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Abstract: Soil moisture, soil organic carbon, and nitrogen content prediction are considered significant
fields of study as they are directly related to plant health and food production. Direct estimation of
these soil properties with traditional methods, for example, the oven-drying technique and chemical
analysis, is a time and resource-consuming approach and can predict only smaller areas. With
the significant development of remote sensing and hyperspectral (HS) imaging technologies, soil
moisture, carbon, and nitrogen can be estimated over vast areas. This paper presents a generalized
approach to predicting three different essential soil contents using a comprehensive study of various
machine learning (ML) models by considering the dimensional reduction in feature spaces. In this
study, we have used three popular benchmark HS datasets captured in Germany and Sweden. The
efficacy of different ML algorithms is evaluated to predict soil content, and significant improvement
is obtained when a specific range of bands is selected. The performance of ML models is further
improved by applying principal component analysis (PCA), a dimensional reduction method that
works with an unsupervised learning method. The effect of soil temperature on soil moisture
prediction is evaluated in this study, and the results show that when the soil temperature is considered
with the HS band, the soil moisture prediction accuracy does not improve. However, the combined
effect of band selection and feature transformation using PCA significantly enhances the prediction
accuracy for soil moisture, carbon, and nitrogen content. This study represents a comprehensive
analysis of a wide range of established ML regression models using data preprocessing, effective
band selection, and data dimension reduction and attempt to understand which feature combinations
provide the best accuracy. The outcomes of several ML models are verified with validation techniques
and the best- and worst-case scenarios in terms of soil content are noted. The proposed approach
outperforms existing estimation techniques.

Keywords: LUCAS data; band selection; machine learning; principal component analysis; k-fold
cross validation

1. Introduction

Soil moisture (SM), soil organic carbon (SOC), and nitrogen content (NC) are the
fundamental aspects of nature that provide territory to a broad scope of life forms, and are
important for healthy food production [1-4]. SM contributes to plant development and
deterioration, climate change, and carbon formation, and significantly controls the filtration,
overflow, drought monitoring, and evaporation rates [5-7]. SOC enhances the water
holding capacity of the soil and nutrient production for plants, leading to plant growth [8,9].
SM and SOC act to regulate water level and energy exchange rate, directly influencing
plant health and the hydrosphere beneath [10]. NC develops plants’ structure, metabolism,
and creation of chlorophyll, contributing to plant growth and food production [11]. These
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soil properties impact crop production, biodiversity, and canopy structure, leading to soil’s
chemical and physical properties [12]. Therefore, SM, SOC, and NC are vital to soil elements
and need continuous monitoring. SM frequently changes due to high evaporation [13,14].
On the other hand, measuring SOC and NC is essential in both agricultural fields and forest
management, as it helps to maintain the carbon and nitrogen cycle [15,16].

The conventional measuring methods for SM include the thermogravimetric method,
time-domain reflectometry (TDR) [17], heat flux soil moisture sensors, and microelectrome-
chanical system (MEMS) [13]. In contrast, SOC can be measured by mass loss on ignition,
the Walkley—Black method, humic matter colorimetry, automated dry combustion, etc. [18].
Total soil nitrogen is traditionally measured by the Kjeldahl digestion method and dry
combustion method [19]. These methods are slow and require labor and money, and are
only suitable for small areas of land. In order to measure soil properties for larger areas
of land in a short time, HS remote sensing can be a promising solution. Therefore, it is
essential to develop an accurate estimation method to predict SM, OC, and NC accurately
and quickly.

Over the last two decades hyperspectral imaging (HSI) technology has been used in
wide fields of application, as it contains a large amount of spectral and spatial data arranged
in many layers. These sensors are implemented on satellites or airborne craft, and the data
are updated continuously. In this way, real-time monitoring of the earth’s surface is possible
and can cover a large area in a single image. Researchers are involved in analysing HSI in
different fields, including vegetation [20] and water management monitoring [21], medical
diagnosis [22,23], forensic medicine [24], the military sector [25], crime [26], imaging
documentation [27], mineralogical mapping [28], food quality estimation [29], etc. In
addition, SM, SOC, and NC estimation from HSI is considered a vital research issue, and is
a focus of concentration for many researchers.

Several studies have been conducted to estimate SM from HS data. In [30], the authors
proposed a self-organizing map (SOM) framework to predict SM. According to their results,
the best SM prediction accuracy was obtained by SOM (96.78%) compared with support
vector regressor (SVR) and random forest (RF). In another study, the authors studied the
possibilities of Sentinel-2 data for estimating bare surface SM from HS data, and Random
Forest (RF) regression models were developed [31]. Their developed model could predict
SM with 91% prediction accuracy when using all bands of Sentinel-2 images. The prediction
accuracy was further developed (96%) by considering four essential bands. Random forest
(RF) and extreme learning machine (ELM) algorithms were used to estimate the SM from
HS images in [32]. In [33], the authors adopted a gradient boost (GB) algorithm to estimate
SM from unmanned aerial vehicle (UAV)-based hyperspectral data. They adopted four
strategies to predict SM, with the optimal fractional order combined with the optimal
multiband indices providing the best results (92.10% prediction accuracy). Based on the
previous SM prediction literature, the effect of soil temperature on soil moisture prediction
remains unknown. However, other machine learning models’ performance should be
considered, and the average and worst SM prediction accuracy remain unknown.

On the other hand, the topsoil spectral information of the Land Use and Coverage
Area body Survey (LUCAS) dataset provides opportunities to develop a model for soil
SOC prediction [34-36]. Large-scale soil SOC mapping and prediction are possible due to
the availability and quality of remote sensing data [37]. This creates new opportunities
to estimate the SOC effectively, and farmers and policymakers can take the necessary
steps to manage the fields on a large scale [38,39]. In [40], the authors proposed a partial
least square regression (PLSR) model to predict SOC using LUCAS topsoil data. Another
research perspective shows SOC prediction from Sentinal-2 data [37,41,42].

Furthermore, with SM and SOC, NC estimation from HS data has become a vital
research issue and has become the concentration of many researchers. In [43-45], stepwise
multiple linear regression was used to rapidly detect organic carbon, nitrogen, potassium,
and phosphorus. A wavelet analysis and transformation algorithm was used in [46] to
predict the nitrogen quantity in soil. In [47], the authors estimated soil nitrogen using
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near-infrared reflectance (NIR) spectroscopy with a back-propagation (BP) neural network.
The authors of [48] demonstrated soil nitrogen prediction in subsided land using the
local correlation maximization-complementary superiority (LCMCS) method. Several
researchers have used partial least squares regression models to predict soil nitrogen [49,50].
In [51], the authors compared three methods, (stepwise multiple linear regression (SMLR),
partial least squares regression (PLSR), and support vector machine regression (SVMR),
to predict nitrogen content with visible /near-infrared spectroscopy. PLSR regression was
used to predict various soil parameters (organic, inorganic, total carbon, CEC, pH, texture,
moisture), including nitrogen, in [52].

Although satisfactory research achievements have been seen in predicting SM, SOC,
and NC using HS remote sensing technology, a comprehensive study of different machine
learning models is needed in order to develop a generalized approach to predict different
soil contents with the help of dimensionality reduction. A number of studies have used
PCA to predict SM [53-55], SOC [56-58], and NC [59-61]. However, they all used raw HS
data and a small number of ML algorithms. Different types of machine learning algorithms
have different strengths. Here, we explore a wide range of machine learning algorithms
in order to determine whether their performance is better or worse than indicated in
the current literature. Furthermore, we investigate whether the particular band impacts
moisture, carbon, and nitrogen prediction along with the combined effects of different ma-
chine learning strategies and feature transformation by PCA with effective band selection.
Hence, all the comprehensive experiments in this paper are novel in comparison to the
existing literature.

This study uses three different HS datasets to predict SM, SOC, and NC. The HS
feature data used in the experiments were extracted from captured HS images of soil
samples. These datasets were built from HS camera images by using the average reflec-
tion/absorbance to make a CSV file. These reflection/absorbance values were then used
as different features for training and testing. The SM dataset was captured by [62], and
contains 125 HS bands ranging from 454 nm to 950 nm. Two HS datasets from LUCAS
containing 4200 HS bands from 400 nm to 2499.5 nm were used to predict SOC and NC,.
As each band may not contribute equally to predicting SM, SOC, and NC [63], the most
influential band selection is essential to improve prediction performance, minimize compu-
tational time, and decrease data dimension. Choosing effective bands eliminates negative
influences, allowing soil parameters to be more accurately predicted.

