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Abstract: Soil moisture plays a significant role in the global hydrological cycle, which is an important
component of soil parameterization. Remote sensing is one of the most important methods used to
estimate soil moisture. In this study, we developed a new nonlinear Erf-BP neural network method to
establish a soil-moisture-content-estimation model with integrated multiple-resource remote-sensing
data from high-resolution, hyperspectral and microwave sensors. Next, we compared the result
with the single-resource remote-sensing data for SMC (soil-moisture content) estimation models by
using the linear-fitting method. The results showed that the soil-moisture estimation model offers
better accuracy by using multiple-resource remote-sensing data. Furthermore, the SMC predicted the
results by using the new Erf-BP neural network with multiple-resource remote-sensing data and a
good overall correlation coefficient of 0.6838. Compared with the linear model’s estimation results,
the accuracy of the SMC estimation using the Erf-BP method was increased, and the RMSE decreased
from 0.017 g/g to 0.0146 g/g, a decrease of 16.44%. These results also indicate that the improved
algorithm of the Erf-BP artificial neural network has better fitting results and precision. This research
provides a reference for multiple-resource remote-sensing data for soil-moisture estimation.

Keywords: soil moisture; Erf-BP neural network; multiple-resource remote sensing

1. Introduction

Soil moisture is a key state variable of the three-phase system of soils, and has signifi-
cant importance for the Earth and for environmental-science applications [1]. Soil moisture
is an important characterization of soil water and an important component of soil param-
eterization [2]. Soil moisture plays a key role in the essential process of water exchange
among soil, the atmosphere and water bodies [3]. Soil moisture affects soil respiration, as
well as the cycle of soil carbon and even global carbon [4]. Therefore, soil moisture can
affect global climate change and even global warming. In addition, surface-soil-moisture
content is an important parameter in micrometeorology and hydrology studies [5]. Surface-
soil-moisture content also can be an important index of drought monitoring. It has a
guiding significance for agricultural production and drought-disaster prevention and re-
duction [1,6]. Therefore, the study of the acquiring or prediction of soil moisture with high
accuracy has certain ecological, economic and social value.

The methods used to determine or predict soil moisture can be divided into two
types: the conventional method and the modern method [7]. Generally, the conventional
method is the thermo-gravimetric technique and the calcium-carbide technique, in which
field sampling and laboratory determination are commonly needed [7,8]. In the thermo-
gravimetric technique, soil samples are dried in an oven at 105 °C for 24 h. Next, they
are quickly weighed, and their weights are recorded. Finally, the soil-moisture content is
obtained by calculating the fraction of the oven-dry weight. The accuracy is £1% [9]. The
time-domain reflectometry (TDR), neutron-scattering-probe method, frequency-domain
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reflectometry (FDR), heat-flux technique and resistive method are the most commonly
used methods to measure soil moisture [10]. Although conventional methods have many
advantages, such as their high accuracy, short duration, simple principle and so on [11],
they also have disadvantages, such as their complex sampling processes and a large number
of repeated experiments, the limitations of various soil samples for laboratory measuring
and so on [12]. The TDR, neutron-scattering-probe method and FDR are expensive and
complicated. The heat-flux technique and the resistive method are simple to use and
affordable, but they need soil-specific calibration and have high response times [10]. The
dielectric technique is only suitable for measuring the moisture of single soils [1,7]. The
above methods of soil-moisture-content measurements are based on ground measurements
and experiments. At the same time, most of these methods can only monitor specific
locations and are inadequate for monitoring the spatial distribution of soil moisture on a
large scale [13].

Compared with these conventional methods, remote-sensing technology is one of
the most important tools for monitoring and estimating large-scale near-surface soil mois-
ture [14]. Remote-sensing technology has some advantages and has been applied for
soil-moisture estimation since the 1970s. Different remote-sensing sensors are utilized to
inverse the soil-moisture content. Currently, three main types of remote-sensing sensors are
applied to obtain soil-moisture content: optical, thermal, and microwave [15]. The optical
remote-sensing method is itself divided into three types: remote-sensing images based on
the spatial and spectral resolution, including high spatial resolution, hyperspectral bands
(400-2500 nm) and multi-spectral bands (several narrow bands in the visible band and
near-infrared band) to analyze the near-surface soil properties [16-19]. In optical remote
sensing, the reflectance from 350 nm to 2500 nm was used to estimate the soil moisture [1].
Furthermore, a linear or nonlinear model was established to estimate soil moisture [18,20].
However, the accuracy of the soil-moisture estimation varied depending on the data, the
correlation coefficient R varied from 0.89 to 0.95 and the RMSE (root-mean-square error)
varied from 0.025 to 0.126 cm3/cm? [16,17,21]. The optical-remote-sensing methods also
have some disadvantages, such as the fact that optical-remote-sensing images are affected
by weather conditions and the accuracy of soil moisture estimation is affected by vegetation
cover on soil surfaces [21].

