (R2), equation (5), was 
used to evaluate the generated model between observed 
SMC and estimated SMI. 
 

   [
∑ (    ̅)
 
   (    ̅)

√∑ (    ̅)
 
   

 
√∑ (    ̅)

 
   

 
]

 

                                (5)    

                                                                                                                                                                                                                                  
Where Yi and Xi are the observed (SMC) and estimated 
(SMI) respectively, Y¯ and X¯ are their mean values 
respectively, and N is the total number of observations. 
 
Other statistical measures such as Root Mean Square Error 
(RMSE), Equation (6), and Mean Absolute Error (MAE), 
Equation (7), were calculated to assess the validation of 
soil moisture.  
 

      √
 

 
∑ (     )

  
                                                                  (6)           

                                                                                                                                                                                                
Where Yi and Xi are the observed and estimated soil 
moisture respectively, and N is the total number of data. 
 

    
 

 
∑    (     )
 
                                                                    (7)         

                                                                                                                                                                 

Where Yi and Xi are the observed and estimated soil 
moisture respectively, and N is the total number of data. 
 
RMSE measures the difference between satellite estimates 
(SMI) and observed data (SMC), it has a range from 0 to ; 
values close to zero reflect the high accuracy of satellite 
estimates in contrast to high values [26]. 
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While Mean Absolute Error (MAE) indicates the ratio 
between the sum of absolute errors to the total number of 
data. The lower values of MAE are representing the higher 
accuracy of satellite data [26]. 
 
The generated relations between SMC and SMI for the 
historical measurement on 16 Jan.2016 beside the other 
new measurements on 10 Nov.2021 and 6 Feb.2022 are 
described below. Also, the results of the validation 
assessment are presented as follows:  
 
Measurements from Literature (January 2016) 
 
Both values of observed SMC and estimated SMI in this 
event had medium values compared with values in 
November 2021 and February 2022, as a result of 12.2 mm 
of rainfall storm occurred on 31 December 2015 over the 
study area,16 days before ground measurements of SMC. 
Equation (8) and figure (9) show the relation between the 
observed soil moisture content and the retrieved soil 
moisture index in Jan.2016 with the resulting R2 = 0.72. 
 
                                                                  (8) 
 
Where SMI is the estimated soil moisture index from 
Landsat-8 and SMC is the observed soil moisture content. 
 

 

 
Figure 9: Linear regression analysis between observed 

soil moisture SMC and estimated SMI (Jan-2016) 
 

Figure (10a) shows the results of soil moisture validation 
in January 2016 with a good R2 equal to 0.83 and the 
values of RMSE and MAE are 0.03 and 0.02 respectively. 
Also, the map of spatial variations of the predicted soil 
moisture of wadi kharouba is presented in figure (10b), 
where predicting the soil moisture was estimated based on 
the proposed model shown in equation 8 using a raster 
calculator.  

 

 
 

Figure 10: a) Assessment of soil moisture validation b) 
Predicted soil moisture content SMC %  (Jan-2016) 

 
Measurements in (November 2021) 

Due to the absence of rainfall before the measurements on 
10 November 2021, as per table 1, values of the observed 
soil moisture content in this event were the lowest. Figure 
(11) and equation (9) show the generated model between 
the observed SMC and estimated SMI in Nov.2021. The 
resulting coefficient of determination (R2) was equal to 
0.66.   
 

                                                      (9) Where 
SMI is the estimated soil moisture index from Landsat-8 
and SMC is the observed soil moisture content. 
 
 

 

(a) 

(b) 
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Figure 11: Linear regression analysis between observed 
soil moisture SMC and estimated SMI (Nov-2021) 

 
The resulting R2 from validation and the values of RMSE 
and MAE were 0.80, 0.01, and 0.01         respectively as 
shown in figure (12a). While the predicted SMC % was 
created in Nov. 2021 over wadi Kharouba, figure (12b) 
using the previously generated model (equation 9). Almost 
the whole watershed was covered with very low values of 
soil moisture content except the small cultivated areas in 
the North and that represents the dry season. 
 