On the other hand, soil temperature can be considered a good feature for predicting
SM. It is comparatively more easy to measure surface soil temperature than soil mois-
ture [64]. Figure 1 shows the plot of soil temperature and corresponding soil moisture in
our considered dataset. From this figure, it can be seen that SM has an inverse relationship
with soil temperature. We calculated the Pearson’s correlation coefficient between SM and
soil temperature, and found that these two parameters are negatively correlated (—0.79).
Therefore, soil temperature has a noticeable impact on SM.

Additionally, raw data or original features may contribute little to predicting SM,
SOC, and NC. Hence, PCA can be adopted to extract features more effectively [65]. PCA
helps to find the correlation of all the input features and produce principal components
independent of one another. Regression algorithms are faster with PCA-preprocessed data,
as it substantially reduces the size of the dataset and eliminates variables that are less
significant to decision-making [66]. PCA can transform the essential features from raw
data, thereby reducing the feature space significantly and consistently helping to eliminate
the over-fitting issue, which improves SM and SOC prediction performance.

To predict SM, SOC, and NC more accurately and precisely from HS data, effective
band selection, feature transformation, and high-dimensional data reduction techniques
(for example, PCA) should be considered. In this study, we have used two dimensional
reduction techniques: the first to extract the most crucial feature bands, and the second
to reduce dimensionality using PCA. We explore the combined effect of using PCA and
effective band selection to determine the prediction performance of SM, SOC, and NC.
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Our study’s second contribution is finding a generalized approach that can predict soil
content using our proposed methodology. Thus, we explore band selection, and feature
transformation in order to understand the estimation performance with several established
machine learning techniques.
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Figure 1. Soil moisture vs. soil temperature graph.

The contributions of this paper are:

e  Effectively selecting the best HS band to ensure the good performance of ML regressors
in predicting SM, SOC, and NC

*  Evaluating the effect of soil temperature on SM prediction

e Use of PCA to improve model prediction accuracy

e Tounderstand the combined effect of PCA and effective HS band features in predicting
SM, SOC, and NC

¢ To propose a generalized approach that can predict soil content more accurately
and efficiently

¢  Evaluating the accuracy of different ML models and comparing the results with the
proposed method.

The rest of the paper is organized as follows. The HS remote sensing data and ground
truth SM, SOC, and NC data are described in Section 2. The step-by-step workflow of
this paper is provided in Section 3. Section 4 illustrates the results in predicting SM, SOC,
and NC for different algorithms, and a comparative study is presented with validation and
evaluation. We critically discuss the outcomes of this research in Section 5. Finally, this
paper is concluded in Section 6 with the presentation of guidelines for SM, SOC, and NC
prediction methodology in HS remote sensing.

2. Dataset
2.1. Soil Moisture Data
2.1.1. Soil Moisture and Soil Temperature Data

For this study, we used the dataset captured in [62] during a five-day field campaign
in May 2017 in the area of Karlsruhe, Germany. The dataset is freely available and open
for research purposes under the license (available online: https://www.gnu.org/licenses/
gpl-2.0.html (accessed on 8 May 2012)). The field study was performed on undistributed
bare soil with no vegetation and clayey-silt type soil. The SM was measured using a
TRIME-PICO time domain reflectometry (TDR) sensor, which can measure SM to a depth
of 2 to 18 cm. However, the dataset we used listed the SM of soil to a depth of 2 cm, which
is considered a subsurface SM. This SM value was considered the ground truth for our
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study. The changes in SM ranged from 25% to 42% (Figure 2), and the corresponding soil
temperature at the same depth ranged from 25.5 °C to 44.5 °C (Figure 3).
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Figure 2. Box-plot of soil-moisture percentages, where the zero point of the box-plot represents the
mean, the line intersecting the box shows the median value, and the lower and upper line of the
whisker show the smallest and largest sample values.
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Figure 3. Box-plot of soil temperature interquartile range, mean, and skewness.

2.1.2. Soil Moisture Hyperspectral Data

The hyperspectral data were captured using a Cubert UHD 285 hyperspectral snap-
shot camera with a spectral range of 450 nm to 950 nm. The camera was mounted on a
tripod 1.7 m in height. This camera can record 50 x 50 pixel images with 4 nm spectral res-
olution and 125 spectral bands. The dataset consisted of 679 high-dimensional data points,
including 125 hyperspectral bands. Figure 4 shows the reflectance of the HS bands. For
simplicity, we considered only four soil samples with different SM values. We considered
soil samples with maximum SM and with minimum SM. This figure shows that a higher
percentage of the SM value generates lower values of HS reflectance, and vice versa. The
HS band reflection data were used to predict SM in our study.
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Figure 4. Soil moisture reflectance curve of hyperspectral band ranging from 454 nm to 950 nm.

2.2. LUCAS Topsoil Data

LUCAS was established by the Statistical Office of the European Union (EUROSTAT) in
2001 to create a pan-European database on landscape parameters relevant for agricultural and
environmental coverage development and evaluation [67]. For non-commercial purposes,
the LUCAS topsoil dataset is available from the European Soil Data Centre (ESDAC) website.
The land survey has been performed every three years for a 2 x 2 km area of land in all
European member states beginning in 2006 [68]. In 2009, an extension to the periodic LUCAS
was granted to provide a regular, coherent, and harmonized topsoil database for Europe [67].

In this campaign, about 20,000 soil samples were accrued using a multi-level stratified
random sampling technique to represent the proportion of different land use types in
Europe [67]. Five topsoil samples (0-20 cm) were taken and blended into a composite
sample for every sampling point. These samples were then analyzed for their physical,
chemical, and reflectance properties using a standardized technique within the same
laboratory [68].

After laboratory analysis of each sample, the absorbance from 400-2499.5 nm was
recorded using a FOSS XDS Rapid Content Analyzer (FOSS NIRSystems Inc., Denmark) [34].
We recorded 4200 absorbance bands at 0.5 nm intervals. For this purpose of this study, we
considered only the Swedish dataset, which consisted of 1891 soil samples. The dataset
specifies the corresponding soil samples (point ID) with different properties such as clay; silt,
sand content, pH, coarse fragments, SOC, NC, etc. The box plots in Figures 5 and 6 show
the interquartile range and the outlier ranges of SOC and NC, respectively. Figures 7 and 8
represent the absorbance curves of different values of SOC and NC, respectively. The lowest,
highest, and average range of SOC and NC was considered for simplicity. Figure 7 shows
that the absorbance increases with increasing SOC and decreases with decreasing SOC
in the HS band range from 400 nm to 1000 nm. However, this trend is not followed after
1000 nm to 2500 nm. On the other hand, the absorbance increases with increasing NC;
however, when the value of NC is high (36.7 g/kg), the absorbance curve becomes different.
The absorbance curve of NC is shown in Figure 8.



Sensors 2022, 22, 7998

7 of 20

500

400 4

300 4

200 4

100 4

Organic Carbon Content {g/kg)

0

Figure 5. Box-plot of soil organic carbon interquartile range, mean, skewness, and outliers.

35

30

25

20 1

Nitroegen Content (g/kg)

Figure 6. Box-plot of nitrogen content interquartile range, mean, skewness, and outliers.

1.6
e ) g/kg ====39.5 g/kg 40.7 g/kg 543.1 g/kg
1.4
1.2
o) ;
2 .
)
(8]
[
@
el
—
2
e}
< — — —
v |
0.2
0
R T T e e T e e e O O e O e O e T e T e O O O e O e T e I e A e T e T I e I e B
NomnNOoOoOMMOoOULONONOLOLMLONONOWOLWmMO WO W
AN < ONOODO AN MWN OO AT NTINNOO AN ONNO O
A A A A A AN AN AN AN ANANOMOMON OO NN

Wavelength (nm)
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Figure 8. Absorbance of soil nitrogen content in the hyperspectral band ranging from 400 nm to
2499.5 nm.

3. Methodology

The work was divided into two steps, namely, the prepossessing of HS bands and the
regression models used to predict SM, SOC, and NC. Figure 9 represents the workflow of
this study.

Data Preprocessing Regression Model
Data Filtering and )
Mapping LR SVR Evaluation Parameter
HS Band
Feature Scaling R-squared
(Standard Scaling) RF SOM <
Band Wavelength - - MAE
Band Selection GB KNN
(Lasso Algorithm) RMSE
Dimension Reduction DT ANN
(PCA)

Figure 9. Schematic diagram of regression framework of the proposed regression investigations
using different machine learning methods.

3.1. Data Prepossessing

This study considered four different steps for preprocessing methods in order to
handle the extensive dimensionality in the HS data.

