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ABSTRACT: This study was conducted to devise an integrated methodology for retrieval of surface soil moisture (SSM)
using Landsat 8 TIRS data. For this purpose, Landsat 8 images of 15 May 2021 (pre-monsoon) and 20 November 2021
(post-monsoon) were processed for retrieval of soil moisture index (SMI) based on land surface temperature (LST).
Moreover, field-based SM in the laboratory was also determined and correlated with satellite-based SMI. A moderate
correlation between field-based SM and satellite-based SMI with R? = 0.60 was obtained. Based on this relationship,
SSM maps of Tehsil Faisalabad Saddar for the pre-and post-monsoon seasons of 2021 were developed. Significant
variations in the spatial distribution of SSM of Tehsil Faisalabad Saddar (total area of 1492.45 km?) for pre- and post-
monsoon seasons were observed. In the pre-monsoon season, 68.1% of the area of Faisalabad Saddar showed SSM
contents ranging from 10.37% to 15.40%. Only 8.7% of the total area of Faisalabad Saddar exhibited SSM in the range of
15.41%-22.82% in the pre-monsoon season. It was astonishing to notice that no area in Faisalabad Saddar was detected
with SSM above 22.82% in the pre-monsoon season. However, in the post-monsoon season, only 0.11% of the total study
area exhibited SSM in the range of 0.0% to 26.97%. The maximum area (52.29% of the total area) in post-monsoon
season exhibited SSM ranging from 36.18% to 40.02%, followed by 32.02%-36.17% (34.3% of the total area). The study
concluded that satellite-based retrieval of surface soil moisture realistically monitored the variations in soil moisture
due to the onset of the monsoon season. The novel methodology developed in this study could be helpful for policy
making regarding groundwater recharge and its sustainable use in an area, as well as for estimating surface soil moisture
to provide irrigation scheduling and crop management guidelines.

KEYWORDS: Soil moisture index (SMI); spatio-temporal changes; GIS; remote sensing; Landsat 8 TIRS; land surface
temperature (LST)

1 Introduction

Soil moisture (SM) refers to the amount of water stored in soil particles on a volumetric or gravimetric
basis and is considered a key variable that links the soil-water-atmosphere-plant processes and plays an
important role in precision agriculture and water cycles, especially in arid and semi-arid regions [1-3]. Soil
moisture influences not only rainfall infiltration and evaporation rate but also affects the global climate
and weather system. More importantly, soil moisture also influences agriculture crop production, where the
growth and development of crops primarily depend on soil moisture retained through rainfall or irrigation
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practices [4,5]. Moreover, it has been reported that soil moisture affects surface runoff, landslide generation,
and drought development and has several other hydrological, meteorological, and ecological applications
[6-8]. Therefore, comprehensive information about the spatio-temporal variability of soil moisture is crucial
for improved crop production through mitigation of detrimental environmental impacts of over-irrigation
and conservation of water by need-based and precise irrigation applications [9-11].

Unfortunately, soil moisture exhibits extreme variability both temporally and spatially due to several
factors, including soil properties, topography (elevation, slope, aspect), types of vegetation cover, climatic
pattern, and depth of water table [12]. This spatio-temporal variability of soil moisture makes it difficult to
measure on a larger scale. Various ground-based techniques have been conventionally used for the assess-
ment of soil moisture [13,14]. Although, these ground-based techniques provide accurate information about
soil moisture, but require intensive labor, and are time-consuming and economically costly [15]. Moreover,
the key problem associated with ground-based techniques is their limitation to discrete assessments of soil
moisture (having spatial variability) for a region, as well as to regular or continuous soil moisture assessments
at a specific location [16]. So, ground-based techniques of soil moisture provide impractical solutions for
spatial and temporal mapping and monitoring of soil moisture at regional levels [15].