Bands with wavelengths from approximately 3500 nm to 14,000 nm were used to
estimate the soil-moisture content in thermal infrared remote sensing [22]. Furthermore,
the determination of land-surface temperature (LST) via evapotranspiration was commonly
used to estimate soil moisture with an acceptable level of accuracy (R?> = 0.79) [23]. Fur-
thermore, the soil-moisture index and triangle method are also widely used approaches
for soil-moisture estimation by using thermal remote-sensing images [24]. Compared to
optical-remote-sensing images, the application of thermal remote sensing for soil-moisture
estimation has been limited due to high acquisition costs. With the developments in low-
cost remote-sensing platforms, such as unmanned aerial systems (UAVs), high-spatial and
temporal-resolution thermal images have become available at a low cost and increased the
ability to understand the variability of soil conditions [25].

With the advances in microwave-remote-sensing technology, microwave remote sens-
ing has become an alternative to soil-moisture monitoring. Microwave-remote-sensing tech-
nology can extract information by identifying the vast disparity in the dielectric permittivity
of water, air and solids [1]. Small changes in the soil-moisture content affect the emissivity
and backscattering of microwaves on the soil surface [26]. By analyzing the change in
the complex permittivity of the soil, the soil-moisture information can be extracted from
microwave remote sensing [27-29]. Therefore, a variety of frequency microwave data, such
as P-band [30,31], L-band [32,33], C-band [34,35] and X-band data [36,37] are commonly
used to retrieve soil moisture. Microwave remote sensing has a wide range of applica-
tions, high stability and good adaptability with high accuracy (RMSE between 0.0395 and
0.0543 cm3/cm?) [38,39]. Microwave remote sensing data can also provide a continual
large-scale soil-moisture estimation. Some established methodologies for estimating soil
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moisture from the Soil Moisture Active Passive (SMAP) and Soil Moisture and Ocean Salin-
ity (SMOS) satellite missions have been published [40,41]. The SMOS and SMAP are the
most effective techniques for soil-moisture monitoring on the global scale [1]; global-scale
soil moisture in the top 5 cm of soil became detectable through the use of passive or active
sensors [42,43]. However, the dielectric properties of the soil phases change according to
the soil texture, soil moisture, soil salinity and covered vegetation, which increases the
estimation error of the soil moisture from microwave remote sensing [43]. At the same time,
microwave remote sensing commonly has a coarse spatial resolution, especially for the
SMOS and SMAP; it also increases the uncertainty of the soil-moisture estimation [13,44,45].
Therefore, the integration of different sources of remote-sensing (multi-source remote
sensing) data can help to optimize soil-moisture-content estimation [46].

Multi-source remote-sensing technology means space monitoring and image-forming
technology, which can integrate different types of remote-sensing data with linear or
nonlinear statistical methods, such as optical, thermal infrared and microwave-remote-
sensing data [47]. Han et al. (2020) developed a multi-source remote-sensing model with
panchromatic-band and thermal-infrared-band remote-sensing data from the Landsat-8
satellite based on the Bayesian maximum-entropy nonlinear statistical method to analyze
and predict regional soil-moisture content. Since the model considers influences from
the atmosphere, surface conditions and natural radiations, atmospheric, radiation and
geometrical corrections were made to the model. The model obtained a perfect effect
and offers excellent accuracy, with an RMSE of 0.0423 cm3/em? [47]. Wang et al. (2020)
analyzed and predicted the soil moisture over wheat farmlands with C-band SAR data from
the Sentinel-1 satellite, high-resolution and multispectral optical data from the Sentinel-
2 satellite, thermal-infrared and panchromatic remote-sensing data from the Landsat-8
satellite and high-resolution panchromatic and multispectral remote-sensing data from
the GF-1 satellite. They combined the WCM (water cloud model, related to vegetation
scattering) and the AIEM (advanced integral equation model, related to physics) to establish
a soil-moisture linear inversing model and compare the results of various remote-sensing
data. The results showed that the estimations of the Sentinel-2 satellite had the best accuracy,
with an RMSE of 4.73%, among the four satellites; the others had RMSEs of 6.18%, 5.21%
and 6.44%, respectively [48]. These studies and applications are helpful for our studies
of soil-moisture estimation, since they use the high-resolution, microwave and full-band
hyperspectral remote-sensing data.