3.1.1. Data Filtering and Mapping

Data cleaning, filtering, and mapping is the essential step for the LUCAS dataset, as it
contains inhomogeneous data [69]. HS data and the corresponding ground truth of SOC
and SNC were provided in different datasets. First, according to point ID (the unique ID of
an individual soil sample), the soil sample HS data were mapped in two datasets for SOC
and NC for Sweden. Certain soil samples’ ground truth data (SOC and NC) were missing.
Therefore, these missing values and corresponding HS data were filtered from the dataset
manually. All other features were eliminated to make the dataset more convenient for use
and more simple and easy for training and testing purposes. However, the SM dataset was
previously cleaned and mapped with corresponding HS data.
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3.1.2. Feature Scaling

After that, feature scaling was performed for the three HS datasets to standardize all
the input data before training our model. The purpose of feature scaling is the mathematical
transformation of features or independent variables to improve prediction performance. It
is essential to perform the mathematical transformation of variables and make the input
data balanced to ensure that their contributions are balanced. In this study, we considered
the standard scaling method. The HS band data were scaled according to the transformation
formula provided in Equation (1):

Zscore = (x - T/_l)/Sd, 1)

where Zscore is the standard score, x is the training sample, and i and sd are the mean and
standard deviation of the training sample, respectively.

3.1.3. Hyperspectral Band Selection

In the third step, we selected an effective HS band range for three different HS datasets.
For the large volume of data, band selection becomes more important because it saves
computational time and effort. The most effective SM HS bands were selected by consid-
ering a small portion of the HS band and the SM prediction performance was noted for
that particular portion of bands. Several experiments were performed to understand the
performance of each particular band to estimate SM. We used trial and error methods, and
listed the results at which particular bands were more significant in predicting SM. The best
SM prediction was provided by the HS band ranging from 454 nm to 742 nm; therefore, this
portion of HS was considered the most influential band, and bands ranging from 746 nm to
950 nm were eliminated.

On the other hand, due to many HS absorbance band ranges for the SOC and NC
dataset, eliminating and selecting specific band ranges to obtain the best prediction accu-
racy became complex. Hence, the least absolute shrinkage and selection operator (Lasso)
algorithm was applied to determine the significant band range [70]. In this experiment,
we selected the 575.5-1062 nm, 1100 nm, 1852-1885 nm, 1945-2017.5 nm, 2053-2208 nm,
and 2454-2499.5 nm HS bands. From the 4200 HS bands, we selected only 1591 bands and
eliminated 2609 bands.

Similarly, for NC prediction the Lasso algorithm was applied to select the most in-
fluential bands. Of the 4200 bands, only 252 bands were selected as the most significant
bands. The effective band ranges were 594-616.5, 646-675.5, 1052.5-1108.5, and 2302-2489.
By applying the Lasso algorithm, 3948 bands were eliminated, significantly reducing
computational cost and time.

This algorithm regularizes features by shrinking the regression coefficients and re-
ducing a number of the less essential coefficients to 0. After shrinkage, only the non-zero
components were used as a selected feature to train the model. Therefore, significant
numbers of weak features were eliminated, improving model prediction performance and
minimizing both bias and variance.

The Lasso algorithm works with the following cost function:

1 Ntraining . ) ) n
I2Ni i 2 (yirue - y:)bserved) +a 2 |ak| (2)
training ;=1 k=1

where gy is the k-th feature coefficient, a is a hyperparameter, and ysue and yopserveq are the
ground truth and predicted data, respectively.

The value of the cost function increases with the higher coefficient value of a particular
feature. Therefore, the main aim of the Lasso algorithm is to optimize the cost function by
optimizing |ai|. If the coefficient becomes large, this forces more coefficients to be 0.

The algorithm becomes an ordinary least squares regression when « is 0. On the
other hand, when « increases, the variance decreases significantly and the bias increases.
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In this way, the Lasso algorithm eliminates irrelevant variables that do not contribute to
prediction performance.

3.1.4. Data Dimension Reduction

Finally, we considered the Principal Component Analysis (PCA) technique, which
is widely used to handle nonlinear high-dimensional datasets and effectively decreases
the dimensionality of data. Instead of using all HS bands, we relied only on the first
seven principal components, which were able to extract almost 99.97% of features from all
three datasets.

3.2. Regression Model

Different ML regression models were studied to predict SM, SOC, and NC from the
HS data: Linear Regression (LR) [71], Random Forest (RF) [72], Decision Tree (DT) [73],
Gradient Boosting (GB) [74], Support Vector Regression (SVR) [75], Self Organizing Map
(SOM) [30], K-Nearest Neighbors (KNN) [76], and Artificial Neural Network (ANN) [77].
Most of the ML regression models were developed from the well-known library package
scikit-learn, except for SOM which was implemented in Susi library packages. We used
the SOM model that already implemented by [30]. Most of the regression models follow a
supervised learning algorithm. However, the SOM framework consists of unsupervised
learning followed by supervised SOM.

In order to achieve good prediction accuracy performance, all the machine learning
regression models were tuned during the training process; their hyper-parameters are
described in Table 1. However, LR, DT, and GB provide satisfactory performance without
tuning. Therefore, we relied on the basic packages of the scikit-learn library model [78] and
used the grid-search approach. After completing the tuning of all ML regression models
and the training phase, the testing phase was started.

Table 1. Hyperparameter setup for different machine learning regression models.

Model Library Package Hyper-Parameter

LR scikit-learn -

bootstrap = True, criterion = squared_error,
RFE scikit-learn max_feature = auto, min_samples_leaf =1,
min_samples_split = 2, n_estimators = 100, n_jobs = —1

DT scikit-learn -
GB scikit-learn -
C =np.logspace(—8, 8, 17), v = np.logspace(—S8, 8, 17),
. estimator = SVR(), n_iter = 30, cv =5, n_jobs = —1,
SVR scikit-learn param_distributions = params, kernel = rbf, max_iter = —1,
shrinking = True, tol = 0.001
SOM susi n_rows = 35, n_columns = 35, n_iter_unsupervised = 10,000,
n_iter_supervised = 10,000, n_jobs = —1
. n_neighbors = 5, algorithm = auto, leaf_size = 30,
KNN scikit-learn metric = minkowski, weights = uniform, n_jobs = None
hidden_layer_sizes = (20, 20, 20), batch_size = 10,
ANN scikit-learn max_iter = 500, algorithm = auto, metric = minkowski,

metric_params = None, n_jobs = None, n_neighbors =5,
p =2, weights = uniform

3.3. Evaluation Parameter

The efficacy of each ML model was evaluated by computing R?, mean absolute error
(MAE), and root mean squared error (RMSE). The R? measure explains the percentage
of variation explained by two variables (test data and predicted data), MAE signifies the
absolute difference between model prediction, i.e., the predicted output and ground truth
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value, and RMSE describes the standard deviation of the residuals (the difference between

the model prediction and actual value). The value of R? ranges from 0 to 1. The closer the

value is 1, the better the model describes the correlation between the actual and predicted

value. For MAE and RMSE, a lower the value indicates better prediction accuracy [79].
The mathematical expression of these terms is provided below:

(i — )
RZ = 1— , 3
(yi — 7i)? ®
1 Nsample
MAE = Y lvi—il, )
sample  j—1
1 Nsample
RMSE = N Y (vi—vi)% (5)
sample j—1

where y; and 1j; are the original and predicted value for the ith sample, respectively, ; is
the average value, and Nygpje is the number of samples.

4, Results of Model Evaluation and Validation

This section presents the performance and comparison of regression models to predict
SM, SOC, and NC from three different HS datasets. The main aim of developing a model is
to show good performance on unseen data. A good model provides accurate predictions
for seen and unseen data that help to eliminate overfitting and underfitting. To address
this problem, k-fold cross-validation can be used. We considered ten-fold cross-validation
in this study to evaluate the model efficacy. Each time the whole dataset was divided
into ten groups, nine data groups were used to train the model and the remaining data
were used to test the model, as shown in Figure 10. The process was repeated ten times,
with model performance listed each time for the different sets of testing data. Finally, the
mean prediction accuracy (Equation (6)) was derived for each ML model. The experiment
was carried out for the three HS datasets to predict SM, SOC, and NC.

Ruvg = E;Ri/ (6)
[ Training Data | | Testing Data |

Tl

Figure 10. Schematic diagram of ten-fold cross validation.

4.1. Soil Moisture Prediction

In this study, the model was developed to predict SM from the HS data with eight
feature combinations. The regression results are shown in Table 2. In the first case, all
HS bands (AHSB) ranging from 454 nm to 950 nm were considered and the prediction
performance was noted for eight different ML regressors. In this scenario, SVR performed
the best (R? = 95.43%, MAE = 0.49,and RMSE = 0.80). After that, soil temperature
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was considered with AHSB, and improved results were obtained for the LR, RE, GB,
and ANN regressors. The best result was noted for RE, with 92.85% prediction accuracy.