In this scenario, remote sensing (RS) and GIS techniques provide promising alternatives for the
assessment of spatio-temporal variability of soil moisture at local, regional, or global levels [17]. Previously,
there has been limited use of satellite-based soil moisture estimations in agriculture and monitoring of any
hydro meteorological disasters. However, several researchers have now developed remote sensing methods
for the estimation of soil moisture using satellite data [18]. These methods exhibit considerable potential
for mapping soil moisture at a larger scale by integrated use of surface temperature and vegetation indices
for retrieval of surface soil moisture [19,20]. Several researchers have investigated the relationship between
land surface temperature (LST) and normalized difference vegetation index (NDVTI) derived using satellite
imagery for the assessment of soil moisture [19,20]. Soil moisture index (SMI) is among the effective indices
that combine LST and NDVI for the estimation of soil moisture [21].

Pakistan is a developing country characterized by high diversity in soil and climatic conditions due
to variations in topography [22]. Under these conditions, soil moisture is distributed heterogeneously.
Therefore, comprehensive knowledge of soil moisture is crucial for enhanced crop productivity. Traditional
ground-based methods are considered impractical for mapping soil moisture over large areas. RS and GIS
techniques offer reliable and promising tools for monitoring and mapping soil moisture over large areas
by estimating SMI using high-resolution satellite images with thermal properties. Although retrieval of
SMI through satellite imagery has attracted much attention, there is still a lack of use of well-established
methodology for this purpose in Pakistan. The present study was carried out to devise an integrated
methodology for the retrieval of surface soil moisture using satellite data. The methodology developed could
be helpful for real-time monitoring of soil moisture for precisely scheduling irrigations to improve water
productivity. Moreover, to identify dry and wet regions of Faisalabad, surface soil moisture maps for pre-
and post-monsoon seasons during the year 2021 were developed in the study; such findings could be helpful
for developing future water reallocation policies in a region.

2 Materials and Methods
2.1 Description of the Study Area

The study area, i.e., UAF Postgraduate Agricultural Research Station (UAF-PARS) (31.383700,
72.996934) lies in the district of Faisalabad, Punjab, Pakistan, and covers an area of 5.6 km?. UAF-PARS is
situated on Jhang Road and is a part of the Tehsil Faisalabad Saddar. Geographically, district Faisalabad is
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surrounded on the North and West by Hafizabad, Jhang, and Toba Tek Singh districts, respectively. In the
East, it touches Sheikhupura and in the South, it is bound by the river Ravi, across from which lies Sahiwal
(Fig. 1). The climatic conditions in the district of Faisalabad are two extremes. The maximum temperature in
summer reaches up to 50°C (122°F). In winter, it may, at times fall below freezing point. However, the mean
maximum and minimum temperatures in summer season (April to October) are 39°C and 27°C, respectively,
while 21°C and 6°C respectively in winter season (November to March). In the district of Faisalabad, May,
June, and July are the hottest, and December, January, and February are the coldest months. The average
annual rainfall recorded in district Faisalabad is about 300 mm. Most of the study area is comprised of
agricultural land and is characterized by fertile soil. Major crops and fruits grown in the district of Faisalabad
are wheat, sugarcane, rice, maize, citrus, guava, and mangoes.
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Figure 1: Study area map

2.2 Field Measurement of Soil Moisture

A total of twenty soil samples (0-10 cm) were randomly collected from the study area as shown by
yellow marks in Fig. 1. The location of each collected soil sample was recorded using a portable global
positioning system (GPS) unit. All the soil samples were collected in plastic bags, labeled, and transported to
the laboratory for measurement of actual soil moisture content. Briefly, the collected soil samples were oven
dried for 24 h at 105°C, and soil moisture content (%) was measured by comparing the pre-and post-drying
weights of soil samples using the equation given below.

Weight before drying — Weight after drying % 100

Soil Moisture (%) = 1)

Weight before drying
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The date of soil sample collection and acquisition of satellite imagery of the study area was the same to
best establish the relationship between field measurement of SM (filed-based SM) and satellite-based SMI.
Moreover, soil moisture measurements were vectorized as points, which served as a way of extracting pixel
image values directly linked spatially and temporally to field measurements.

2.3 Remote Sensing-Based Soil Moisture Estimation
2.3.1 Satellite Image Acquisition

Landsat satellite images (Landsat 8 TIRS and OLI images, i.e., Band 10, Band 5, and Band 4 along
metadata file with 150 path/038 rows of two different dates, i.e., 15 May 2021 (pre-monsoon season) and
20 November 2021 (post-monsoon season) of the study area were obtained using USGS earth explorer
website. The satellite images were rectified to WGS-1984-UTM-Zone_43N and processed using ArcMap 10.5
for retrieval of SMI by following different steps as summarized in a flowchart (Fig. 2).