In this study, we carried out field-soil-sample collections and field-reflectance measure-
ments. At the same time, we obtained synchronous remote-sensing data, which included
the GF-2 high-resolution satellite, GF-3 microwave satellite and GF-5 hyperspectral remote-
sensing data. We compared the soil-moisture results by using high-resolution optical
remote sensing, hyperspectral remote sensing and microwave remote sensing, and devel-
oped a new soil-moisture-estimation method by using a nonlinear neural network model
combined with the advantage of multiple-resource remote sensing. To achieve this aim, we
carried out in situ samplings and measured the soil moisture and its reflectance. Second,
the relationship between the soil moisture and its reflectance of different remote sensors
was analyzed. Third, the soil-moisture-estimation models of three different remote sensors
were established by using a newly developed back-propagation neural network (BPNN)
and the results were compared. Finally, a new soil-moisture-estimation model combining
three different sets of remote-sensing data was established by using the BPNN and the
accuracy of the improved model was evaluated. This study can provide a reference for
soil-moisture estimation by using multiple-resource remote-sensing data.

2. Materials and Data
2.1. Study Area
The research region was located in Xinzhou, Shanxi Province, in the center of China.

Xinzhou is located on the Loess Plateau. The region features a temperate continental
monsoon climate, and the annual average temperature is between 4.3 °C and 9.2 °C. The
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annual precipitation is 345-588 mm. The area of this study region is 30 km x 40 km, forming
an area of approximately 1200 km?. This region is part of the Xiong’an-Xinzhou Railway
works area. The soil samples were collected between 11 May and 14 May 2019. There
was no precipitation during data collection. In total, 41 soil samples were collected. The
research region and sample sites are shown in Figure 1.

112°45'0"E 113°0'0"E

50°0'0"N
L

T
50°0'0"N

38°45'0"N
38°45'0"N

30°0'0"N

10°0'0"N

T
80°0'0"E

T T T
100°0'0"E  120°0'0"E  140°0'0"E

110°0'0"E 1 Il°(|)'0"l’: 114°0'0"E
\ z
: o Z z
oo e 2 e
s 2 2
< o 0
3 2
L]
2 z
| E3
; .
=7.
g
2
z
:ﬁ
110°0'0"E 112°0'0"E 114°0'0"E 112°45'0"E B 113°0'0"E
Shanxi Province Research Area A Field Sampling Points

Figure 1. The study area and field-sampling points.

2.2. Field Samplings

The soil samples used in this research were collected at a depth of 10 cm from the soil
surface and the GPS coordinates of each sampling point were recorded. Approximately
20 g of soil samples were collected by using cutting rings, and soil samples were placed in
an aluminum box (85 cm?) to measure the soil moisture and its reflectance.

The soil-water content (SMC) mentioned in this paper refers to soil-moisture content
per mass (SMCy). The SMCy is obtained with the thermogravimetric (oven-drying and
weighing) method. The specific calculation process is:

nmi — ny
mp — my

SMCq(g/8) = (1)

In Formula (1), my is the mass of the dried, empty aluminum box, m; is the mass of
the aluminum box and soil sample before drying and 1, is the mass of the dried aluminum
box and dried soil sample.

2.3. Soil-Reflectance Measurements

In this study, the soil reflectance was measured in the laboratory by using the SVC-
1024i portable spectroscope. The soil samples were irradiated at an angle of 45° from the
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halogen lamp, whose power was 50 watts (Lowel Light Pro., JCV 14.5 V-50 WC). Each
sample was measured five times to reduce the measuring error and noise of the instrument.

2.4. Remote-Sensing Data and Preprocessing

In this study, GF-2, GF-3 and GF-5 remote-sensing data were used to estimate the soil
moisture. The details of these three different remote-sensing data are shown in Table 1.

Table 1. Details of the GF-2, GF-3 and GF-5.

Satellites GF-2 GF-3 GF-5
Resolution 1 m, panchromatic; 1-500 m 20-40 m
4 m, multispectral
Coverage 45 km 30-650 km 60 km
Revisiting period 5d <3d 4d
panchromatic,
Wavelength 4507900 C band 1530-1565 nm 450-12500 nm
nmmultispectral,
450-890 nm
Date of image 16 May 2019 24 May 2019 9 May 2019

acquired

The GF-2 is a high-resolution earth-observation satellite in a synchronous orbit. It was
independently developed and made in China and has characteristics of high resolution
(better than 1 m), multiple perspectives (panchromatic camera and multispectral camera)
and short revisit time (merely 5 days). GF-2 data were pre-processed by radiometric
calibration and atmospheric correction. The software ENVI was used to achieve radiometric
calibration, and the atmospheric correction was completed by the FLAASH module.