In the next step, instead of using the AHSB range, the effect of the selected bands (SB)
ranging from 454 nm to 742 nm was considered to predict SM. After eliminating 52 bands we
obtained satisfactory results, with heights of 94.31% accuracy for the SVR model and MAE
and RMSE values of 0.56 and 0.88, respectively. The effect of soil temperature with SB was
evaluated in the next step; GB performed best, with 92.91% accuracy.

In order to handle extensive the dimensionality of the data, PCA was performed
with four cases. First, we considered AHSB and obtained improved prediction accuracy
compared with AHSB for most of the regressor models, with the exception of DT and SVR.
Then, PCA was performed for SB only; again, good prediction performance was noted.
Finally, considering the soil-temperature effect, PCA was performed with AHSB and SB
in the third and fourth cases, respectively. From Table 2, it can be seen that PCA has a
good impact on predicting SM. Best results were obtained for KNN, with more than 93%
prediction accuracy for both cases.

Finally, the average performance of each feature was calculated. It is clear that SB with
PCA provides the best average prediction accuracy (91.62%) in terms of R2.

Table 2. Regression results (R?, MAE, RMSE) for different ML models in predicting soil moisture.
The bold values represent the best results (in terms of R?) considering different ML models.

PCA PCA PCA
1 2 3

Model AHSB AHSB + T SB SB+T (aHsB) FCAGB  ueEiT)  (SBaT)

R *69.52%, 69.57%, 78.83%, 79.18%, 79.90%, 81.03%,  80.74%,1.15,  82.19%,

173,225 172,225 128,168 127,167 117,151  1.16,147 1.49 1.13,1.41

RE 92.35%, 92.85%, 92.02%, 92.54%, 94.73%, 94.99%,  93.71%,052,  93.11%,

061,102  059,1.00  061,1.01 057,099 049,084  0.53,0.89 0.92 0.57,0.98

T 88.48%, 86.15%, 90.93%, 84.68%, 86.95%, 90.69%,  85.67%,0.55,  85.47%,

066,134 066,132 061,122 076,150 063,144 054,108 1.24 0.60, 1.19

B 92.27%, 92.69%, 91.85%, 92.91%, 95.98%, 95.30%,  95.74%,0.51,  94.08%,

064,109 059,108 060,101 056,099 046,076  0.49,0.80 0.85 0.56, 0.90

SVR 95.43%, 85.78%, 94.31%, 87.95%, 91.29%, 92.91%,  87.79%,0.82,  93.34%,

049,080 084,131 056,088 078,122  062,1.01 063 1.12 123 0.56, 0.90

SOM 89.81%, 82.90%, 91.20%, 83.39%, 92.72%, 93.44%,  9341%,055,  91.87%,

072,110 095,143 064,099 094,142 063,098 061,094 0.89 0.64, 1.01

KNN 90.95%, 73.33%, 88.92%, 71.41%, 90.39%, 9151%,  93.69%,0.52,  93.56%,

068,108 125177 076,116 133,184 065105 065 1.08 0.95 0.49, 0.90

ANN 64.93%, 71.87%, 56.85%, 72.75%, 90.45%, 93.11%,  90.34%,095,  90.99%,

142,207 145190 169,234 146,200 061,093  0.73,1.00 1.39 0.73,1.02

Average 85.47% 81.89% 85.61% 83.10% 90.66% 91.62% 90.14% 90.58%

Result (R?)

1 AHSB = All Hyperspectral bands (454 nm to 950 nm), 2T7= Temperature, 3 SB = Selected bands (454 nm to
742 nm). * R? = 69.52%, MAE = 1.73, RMSE = 2.25.

Figure 11 shows the comparison box plot of eight different ML models considering
three criteria: i. AHSB, ii. PCA on SB, and iii. PCA analysis of SB, including soil temperature.
This figure is drawn considering ten-fold cross-validation, and for each iteration the results
indicate the best, worst, mean, and median performance of each ML model for predicting
SM. Therefore, this box plot reflects the results of ten-fold cross-validation used to validate
our model. The circle and cross-line on the box show the mean and median, respectively.
When PCA analysis of SB is considered with and without the effect of temperature, the SM
prediction accuracy improves, and the best and worst prediction ranges become shorter
compared with AHSB. This prediction improvement is noted for all the ML regressions we
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considered. SVR provides the best average prediction accuracy, with minimal fluctuation

in the prediction range.
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Figure 11. Box-plot of different ML approaches used to predict soil moisture, where black-diamond
shows the outliers.

4.2. Soil Organic Carbon Prediction

The possibility of predicting SOC from the LUCAS dataset (Sweden) was investigated
with our proposed methodology. The experiment was performed by considering four
features for all the ML regressors. Table 3 represents the ten-fold cross-validation results
of SOC prediction accuracy in terms of R2, MAE, and RMSE. Four feature combinations
(AHSB, SB, PCA of AHSB, and PCA of SB) were studied to explore the possibility of
predicting SOC. When AHSB was considered, the RF model provided 83.98% accuracy in
terms of RZ and MAE, and the RMSE was 35.13 and 62.46, respectively. However, when
only the effective bands were considered, the SVR model performed best (R2 =90.52%,
MAE =26.00, and RMSE = 48.36). The prediction efficiency in terms of R?> was improved
when considering PCA analysis on SB. Considering all ML models, the best average R?,
with 83.14% prediction accuracy, was obtained when PCA was performed on SB.

Table 3. Regression results (Rz, MAE, RMSE) of different ML models for predicting organic carbon.
The bold values represent the best results among the different ML models.

Model

AHSB1

SB 2 (Lasso)

PCA (AHSB)

PCA (SB-Lasso)

LR

71.94%, 55.68, 75.62

77.00%, 52.40, 77.00

81.25%, 46.03, 63.30

88.38%, 35.10, 50.24

RF

83.93%, 35.13, 62.46

82.60%, 35.91, 64.63

83.37%, 36.60, 62.33

83.51%, 35.04, 60.07

DT

67.43%, 42.94, 77.95

64.12%, 47.02, 85.58

70.74%, 46.53, 83.43

68.62%, 49.03, 85.52

GB

81.56%, 36.08, 64.15

82.00%, 37.24, 64.95

84.20%, 35.34, 59.43

85.57%, 32.62, 55.37

SVR

78.94%, 48.06, 67.39

90.52%, 26.00, 48.36

85.11%, 33.60, 56.98

89.72%, 27.60, 47.87

SOM

78.97%, 41.02, 67.07

79.36%, 41.27,70.23

78.85%, 40.60, 66.73

76.56%, 42.89, 72.32

KNN

83.08%, 35.92, 60.92

84.25%, 35.52, 60.41

83.31%, 37.11, 62.74

83.56%, 35.76, 61.50

ANN

80.33%, 38.58, 62.58

77.80%, 40.77, 64.60

84.81%, 35.59, 60.14

89.27%, 28.19, 48.53

Average Result (in

terms of R?)

78.27%

79.70%

81.45%

83.14%

1 AHSB = All Hyperspectral bands (400 nm to 2499.5 nm), 2 SB = Selected bands.

However, the value of MAE and RMSE was significantly large due to the inhomogeneity
of the data sample [69]. It is important to consider checking the data homogeneity before
beginning machine learning or statistical operations. Homogeneous data should remain in a
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constant trend with the changing parameters that may affect the data. However, in practice,
this is almost impossible to obtain for soil data samples. From Table 3, it can be noticed that
the prediction accuracy in terms of R? is satisfactory. However, there are high MAE and
RMSE errors due to the wide variation of the SOC soil sample. Figure 12 considers AHSB and
PCA of SB in order to better understand the fluctuation range of R? prediction, illustrating
that PCA with SB shows less fluctuation and better SOC prediction.
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Figure 12. Box-plot of different ML approaches for predicting soil carbon.

4.3. Soil Nitrogen Content Prediction

The LUCAS (Sweden) dataset with soil nitrogen as a ground truth was used to under-
stand the possibility of predicting NC from the HS dataset. Table 4 shows the prediction
performance of different ML regressors with ten-fold cross-validation.

When we considered AHSB ranging from 400 nm to 2499.5 nm, SOM performed the
best, with RZ = 74.71%, MAE = 1.87, and RMSE = 3.01 prediction accuracy, whereas DT
recorded the lowest value (56.60%). In the next step, the performance of the SB range
was investigated to predict the best result for NC. The performance of SB was satisfactory,
with the best prediction accuracy provided by ANN (R? = 79.05%, MAE = 1.73, and
RMSE =2.74).