Remote Sensing Data

Landsat 8
+

aand 10 (119

Normalized Difference

Conversion of DN Vegetation Index (NDVI)
to

TOA radiance Proportion of
Vegetation (PV)

TOA radiance
to
Brightness Temperature

Land Surface
Emissivity

(BT)

Land Surface Temperature (LST)

Retrieval of Soil Moisture

Figure 2: Flowchart for retrieval of soil moisture index (SMI) using Landsat 8 data

2.3.2 Pre-Processing of Satellite Images to Estimate TOA Radiance and BT

The obtained satellite images were subjected to preprocessing including radiometric and atmospheric
correction for preparing them to be used for retrieval of land surface temperature (LST) and soil moisture
index (SMI). Radiometric correction improved the interpretability and quality of Landsat 8 images and
reduced the errors in the Digital Numbers (DN) of the images. This step involved the conversion of Digital
Number (DN) to the Top of Atmospheric (TOA) or at-satellite radiance (LA) using the information given
in the metadata file ((MLT). The value of TOA represents the amount of energy that reaches the satellite
sensor and is determined by multiplying the multiplicative rescaling factor (0.000342) of TIR bands with its
corresponding TIR band and adding the additive rescaling factor (0.10000) in it using Eq. (1).
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LA = ML* Qcal + AL (2)

where,
L\: Top of Atmospheric or Spectral Radiance in Watts/(m?-srad-pm);
ML: Band-specific multiplicative rescaling factor Radiance Multi-Band (Band 10);
Qcal: Quantized and calibrated standard product pixel values (DN) Band 10 for Landsat 8;
AL: Band-specific additive rescaling factor Radiance Add Band (Band 10).

The second step involved the conversion of TOA or spectral radiance (LA) to effective or brightness
at-satellite temperature (BT) using Eq. (2). For this purpose, the information given in the file with an
extension “MLT” was used as shown in Table 1. BT represents the microwave radiation radiance traveling
upward from the top of Earth’s atmosphere and necessarily requiring TOA to calculate BT using the formula
given in the equation.

Brightness Temperature (BT) = K/Ln((K;/LA) +1) — 273.15 (3)

where,

K; and K;: Band-Specific Thermal Conversion Constant, LA: Top of Atmospheric Spectral Radiance.

Table 1: Characteristics of remotely sensed data and information given in metadata file

Landsat 8 Landsat 8
Path/Row 150/038 K; Constant Band 10 774.8853
Resolution 30 m K, Constant Band 10 1321.0789
Acquisition date (Image-1, pre-monsoon) 20,210,515 Radiance Add Band 10 0.10000
Cloud cover (Image-1) 5.28% Radiance Multi Band 10  0.0003342
Acquisition date (Image-2, Post monsoon) 20,211,120, 20,211,123 X wavelength Band 10 10.895
Cloud cover (Image-2) 0.02%

Similarly, atmospheric correction was also performed to eradicate atmospheric effects and produce
surface reflectance values. Atmospheric correction also improved the interpretability and usage of Landsat
8 data.

2.3.3 Determination of Normalized Difference Vegetation Index (NDVI)

Normalized Difference Vegetation Index (NDVTI) is a standard vegetation index that is determined by
using infra-red (Band 5) and Red (Band 4) bands of Landsat 8 images using the formula given in Eq. (3).

NIR (Band 5) — Red (Band 4)

NDVI =
NIR (Band 5) + Red (Band 4)

(4)

where,
Red (Band 4): DN value from the RED band (Band 4);
NIR (Band 5): DN values from NIR band (Band 5).
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2.3.4 Determination of Land Surface Emissivity (LSE)

Before finding Land Surface Emissivity (LSE), it is necessary to determine the Proportion of Vegetation
(PV) which is calculated using the formula given in Eq. (4).