 

 
 

Figure 12: a) Assessment of soil moisture validation b) 
Predicted soil moisture content SMC % (Nov-2021) 

 
 

Measurements in (February 2022) 

The highest soil moisture values were recorded in 
February 2022 due to three rainfall events of a total depth 
of 39 mm that occurred in three days on 2, 13, and 26 
January 2022 covering the study area. Figure (13) and 
equation (10) show the result of linear regression analysis 
between the observed SMC and estimated SMI in Feb.2022 
including the value of resulted R2 was equal to 0.69. 
  
                                                                (10)  

 

Where SMI is the estimated soil moisture index from 
Landsat-8 and SMC is the observed soil moisture content. 
 

 
 

Figure 13: Linear regression analysis between observed 
soil moisture SMC and estimated SMI (Feb-2022) 

 
The results of the validation are shown below in figure 
(14a), whereas the best R2 calculated for Feb-2022 
readings was equal to 0.89 and the values of RMSE and 
MAE were 0.019 and 0.017          respectively. On the other 
hand, the values of predicted SMC % ranged from 0 to 40 
%, figure (14b), and these values were extreme from all 
predictions due to the antecedent rainfall storms before 
measuring. 

(a) 

(b) 
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Figure 14: a) Assessment of soil moisture validation b) 
Predicted soil moisture content SMC %  (Feb-2022) 

 
From the previous analysis and results, it can be concluded 
that the soil moisture values were very sensitive to the 
intensity of rainfall and the duration of the dry period 
before the measurement date. Also, the results of the 
validation showed good indicators such as R2 that varied 
from 0.80 to 0.89, RMSE ranged from 0.01 to 0.03, and the 
MAE differed from 0.01 to 0.02. Moreover, 18 readings 
from all measurements were validated and both observed 
and predicted soil moisture are presented in figure (15). 
The figure shows that the differences between the 
observed and predicted soil moisture range from 0.01 to 
0.04 and it can be considered very small. 
 

 
 

Figure 15: Observed and predicted values of      soil 
moisture content 

4.  Summary and Conclusion 
 
Landsat-8 OLI/TIRS data were utilized to assess the 
Spatio-temporal distribution of the soil moisture content 
during three days (Jan.2016, Nov.2021, and Feb.2022) at 
20 different locations in Agarma watershed on the 
Northwestern coast of Egypt. One historical record of soil 
moisture content in 2016 was considered in the analysis, 
and new measurements were executed in November 2021 
and February 2022 using the Theta Probe soil moisture 
sensor type ML2X with 5 to 10 cm measuring depth. The 
soil type of selected locations was defined from the 
laboratory texture analysis as sandy clay loam. While the 
land cover of the study area was classified as rainfed crops, 
sparse grass, and bare soil respectively. A correction 
procedure was applied to obtain both the land surface 
temperature (LST) and the soil moisture index (SMI) from 
Landsat-8 band-10. The methodology included different 
corrections processing for band-10 such as the thermal 
atmospheric and radiometric corrections. The maps of LST 
and SMI were created for the three different dates. In 
addition, a linear regression analysis was performed 
between the observed soil moisture and estimated SMI for 
each date of ground measurements. Also, the validation 
was carried out to evaluate the generated relations 
between observed and predicted soil moisture. The best 
coefficient of determination R2 was equal to 0.89 for the 
data sets in February 2022 because there was no gap 
between the measuring and acquisition dates of these 
datasets. In addition, the generated three relations 
between observed soil moisture content and estimated soil 
moisture index were correlated with the intensity of 
rainfall, whereas the values of soil moisture in November 
2021 were the lowest as a result of rainfall absences. And 
the highest values were in January 2016 and February 
2022 due to the antecedent rainfall storms. Therefore, it 
was concluded that the obtained relation between SMC 
and SMI using the data of November 2021 could be used 

(a) 

(b) 
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for estimating SMC in the dry season. While the first and 
the third generated relations represent the rainy season. 
Lastly, the values of predicted soil moisture content were 
very close to the observed ones, and the methodology of 
obtaining the land surface temperature and soil moisture 
index using the thermal bands of Landsat-8 is 
recommended to map the soil moisture over a large scale. 
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