The next step recorded improved prediction performance when PCA was performed
with AHSB and SB. The average R? results show that PCA with SB provides the best NC
prediction accuracy (75.69%).

Figure 13 shows the comparison box-plot between AHSB and PCA (SB-Lasso), illus-
trating each ML model’s best, worst, mean, and median prediction performance. The figure
is drawn based on the outcomes of ten-fold cross-validation to predict NC. This figure
shows that PCA with SB performs comparatively well and shortens the range between the
best and worst results.
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Table 4. Regression results (R2, MAE, RMSE) of different ML models for predicting nitrogen content.
The bold values represent the best results considering different ML models.

terms of R2)

Model AHSB! SB 2 (Lasso) PCA (AHSB) PCA (SB-Lasso)
LR 67.40%, 2.38, 3.22 73.09%, 2.50, 3.20 79.31%, 1.85, 2.65 79.23%, 1.83, 2.63
RF 73.98%, 1.80, 3.03 74.57%, 1.76, 2.89 76.25%, 1.78, 2.85 77.91%, 1.61, 2.68
DT 56.60%, 2.29, 3.89 57.51%, 2.32, 3.97 51.77%, 2.40, 4.11 58.87%, 2.19, 3.75
GB 71.91%, 1.80, 3.01 74.31%, 1.79, 2.96 75.07%, 1.77, 2.84 77.60%, 1.63,2.71
SVR 71.64%, 2.09, 2.99 75.63%, 1.91, 3.00 80.57%, 1.55, 2.66 78.97%, 1.77, 2.67
SOM 74.71%, 1.87, 3.01 76.05%, 1.79, 2.88 73.93%, 1.86, 2.99 77.49%,1.78, 2.81
KNN 73.96%, 1.83, 2.95 76.79%, 1.76, 2.84 74.81%, 1.84,2.95 77.80%, 1.74,2.77
ANN 74.30%, 1.80, 2.80 79.05%, 1.73, 2.74 74.82%, 1.68, 2.68 77.68%, 1.66, 2.68
Average Result (in 70.56% 73.37% 73.31% 75.69%

1 AHSB = All Hyperspectral bands (400 nm to 2499.5 nm), 2 SB = Selected bands.
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Figure 13. Box-plot of different ML approaches for predicting nitrogen content.

5. Discussion

The main aim of this paper is to determine the most effective methodology to predict
SM, SOC, and NC with reasonable accuracy from the HS data. During the experiment,
all the ML tuning parameters, testing and training dataset ratio, and all other parameters
remained constant in order to understand the influence of different features in predicting
SM, SOC, and NC more accurately and precisely. The outcomes of this study (Tables 2—4),
considering the average performance of eight different machine learning algorithms, show
that the combined effect of PCA with selected bands provides the best prediction accuracy
for SM, SOC, and NC. The best average prediction accuracy for SM, SOC, and NC in terms
of R? is 91.62%, 83.14%, and 75.69%, respectively. Therefore, it is clear that PCA analysis
on SB is the essential feature combination that provides the best prediction for the studied
soil contents.

After a critical analysis of eight different ML regression models and according to their
average prediction performance, the following conclusions can be drawn.

5.1. Soil Moisture Prediction

*  The HS band can be used effectively to predict SM with good prediction accuracy;
when AHSB is considered, the SVR algorithm performs best (R?=95.43%, MAE = 0.49,
RMSE =0.80).
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Although soil temperature shows good correlation with soil moisture, the average
prediction in terms of R? performance is not further improved, being reduced from
85.47% to 81.89% when considering the soil temperature effect with AHSB.

Effective band selection has a noticeable impact on SM prediction. Very similar results
are recorded after eliminating a good portion of HS data, and the average prediction
results improve from 85.47% to 85.61%;

PCA has a significant impact on SM prediction. The best prediction accuracy is noted
for the GB regressor (R2 =95.98%, MAE =0.46, RMSE = 0.76) when PCA is performed
on AHSB.

In terms of average response, considering all ML models, PCA analysis on influential
bands provides the best SM estimation accuracy in terms of R? (91.62%).

5.2. Soil Organic Carbon Prediction

The RF model provides the best prediction accuracy in terms of R? (83.93%) when
AHSB is considered. However, the MAE and RMSE are 35.13 and 62.46, respectively,
showing unpredictable accuracy due to a higher error rate.

With the Lasso algorithm used to perform band selection, the prediction accuracy
is improved; SVR sees the best prediction accuracy (R? = 90.52%, MAE = 26.00,
and RMSE = 48.36).

When PCA is performed on AHSB, the prediction accuracy is improved in terms of
R2. However, the MAE and RMSE is not much improved.

Finally, when PCA is applied on SB the best prediction accuracy is noted for the ANN
algorithm, with R? =89.27%; MAE and RMSE are 28.19 and 48.53, respectively;

The SOC prediction accuracy in terms of R? is satisfactory, as it defines the normalized
difference between actual and predicted data.

However, the error rate of MAE and RMSE is high, as the variation of the soil sample
is high. As MAE and RMSE indicate the absolute difference between the original
value and predicted value, it seems not to work any better; however, there is good
correlation.

5.3. Soil Nitrogen Content Prediction

Soil NC can be predicted with reasonable accuracy from HS data. When AHSB range
is considered, SOM provides the best prediction accuracy (R? = 74.71%, MAE = 1.87,
RMSE =3.01);

The prediction accuracy for all of the ML regressors is further improved when effective
band selection via the Lasso algorithm is considered; the average prediction accuracy
improves from 70.56% to 73.37% in terms of R? value.

PCA analysis plays a vital role in further improving prediction accuracy, with the av-
erage prediction accuracy increasing to 73.31% when PCA is applied on AHSB.

The best result is obtained when PCA is performed on effective SB for the KNN
regressor, with 77.80% prediction accuracy. From the value of the average result
(75.69%), it can be observed that PCA on SB is the most important feature for predicting
NC from HS data.

After critically analyzing the prediction performance of SM, SOC, and NC from three

different HS datasets, Table 5 summarizes the best ML regression model according to
the best performance accuracy in terms of R?. The best SM prediction is obtained by GB
regressors when PCA is performed on AHSB, with 95.98% prediction accuracy. On the
other hand, the SVR model performs best (90.52%) for SOC when only SB is considered. The
LR model predicts the best NC with PCA analysis on SB, with 79.23% prediction accuracy.
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Table 5. Best prediction results with specific feature combinations and machine learning regres-

sor models.
Soil Property Model Feature Combination Best Result (R?)
Soil Moisture GB PCA (AHSB) 95.98%
Organic Carbon SVR SB 90.52%
Nitrogen Content LR PCA (SB) 79.23%

6. Conclusions

In this study, we have addressed the SM, SOC, and NC prediction topology from HS
data considering different ML frameworks and listed performance comparisons. While
the existing methods provide good results, the proposed method provides the best results.
The importance of particular HS band selection on SM, SOC, and NC prediction from the
three different HS datasets is evaluated. Additionally, the effect of soil temperature on SM
prediction is considered. The study was conducted using the PCA dimensionality reduction
technique. Significant improvement is noted for all ML algorithms when the combined
effect of PCA with an effective HS selected band is used. This study proposes a generalized
approach to predict soil content more accurately and efficiently. The proposed approach
saves significant computational time and provides good prediction performance using the
important features. In future work, we intend to understand the physical interpretation
of HS bands and the behavior of satellite HS images to predict soil components using our
proposed methodology.

Author Contributions: Conceptualization, D.D.; methodology, D.D.; software, D.D.; validation, D.D.,
M.P, M.M,, SW.T. and L.S; formal analysis, D.D.; investigation, D.D.; resources, D.D., M.P., M.M.,
S.W.T. and L.S; data curation, D.D.; writing—original draft preparation, D.D.; writing—review and
editing, D.D., M.P, M.M., SW.T. and L.S.; visualization, D.D., M.P.,, M.M., SW.T. and L.S.; supervision,
D.D., M.P, M-M,, SW.T. and L.S.; project administration, M.P,; funding acquisition, M.P. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by Soil CRC Australia (No. 2.5.006 PhD Scholarship) and the
APC was funded by Charles Sturt University and Soil CRC Australia.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

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

References

1.

Chari, M.M.; Hamandawana, H.; Zhou, L. Integrating Remotely Sensed Soil Moisture in Assessing the Effects of Climate Change
on Food Production: A Review of Applications in Crop Production in Africa. In Handbook of Climate Change Across the Food Supply
Chain; Springer: Berlin/Heidelberg, Germany, 2022; pp. 213-228.

Yadav, A.N.; Singh, J.; Singh, C.; Yadav, N. Current Trends in Microbial Biotechnology for Sustainable Agriculture; Springer:
Berlin/Heidelberg, Germany, 2021.