(5)

NDVI - NDVI,,;, )2

Proportion of Vegetation (PV) = (NDVI NDVI
max T min

where,

NDVTI: DN values from NDVI image, NDVI,;,: Minimum DN values from NDVI image, NDVI,,.y:
Maximum DN values from NDVI image.

However, LSE was calculated using the formula given in Eq. (5).

Emissivity (E) = 0.004 x PV + 0.986 (6)

2.3.5 Determination of Land Surface Temperature (LST)

Land surface Temperature (LST) of the study area was determined based on its brightness temperature
(BT) and land surface emissivity (LSE)using the formula given in Eq. (6).

Land Surface Temperature (LST) = BT/(1+ (A +*BT/P)*Ln(E)) (7)

where,
P =h-c/s =1.438 x 107> m K = 1438 um-K;
o his PlancK’s constant = 6.626 x 1073 J-s;
« cis velocity of light = 2.998 x 10° m/s;
o sisBoltzmann constant = 1.38 x 1072% J/K.
X value for Landsat 8 (Band 10): 10.895;
E: Land Surface Emissivity;

BT: Brightness temperature.

2.3.6 Retrieval of Soil Moisture Index (SMI)
In the final step, retrieval of SMI was carried out using the formula given in Eq. (7).

(LST max — LST)

Soil Moisture Index (SMI) = (LST LSTom)
max — min

(8)

where,
LSThax: Maximum value of LST and LSTp,j,: Minimum value of LST

3 Results and Discussion

In this study, retrieval of the soil moisture index (SMI) of the study area located in Faisalabad, i.e.,
UAF-PARS before and after the monsoon season in 2021 was carried out through geospatial techniques. For
this purpose, Landsat 8 imagery (B10, B4, B5) of pre-monsoon (15 May 2021) and post-monsoon season
(20 November 2021) were downloaded and processed in ArcGIS. After the initial atmospheric and radio-
metric correction of satellite images, Band 4 and Band 5 were used to determine NDVI. However, Band
10 was used to determine land surface temperature (LST) which was further used for measuring the soil
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moisture index of the study area. Previously, several researchers have adopted this methodology involving
Landsat 8 imagery for determining the soil moisture index of a particular area of interest based on NDVI
and LST [3,17,23-26]. In this study, soil samples (0-15 cm) were also collected from twenty (20) different
locations in the study area and analyzed to determine soil moisture content in laboratory conditions through
the gravimetric method. The accuracy of the adopted methodology was determined by comparison between
the estimated SMI based on Landsat 8 imagery and the observed soil moisture (%) of field locations measured
in laboratory conditions. While ground samples reported soil moisture in % or m*/m’® and satellites often
use unit less indices, the two terms are comparable and the difference in their units is not a problem for
comparative analysis. This is because the SMI like all other differential band ratios is a unit-less term having
value varying from —1 to +1, while the field soil moisture is always in some positive percent value. By applying
the correlation and scaling techniques, the correction factor (correlation equation) between two datasets was
developed for further use to enhance spatial and temporal analysis of satellite-based soil moisture dynamics.

3.1 Soil Moisture Index (SMI)

Therefore, in this study, the spatial distribution of soil moisture was monitored through retrieval of
SMI of the study area in pre- and post-monsoon season. Results regarding the SMI of the study area in pre-
and post-monsoon season have been presented in Fig. 3. According to the results, significant variations in
the SMI of the study area before and after monsoon season were recorded. In the pre-monsoon season, the
Soil Moisture Index (SMI) of the study area ranged from 0.2 to 0.38, with the maximum area exhibiting
lower SMI values. In the post-monsoon season, an increase in the soil moisture index (SMI) of the study
area was observed, with the highest SMI recorded at 0.47 and the lowest at 0.22. Moreover, it was noticed
that the maximum area exhibited higher SMI in the post-monsoon season. These results resemble the
findings of Pandey et al. [3], who also reported lower soil moisture contents (ranging from 0.0157 to 0.173) in
Hoshangabad district of Madhya Pradesh, India in the monsoon season. Moreover, increases in soil moisture
(ranging from 0.551 to 0.753) after monsoon season have also been reported in this study. Higher values of
SMI of the study area in post-monsoon season can be associated with the fact that in November, most of the
land in the study area was occupied by wheat which was at the sowing stage. As at the sowing stage, the water
contents of the soil are high, thus, the SMI of the study area in the post-monsoon season was high. However,
lower SMI can be linked to the fact that in May, most of the crops in the study area are at the harvesting stage.
As we know, at the harvesting stage, the water contents of the soil are low, therefore, the SMI of the study
area in the pre-monsoon season was low. Differences in soil moisture index might also be due to variations
in the LST of the study area in pre- and post-monsoon season. The literature suggested a strong negative

correlation between SMI and LST which indicated that SMI decreases with an increase in LST [25,27].