Foyer, C.H.; Lam, H.M.; Nguyen, H.T.; Siddique, K.H.; Varshney, R.K.; Colmer, T.D.; Cowling, W.; Bramley, H.; Mori, T.A;
Hodgson, ].M.; et al. Neglecting legumes has compromised human health and sustainable food production. Nat. Plants 2016,
2,16112. [CrossRef] [PubMed]

lizumi, T.; Sakuma, H.; Yokozawa, M.; Luo, J.J.; Challinor, A.J.; Brown, M.E.; Sakurai, G.; Yamagata, T. Prediction of seasonal
climate-induced variations in global food production. Nat. Clim. Chang. 2013, 3, 904-908. [CrossRef]

Berg, B.; McClaugherty, C. Plant Litter: Decomposition, Humus Formation, Carbon Sequestration; Springer Nature: Berlin/Heidelberg,
Germany, 2020.

Humphrey, V.; Berg, A.; Ciais, P.; Gentine, P; Jung, M.; Reichstein, M.; Seneviratne, S.I.; Frankenberg, C. Soil moisture—
Atmosphere feedback dominates land carbon uptake variability. Nature 2021, 592, 65-69. [CrossRef]

Liu, L.; Gudmundsson, L.; Hauser, M.; Qin, D.; Li, S.; Seneviratne, S.I. Soil moisture dominates dryness stress on ecosystem
production globally. Nat. Commun. 2020, 11, 4892. [CrossRef]


http://doi.org/10.1038/nplants.2016.112
http://www.ncbi.nlm.nih.gov/pubmed/28221372
http://dx.doi.org/10.1038/nclimate1945
http://dx.doi.org/10.1038/s41586-021-03325-5
http://dx.doi.org/10.1038/s41467-020-18631-1

Sensors 2022, 22, 7998 18 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Mahmood, E; Khan, I.; Ashraf, U.; Shahzad, T.; Hussain, S.; Shahid, M.; Abid, M.; Ullah, S. Effects of organic and inorganic
manures on maize and their residual impact on soil physico-chemical properties. J. Soil Sci. Plant Nutr. 2017, 17, 22-32. [CrossRef]
Zainul, A.; Koyro, HW.; Huchzermeyer, B.; Gul, B.; Khan, M.A. Impact of a biochar or a compost-biochar mixture on water
relation, nutrient uptake and photosynthesis of Phragmites karka. Pedosphere 2017, 160, 1-22.

Cleverly, J.; Eamus, D.; Coupe, N.R; Chen, C.; Maes, W.; Li, L.; Faux, R.; Santini, N.S.; Rumman, R.; Yu, Q.; et al. Soil moisture
controls on phenology and productivity in a semi-arid critical zone. Sci. Total Environ. 2016, 568, 1227-1237. [CrossRef]
Leghari, S.J.; Wahocho, N.A.; Laghari, G.M.; HafeezLaghari, A.; MustafaBhabhan, G.; HussainTalpur, K.; Bhutto, T.A.; Wahocho,
S.A.; Lashari, A.A. Role of nitrogen for plant growth and development: A review. Adv. Environ. Biol. 2016, 10, 209-219.

Badia, D.; Lépez-Garcia, S.; Marti, C.; Ortiz-Perpifid, O.; Girona-Garcia, A.; Casanova-Gascon, J. Burn effects on soil properties
associated to heat transfer under contrasting moisture content. Sci. Total Environ. 2017, 601, 1119-1128. [CrossRef]

Xu, S.; Liu, Y.; Wang, X.; Zhang, G. Scale effect on spatial patterns of ecosystem services and associations among them in semi-arid
area: A case study in Ningxia Hui Autonomous Region, China. Sci. Total Environ. 2017, 598, 297-306. [CrossRef]

Xue, J.; Guan, H.; Huo, Z.; Wang, F.; Huang, G.; Boll, ]. Water saving practices enhance regional efficiency of water consumption
and water productivity in an arid agricultural area with shallow groundwater. Agric. Water Manag. 2017, 194, 78-89. [CrossRef]
Mayer, M.; Prescott, C.E.; Abaker, W.E.; Augusto, L.; Cécillon, L.; Ferreira, G.W.; James, J.; Jandl, R.; Katzensteiner, K.; Laclau, ].P;
et al. Tamm Review: Influence of forest management activities on soil organic carbon stocks: A knowledge synthesis. For. Ecol.
Manag. 2020, 466, 118127. [CrossRef]

Jain, A.K.; Meiyappan, P.,; Song, Y.; House, ].I. CO, emissions from land-use change affected more by nitrogen cycle, than by the
choice of land-cover data. Glob. Chang. Biol. 2013, 19, 2893-2906. [CrossRef]

Kumar, S.V,; Dirmeyer, P.A.; Peters-Lidard, C.D.; Bindlish, R.; Bolten, J. Information theoretic evaluation of satellite soil moisture
retrievals. Remote Sens. Environ. 2018, 204, 392-400. [CrossRef]

Visconti, E; Jiménez, M.G.; de Paz, ].M. How do the chemical characteristics of organic matter explain differences among its
determinations in calcareous soils? Geoderma 2022, 406, 115454. [CrossRef]

McGill, W.; Figueiredo, C. Total nitrogen. In Soil Sampling and Methods of Analysis; Wiley Online Library; Lewis Publishers: Boca
Raton, FL, USA, 1993; pp. 201-211.

Zhang, Y.; Migliavacca, M.; Penuelas, J.; Ju, W. Advances in hyperspectral remote sensing of vegetation traits and functions.
Remote Sens. Environ. 2021, 252, 112121. [CrossRef]

Krishna, G.; Sahoo, R.N.; Singh, P.; Bajpai, V.; Patra, H.; Kumar, S.; Dandapani, R.; Gupta, V.K.; Viswanathan, C.; Ahmad, T,
et al. Comparison of various modelling approaches for water deficit stress monitoring in rice crop through hyperspectral remote
sensing. Agric. Water Manag. 2019, 213, 231-244. [CrossRef]

Suzuki, S.; Matsui, T. Remote sensing for medical and health care applications. In Remote Sensing-Applications; Boris, E., Ed.;
BoD-Books on Demand: Norderstedt, Deutschland, 2012; pp. 479-492.

Fei, B. Hyperspectral imaging in medical applications. In Data Handling in Science and Technology; Elsevier: Amsterdam,
The Netherlands, 2020; Volume 32, pp. 523-565.

Edelman, G.J.; Gaston, E.; Van Leeuwen, T.G.; Cullen, P.; Aalders, M.C. Hyperspectral imaging for non-contact analysis of
forensic traces. Forensic Sci. Int. 2012, 223, 28-39. [CrossRef]

Shimoni, M.; Haelterman, R.; Perneel, C. Hypersectral imaging for military and security applications: Combining myriad
processing and sensing techniques. IEEE Geosci. Remote Sens. Mag. 2019, 7, 101-117. [CrossRef]

Majda, A.; Wietecha-Postuszny, R.; Mendys, A.; Wéjtowicz, A.; Lydzba-Kopczyriska, B. Hyperspectral imaging and multivariate
analysis in the dried blood spots investigations. Appl. Phys. A 2018, 124, 1-8. [CrossRef]

Qureshi, R.; Uzair, M.; Khurshid, K.; Yan, H. Hyperspectral document image processing: Applications, challenges and future
prospects. Pattern Recognit. 2019, 90, 12-22. [CrossRef]

Boubanga-Tombet, S.; Huot, A ; Vitins, I.; Heuberger, S.; Veuve, C.; Eisele, A.; Hewson, R.; Guyot, E.; Marcotte, F.; Chamberland,
M. Thermal infrared hyperspectral imaging for mineralogy mapping of a mine face. Remote Sens. 2018, 10, 1518. [CrossRef]
Liu, Y,; Pu, H.; Sun, D.W. Hyperspectral imaging technique for evaluating food quality and safety during various processes: A
review of recent applications. Trends Food Sci. Technol. 2017, 69, 25-35. [CrossRef]

Riese, FM.; Keller, S. Introducing a framework of self-organizing maps for regression of soil moisture with hyperspectral data. In
Proceedings of the IGARSS 2018-2018 IEEE International Geoscience and Remote Sensing Symposium, IEEE Xplore, Valencia,
Spain, 22-27 July 2018; pp. 6151-6154.

Mohite, J.; Sawant, S.; Pandit, A.; Pappula, S. Simulation of Sentinel-2 data using Hyperspectral Data for Bare Surface Soil
Moisture Estimation. In Proceedings of the 2021 9th International Conference on Agro-Geoinformatics (Agro-Geoinformatics),
Shenzhen, China, 26-29 July 2021; pp. 1-5.

Ge, X.; Wang, |.; Ding, J.; Cao, X,; Zhang, Z.; Liu, J.; Li, X. Combining UAV-based hyperspectral imagery and machine learning
algorithms for soil moisture content monitoring. Peer] 2019, 7, e6926. [CrossRef] [PubMed]

Ge, X,; Ding, J.; Jin, X.; Wang, J.; Chen, X,; Li, X,; Liu, J.; Xie, B. Estimating agricultural soil moisture content through UAV-based
hyperspectral images in the arid region. Remote Sens. 2021, 13, 1562. [CrossRef]

Nocita, M.; Stevens, A.; Toth, G.; Panagos, P.; van Wesemael, B.; Montanarella, L. Prediction of soil organic carbon content by
diffuse reflectance spectroscopy using a local partial least square regression approach. Soil Biol. Biochem. 2014, 68, 337-347.
[CrossRef]


http://dx.doi.org/10.4067/S0718-95162017005000002
http://dx.doi.org/10.1016/j.scitotenv.2016.05.142
http://dx.doi.org/10.1016/j.scitotenv.2017.05.254
http://dx.doi.org/10.1016/j.scitotenv.2017.04.009
http://dx.doi.org/10.1016/j.agwat.2017.09.003
http://dx.doi.org/10.1016/j.foreco.2020.118127
http://dx.doi.org/10.1111/gcb.12207
http://dx.doi.org/10.1016/j.rse.2017.10.016
http://dx.doi.org/10.1016/j.geoderma.2021.115454
http://dx.doi.org/10.1016/j.rse.2020.112121
http://dx.doi.org/10.1016/j.agwat.2018.08.029
http://dx.doi.org/10.1016/j.forsciint.2012.09.012
http://dx.doi.org/10.1109/MGRS.2019.2902525
http://dx.doi.org/10.1007/s00339-018-1739-6
http://dx.doi.org/10.1016/j.patcog.2019.01.026
http://dx.doi.org/10.3390/rs10101518
http://dx.doi.org/10.1016/j.tifs.2017.08.013
http://dx.doi.org/10.7717/peerj.6926
http://www.ncbi.nlm.nih.gov/pubmed/31110930
http://dx.doi.org/10.3390/rs13081562
http://dx.doi.org/10.1016/j.soilbio.2013.10.022

Sensors 2022, 22, 7998 19 of 20

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Steinberg, A.; Chabrillat, S.; Stevens, A.; Segl, K.; Foerster, S. Prediction of common surface soil properties based on Vis-NIR
airborne and simulated EnMAP imaging spectroscopy data: Prediction accuracy and influence of spatial resolution. Remote Sens.
2016, 8, 613. [CrossRef]

Stevens, A.; Nocita, M.; Téth, G.; Montanarella, L.; van Wesemael, B. Prediction of soil organic carbon at the European scale by
visible and near infrared reflectance spectroscopy. PLoS ONE 2013, 8, e66409. [CrossRef]

Castaldi, F; Hueni, A.; Chabrillat, S.; Ward, K.; Buttafuoco, G.; Bomans, B.; Vreys, K,; Brell, M.; van Wesemael, B. Evaluating
the capability of the Sentinel 2 data for soil organic carbon prediction in croplands. ISPRS ]. Photogramm. Remote Sens. 2019,
147,267-282. [CrossRef]

Van Wesemael, B.; Paustian, K.; Meersmans, J.; Goidts, E.; Barancikova, G.; Easter, M. Agricultural management explains historic
changes in regional soil carbon stocks. Proc. Natl. Acad. Sci. USA 2010, 107, 14926-14930. [CrossRef]

Wang, S.; Zhuang, Q.; Jin, X,; Yang, Z.; Liu, H. Predicting soil organic carbon and soil nitrogen stocks in topsoil of forest
ecosystems in northeastern china using remote sensing data. Remote Sens. 2020, 12, 1115. [CrossRef]

Castaldi, F; Chabrillat, S.; Jones, A.; Vreys, K.; Bomans, B.; Van Wesemael, B. Soil organic carbon estimation in croplands by
hyperspectral remote APEX data using the LUCAS topsoil database. Remote Sens. 2018, 10, 153. [CrossRef]

Bhunia, G.S.; Kumar Shit, P.; Pourghasemi, H.R. Soil organic carbon mapping using remote sensing techniques and multivariate
regression model. Geocarto Int. 2019, 34, 215-226. [CrossRef]

Gholizadeh, A ; Zizala, D.; Saberioon, M.; Bortivka, L. Soil organic carbon and texture retrieving and mapping using proximal,
airborne and Sentinel-2 spectral imaging. Remote Sens. Environ. 2018, 218, 89-103. [CrossRef]

Dalal, R.; Henry, R. Simultaneous determination of moisture, organic carbon, and total nitrogen by near infrared reflectance
spectrophotometry. Soil Sci. Soc. Am. . 1986, 50, 120-123. [CrossRef]

Morra, M.; Hall, M.; Freeborn, L. Carbon and nitrogen analysis of soil fractions using near-infrared reflectance spectroscopy. Soil
Sci. Soc. Am. J. 1991, 55, 288-291. [CrossRef]

Yu, H,; Kong, B.; Wang, G.; Du, R.; Qie, G. Prediction of soil properties using a hyperspectral remote sensing method. Arch.
Agron. Soil Sci. 2018, 64, 546-559. [CrossRef]

Sun, Z.; Zhang, Y.; Li, J.; Zhou, W. Spectroscopic determination of soil organic carbon and total nitrogen content in pasture soils.
Commun. Soil Sci. Plant Anal. 2014, 45, 1037-1048. [CrossRef]

Zheng, L.H.; Li, M.Z,; Pan, L,; Sun, J.Y,; Tang, N. Estimation of soil organic matter and soil total nitrogen based on NIR
spectroscopy and BP neural network. Guang Pu Xue Yu Guang Pu Fen Xi Guang Pu 2008, 28, 1160-1164.

Lin, L.; Wang, Y.; Teng, J.; Xi, X. Hyperspectral analysis of soil total nitrogen in subsided land using the local correlation
maximization-complementary superiority (LCMCS) method. Sensors 2015, 15, 17990-18011. [CrossRef]

Tao, P.; Zhen-Tao, W.; Hua-Zhou, C. Waveband optimization for near-infrared spectroscopic analysis of total nitrogen in soil.
Chin. . Anal. Chem. 2012, 40, 920-924.

Kuang, B.; Mouazen, A.M. Non-biased prediction of soil organic carbon and total nitrogen with vis-NIR spectroscopy, as affected
by soil moisture content and texture. Biosyst. Eng. 2013, 114, 249-258. [CrossRef]

Shi, T.; Cui, L.; Wang, ].; Fei, T.; Chen, Y.; Wu, G. Comparison of multivariate methods for estimating soil total nitrogen with
visible/near-infrared spectroscopy. Plant Soil 2013, 366, 363-375. [CrossRef]

Chang, C.W.; Laird, D.A.; Hurburgh, C.R., Jr. Influence of soil moisture on near-infrared reflectance spectroscopic measurement
of soil properties. Soil Sci. 2005, 170, 244-255. [CrossRef]

Xu, C.; Zeng, W.; Huang, J.; Wu, J.; Van Leeuwen, W.J. Prediction of soil moisture content and soil salt concentration from
hyperspectral laboratory and field data. Remote Sens. 2016, 8, 42. [CrossRef]

Haijun, Q.; Xiu, J.; Liu, Z.; Maxime, D.I.; Shaowen, L. Predicting sandy soil moisture content with hyperspectral imaging. Int. J.
Agric. Biol. Eng. 2017, 10, 175-183. [CrossRef]

Li, Z.; Deng, C.; Zhao, B.; Tian, Y.; Huang, Y. Hyperspectral inversion for soil moisture and temperature based on Gaussian
process regression. In Proceedings of the 2019 IEEE International Conference on Signal, Information and Data Processing
(ICSIDP), Chonggqing, China, 11-13 December 2019; pp. 1-4.