3.2 Relationship between Satellite-Based SMI and Field-Based Soil Moisture

The relationship of satellite-based SMI with field-based soil moisture was also studied. For this purpose,
surface soil samples were collected from twenty (20) different locations in the study area. Each location
is represented by a black dot as shown in Fig. 4. The soil moisture contents (%) of collected soil samples
were determined through the gravimetric method in the laboratory. The results of field-based soil moisture
contents of collected soil samples have been presented in Table 2. According to the results, the study area
revealed significant variation in field-based soil moisture content ranging from 12% to 28.2%. However, to
study the relationship between actual and remote sensing-based SM, a scatter plot between satellite-based
SMI and field-based SM was also drawn (Fig. 4). Correlation analysis showed that as the satellite-based SMI
increases, the field-based SM also increases and vice versa. It was observed that there was a moderate positive
correlation (R?> = 0.60) between satellite-based SMI and field-based SM. Our results were in line with the
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findings of several previous studies that also found such a positive correlation between satellite-based SM
and field-based SM [28-30] reported a positive correlation (R* = 0.63) between predicted SM and in situ
surface soil moisture. The correlation equation obtained is given below (Eq. (9)):

Surface Soil Moisture (%) = (75.635 * SMI) — 5.3532 9)

Soil Moisture Index
Pre Monsoon
2021

Legend
[ swdy Area

Soil Moisture Index
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Figure 3: Soil Moisture Index (SMI) of pre- and post-monsoon season of the study area
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Figure 4: Correlation between field-based SM (%) and satellite-based SMI of the post-monsoon season of the study
area during the year 2021.

Table 2: Field-based SM (%) and satellite-based SMI of the post-monsoon season of twenty different locations in the
study area

Location coordinates

Location # Satellite-based SMI  Field-based SM (%)
Latitude Longitude
1 31.385230 72.992700 0.28 12.00
2 31.384230 72.992200 0.30 17.00
3 31.385030 72.994280 0.30 16.00
4 31.383640 72.993080 0.31 22.10
5 31.389460 73.005590 0.32 24.20
6 31.384660  72.991110 0.32 19.36
7 31.384500 72.989130 0.33 20.72
8 31.382920  72.993310 0.34 19.20
9 31.382690 72.989710 0.34 21.00
10 31.382890  72.991330 0.34 18.05
11 31.384020 72.988120 0.35 20.67
12 31.386090 73.004500 0.36 24.00
13 31.383420 72.988330 0.37 22.00
14 31.388930 73.004060 0.38 21.00
15 31.387650 73.008890 0.38 20.31
16 31.390570  73.005780 0.38 23.20
17 31.385290  73.011050 0.39 21.43
18 31.386090 73.002320 0.40 28.20
19 31.387690  73.000830 0.41 26.70
20 31.386190 72.997820 0.41 26.00