Meng, X.; Bao, Y;; Liu, J.; Liu, H.; Zhang, X.; Zhang, Y.; Wang, P.; Tang, H.; Kong, F. Regional soil organic carbon prediction model
based on a discrete wavelet analysis of hyperspectral satellite data. Int. . Appl. Earth Obs. Geoinf. 2020, 89, 102111. [CrossRef]
Reis, A.S.; Rodrigues, M.; dos Santos, G.L.A.A.; de Oliveira, KM.; Furlanetto, R.H.; Crusiol, L.G.T.; Cezar, E.; Nanni, M.R.
Detection of soil organic matter using hyperspectral imaging sensor combined with multivariate regression modeling procedures.
Remote Sens. Appl. Soc. Environ. 2021, 22, 100492. [CrossRef]

Hobley, E.; Steffens, M.; Bauke, S.L.; Kogel-Knabner, I. Hotspots of soil organic carbon storage revealed by laboratory hyperspectral
imaging. Sci. Rep. 2018, 8, 13900. [CrossRef]

Pudetko, A.; Chodak, M.; Roemer, J.; Uhl, T. Application of FT-NIR spectroscopy and NIR hyperspectral imaging to predict
nitrogen and organic carbon contents in mine soils. Measurement 2020, 164, 108117. [CrossRef]

Xu, S.; Wang, M.; Shi, X.; Yu, Q.; Zhang, Z. Integrating hyperspectral imaging with machine learning techniques for the
high-resolution mapping of soil nitrogen fractions in soil profiles. Sci. Total Environ. 2021, 754, 142135. [CrossRef] [PubMed]
Jia, S.; Li, H.; Wang, Y; Tong, R.; Li, Q. Hyperspectral imaging analysis for the classification of soil types and the determination of
soil total nitrogen. Sensors 2017, 17, 2252. [CrossRef] [PubMed]


http://dx.doi.org/10.3390/rs8070613
http://dx.doi.org/10.1371/journal.pone.0066409
http://dx.doi.org/10.1016/j.isprsjprs.2018.11.026
http://dx.doi.org/10.1073/pnas.1002592107
http://dx.doi.org/10.3390/rs12071115
http://dx.doi.org/10.3390/rs10020153
http://dx.doi.org/10.1080/10106049.2017.1381179
http://dx.doi.org/10.1016/j.rse.2018.09.015
http://dx.doi.org/10.2136/sssaj1986.03615995005000010023x
http://dx.doi.org/10.2136/sssaj1991.03615995005500010051x
http://dx.doi.org/10.1080/03650340.2017.1359416
http://dx.doi.org/10.1080/00103624.2014.883628
http://dx.doi.org/10.3390/s150817990
http://dx.doi.org/10.1016/j.biosystemseng.2013.01.005
http://dx.doi.org/10.1007/s11104-012-1436-8
http://dx.doi.org/10.1097/00010694-200504000-00003
http://dx.doi.org/10.3390/rs8010042
http://dx.doi.org/10.25165/j.ijabe.20171006.2614
http://dx.doi.org/10.1016/j.jag.2020.102111
http://dx.doi.org/10.1016/j.rsase.2021.100492
http://dx.doi.org/10.1038/s41598-018-31776-w
http://dx.doi.org/10.1016/j.measurement.2020.108117
http://dx.doi.org/10.1016/j.scitotenv.2020.142135
http://www.ncbi.nlm.nih.gov/pubmed/32920400
http://dx.doi.org/10.3390/s17102252
http://www.ncbi.nlm.nih.gov/pubmed/28974005

Sensors 2022, 22, 7998 20 of 20

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.
77.

78.

79.

Riese, EM.; Keller, S. Hyperspectral benchmark dataset on soil moisture. In Proceedings of the 2018 IEEE International Geoscience
and Remote Sensing Symposium (IGARSS), Valencia, Spain, 22-27 July 2018; p. 1227837. [CrossRef]

Wang, Q.; Li, Q.; Li, X. A fast neighborhood grouping method for hyperspectral band selection. IEEE Trans. Geosci. Remote Sens.
2020, 59, 5028-5039. [CrossRef]

Jin, M.S.; Mullens, T. A study of the relations between soil moisture, soil temperatures and surface temperatures using ARM
observations and offline CLM4 simulations. Climate 2014, 2, 279-295. [CrossRef]

Kang, X.; Xiang, X.; Li, S.; Benediktsson, J].A. PCA-based edge-preserving features for hyperspectral image classification. IEEE
Trans. Geosci. Remote Sens. 2017, 55, 7140-7151. [CrossRef]

Kherif, F; Latypova, A. Principal component analysis. In Machine Learning; Elsevier: Amsterdam, The Netherlands, 2020;
pp. 209-225.

Téth, G.; Jones, A.; Montanarella, L. The LUCAS topsoil database and derived information on the regional variability of cropland
topsoil properties in the European Union. Environ. Monit. Assess. 2013, 185, 7409-7425. [CrossRef] [PubMed]

Orgiazzi, A.; Ballabio, C.; Panagos, P,; Jones, A.; Ferndndez-Ugalde, O. LUCAS Soil, the largest expandable soil dataset for
Europe: A review. Eur. J. Soil Sci. 2018, 69, 140-153. [CrossRef]

Ward, K.J.; Chabrillat, S.; Neumann, C.; Foerster, S. A remote sensing adapted approach for soil organic carbon prediction based
on the spectrally clustered LUCAS soil database. Geoderma 2019, 353, 297-307. [CrossRef]

Shi, Y.; Zhao, J.; Song, X.; Qin, Z.; Wu, L.; Wang, H.; Tang, ]. Hyperspectral band selection and modeling of soil organic matter
content in a forest using the Ranger algorithm. PLoS ONE 2021, 16, e0253385. [CrossRef]

Montgomery, D.C.; Peck, E.A.; Vining, G.G. Introduction to Linear Regression Analysis; John Wiley & Sons: Hoboken, NJ, USA, 2021.
Liu, Y,; Wang, Y.; Zhang, J. New machine learning algorithm: Random forest. In Proceedings of the International Conference on
Information Computing and Applications, Chengde, China, 14-16 September 2012; Springer: Berlin/Heidelberg, Germany, 2012;
pp. 246-252.

Myles, AJ.; Feudale, RN.; Liu, Y.; Woody, N.A.; Brown, S.D. An introduction to decision tree modeling. J. Chemom. A ]. Chemom.
Soc. 2004, 18, 275-285. [CrossRef]

Bentéjac, C.; Csorgd, A.; Martinez-Muioz, G. A comparative analysis of gradient boosting algorithms. Artif. Intell. Rev. 2021,
54,1937-1967. [CrossRef]

Awad, M.,; Khanna, R. Support vector regression. In Efficient Learning Machines; Springer: Berlin/Heidelberg, Germany, 2015;
pp- 67-80.

Zhang, Z. Introduction to machine learning: K-nearest neighbors. Ann. Transl. Med. 2016, 4, 218. [CrossRef]

Kukreja, H.; Bharath, N.; Siddesh, C.; Kuldeep, S. An introduction to artificial neural network. Int. J. Adv. Res. Innov. Ideas. Educ.
2016, 1, 27-30.

Pedregosa, F; Varoquaux, G.; Gramfort, A.; Michel, V.; Thirion, B.; Grisel, O.; Blondel, M.; Prettenhofer, P.; Weiss, R.; Dubourg, V.;
et al. Scikit-learn: Machine learning in Python. J. Mach. Learn. Res. 2011, 12, 2825-2830.

Alexander, D.L.; Tropsha, A.; Winkler, D.A. Beware of R 2: Simple, unambiguous assessment of the prediction accuracy of QSAR
and QSPR models. J. Chem. Inf. Model. 2015, 55, 1316-1322. [CrossRef]


http://dx.doi.org/10.5281/zenodo.1227837
http://dx.doi.org/10.1109/TGRS.2020.3011002
http://dx.doi.org/10.3390/cli2040279
http://dx.doi.org/10.1109/TGRS.2017.2743102
http://dx.doi.org/10.1007/s10661-013-3109-3
http://www.ncbi.nlm.nih.gov/pubmed/23371251
http://dx.doi.org/10.1111/ejss.12499
http://dx.doi.org/10.1016/j.geoderma.2019.07.010
http://dx.doi.org/10.1371/journal.pone.0253385
http://dx.doi.org/10.1002/cem.873
http://dx.doi.org/10.1007/s10462-020-09896-5
http://dx.doi.org/10.21037/atm.2016.03.37
http://dx.doi.org/10.1021/acs.jcim.5b00206

	Introduction
	Dataset
	Soil Moisture Data
	Soil Moisture and Soil Temperature Data
	Soil Moisture Hyperspectral Data

	LUCAS Topsoil Data

	Methodology
	Data Prepossessing
	Data Filtering and Mapping
	Feature Scaling
	Hyperspectral Band Selection
	Data Dimension Reduction

	Regression Model
	Evaluation Parameter

	Results of Model Evaluation and Validation
	Soil Moisture Prediction
	Soil Organic Carbon Prediction
	Soil Nitrogen Content Prediction

	Discussion
	Soil Moisture Prediction
	Soil Organic Carbon Prediction
	Soil Nitrogen Content Prediction

	Conclusions
	References