3.3 Surface Soil Moisture Maps of Faisalabad

Based on the relationship between field-based SM and satellite-based SMI (Eq. (8)), surface soil
moisture maps of tehsil Faisalabad Saddar for the pre- and post-monsoon season during the year 2021 were
developed. Results demonstrated significant variations in the spatial distribution of surface soil moisture
of tehsil Faisalabad Saddar (total area of 1492.45 km?) for pre- and post-monsoon seasons (Fig. 5). Lower
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values of surface soil moisture were recorded in pre-monsoon season, and higher values were recorded
in post-monsoon maps of tehsil Faisalabad. In pre-monsoon season, surface soil moisture values ranged
from 0.00%-22.82%, however, in the case of the post-monsoon season, surface soil moisture values ranged
from 0.00%-70.26%. It was determined that in the pre-monsoon season, the maximum area of tehsil
Faisalabad Saddar (1016.46 km?, 68.1% of total area) showed surface soil moisture contents ranging from
10.37% to 15.40%, followed by 0.00% to 10.36% (346.13 km?, 23.19% of total area). Only 8.7% of the total area
(129.91 km?) exhibited surface soil moisture in the range of 15.41%-22.82% in the pre-monsoon season
during the year 2021 (Table 3). It was astonishing to notice that no area in tehsil Faisalabad Saddar was
detected with surface soil moisture above 22.82% in the pre-monsoon season during the year 2021. However,
in the case of post-monsoon season, only 0.11% of the total study area (1.67 km?) exhibited surface soil
moisture in the range of 0.00%-26.97%. The maximum area in post-monsoon season 2021 (780.46 km?,
52.29% of total area) exhibited surface soil moisture ranging from 36.18% to 40.02%, followed by 32.02%-
36.17% (511.99 km?, 34.3% of total area). It was interesting to notice that the 122.68 km? area (8.22% of the
total area) showed surface soil moisture ranging from 40.03%-70.28% in the post-monsoon season during
the year 2021 (Table 3). For statistical significance, Chi square test was performed and the null hypothesis
was rejected, indicating that the soil moisture distribution differs significantly between the pre-monsoon
and post-monsoon periods. These variations in surface soil moisture of tehsil Faisalabad Saddar in pre-
and post-monsoon seasons can be associated with rainfall distribution during the year 2021, as high rainfall
distribution is a direct contributor to higher SMI determined using Landsat 8 images [31]. Moreover, denser
vegetation can also be a contributing factor towards higher surface soil moisture in the post-monsoon season.
As previously reported by Zhang et al. [32], they recorded higher soil moisture values in the eastern and
southeastern parts of the plateau where the altitude was lower and vegetation was denser.
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Figure 5: Surface soil moisture (%) map of tehsil Faisalabad Saddar for pre- and post-monsoon season during the year
2021

Table 3: Areas of tehsil Faisalabad Saddar with variable surface soil moisture (%) for pre- and post-monsoon season
during the year 2021

Soil Moisture (%) Pre-Monsoon-2021 Soil Moisture (%) Post-Monsoon-2021
Area (km?) % Area (km?) %
00.00-10.36 346.13 23.19 00.00-26.97 1.67 0.11
10.37-15.40 1016.46 68.10 26.98-32.01 75.70 5.07
15.41-22.82 129.91 8.70 32.02-36.17 511.99 34.30
22.83-35.87 0 0 36.18-40.02 780.46 52.29
35.88-70.28 0 0 40.03-70.28 122.68 8.22
Total 1492.45 100 Total 1492.45 100

4 Conclusions

Based on the results of the present study, a moderate positive correlation with R* = 0.60 between
field-based SM (%) and satellite-based SMI was recorded, which explains the reliability of the adopted
methodology. Moreover, in this study, surface soil moisture maps of the Faisalabad Saddar area for pre- and
post-monsoon seasons during the year 2021 were developed. Significant variations in surface soil moisture
of the Faisalabad Saddar area were recorded, indicating that surface soil moisture of the Faisalabad Sadar
area was higher in the post-monsoon season as compared to the pre-monsoon season.

It can be concluded that the retrieval of surface soil moisture using Landsat 8 TIRS data offers
a promising alternative to avoid intensive fieldwork followed by laboratory analysis for mapping and
monitoring the soil moisture content of a large area. Moreover, the novelty of this study lies in adopting
this methodology for real-time estimation of surface soil moisture in agricultural fields to provide irrigation
scheduling guidelines.
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Although Landsat 8 TIRS data showed promising results for soil moisture retrieval with moderate
correlation values, it was not high enough, which could be due to multiple factors like mixed pixel effects,
temporal differences between field measurements and satellite overpasses, and less number of ground
samples. The results could be further improved by avoiding sparse ground data and integrating multi-sensor
fusion (UAYV, SAR, etc.) and machine learning to enhance precision. Addressing these gaps can transform
TIRS into a practical tool for sustainable agricultural water management.
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