The GF-3 is China’s first C-band multiple-polarization synthetic-aperture radar (SAR)
satellite. It was launched in August 2016 and can obtain stable and reliable high-resolution
microwave-remote-sensing images [49]. The GF-3 can provide three modes and twelve
types of microwave-remote-sensing data with a high accuracy (1-500 m) and a large
coverage (30—-650 km). The spatial resolution of the GF-3 varies from 1 m to 500 m with
swaths from 10 km to 650 km. The SAR supports single polarization of HH or VV, dual
polarization of HH+HV or VH+VV and quadruple polarization of HH + HV + VH + VV [50].
The GF-3 data used in this study were quadruple-polarization data (HH + HV + VH + VV)
with a spatial resolution of 10 m. The GF-3 data were pre-processed by radiometric
calibration, multi-look processing and filter processing. The PIE-SAR software was used to
perform these operations to obtain the radar-backscattering coefficient.

The GF-5 is a satellite sensor of visible-shortwave infrared advanced hyperspec-
tral imager (AHSI). It has the characteristics of a large width (60 km), a wide spectrum
(450-2500 nm) and a high radiation resolution. The AHSI imager of the GF-5 satellite has
330 spectral bands from 450 nm to 2500 nm. The spatial resolution of GF-5 is 30 m. The
pre-processing of the GF-5 images includes radiometric calibration and atmospheric cor-
rection. The ENVI software was used to perform radiometric calibration and atmospheric
correction was completed by the FLAASH module.

3. Methods
3.1. Variables Selection

The purpose of the soil-moisture modeling was to construct the relationships between
the variables extracted from remote-sensing data and the SMCq. The first important
step was selecting the variables for SMC, estimation. The first candidate variable was
the reflectance of the soil moisture. The second candidate variable was the continuum
removed reflectance (CR reflectance) of the soil moisture, which can be calculated by using
spectral tools of the commercial software ENVI 5.3.1 software (Exelis VIS, Silicon Valley,
CO, USA). To increase the number of candidates in the independent-variable dataset, the
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spectral indices, vegetation indices and other parameters of the images of three different
spatial resolutions from GF-2, GF-3 and GF-5 were extracted as candidate characteristic
variables. Furthermore, the Pearson correlation coefficient between candidate remote-
sensing variables and the SMC, field measurements was calculated, and the variables
with lower correlation coefficients (R < 0.05) were removed to improve the quality of the
candidate remote-sensing variables.

The vegetation index (VI) was calculated by the formula below [51]:

B Band; — Band,

~ Band; + Band, @

Vlis the vegetation index. Band; and Band; are the measured spectral reflectance on
bands i and j, respectively.

3.2. Modeling of the Soil-Moisture Estimation Based on Multi-Source Remote-Sensing Data

In this study, we used the linear method and the non-linear method to establish the
soil-moisture estimation model and compared the differences between the results. The flow
chart is shown in Figure 2.

GF-2 high resolution earth cbservation satellite

GF-5 hyperspectral satellite

GF-3 multi-polarization synthetic aperture radar
(SAR) imaging satellite

l

The first group of data represented by Gf2VI The second group of data is backscattering The third group of data is the 16 groups of
includes full spectrum and the vegetation index coefficient of GF-3 fully polarized radar reflection spectrums and vegetation index

4 Spectral data

m laboratory  /

Y

The fotal 25 vanables

l |

Linear regression statistical method by Nonlinear learming method by BP
software SPSS artificial neural network
/ Spectral data
o / 1n laboratory  /
Y h. /
Multi-source remote sensing linear soil Multi-source remote sensing nonlinear
moisture estimation model soil moisture estimation model
v Y
Significance test and statistical analysis Significance test and statistical analysis

4% Comparison of model and conclusion F;

Figure 2. Flow chart of the soil-moisture estimation by using multi-source remote sensing.

3.2.1. Linear Method

The linear model of the soil moisture was established by using the method of least
squares. First, the relationship between remote-sensing parameters extracted from three
different remote-sensing data was calculated. The remote-sensing parameters included
the reflectance of each band of different sensors, continuum-removal reflectance and the
vegetation indices, which were calculated by the method in Section 3.1. Next, the linear
model of soil-moisture estimation was established by using the least-squares method.
The SPSS software helped us to achieve this purpose (SPSS 20.0, Inc., Chicago, IL, USA;
Microsoft Corp., Redmond, WA, USA).
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3.2.2. Erf-BP Artificial-Neural-Network Model

Non-linear learning is a method of modeling in which the relationship between the
independent variable and the dependent variable cannot be described by a one-variate or
multi-variate linear function. As advanced learning algorithms, artificial neural networks
(ANN) are capable of approximating or learning complex mapping relationships with
multi-dimensional variables [52]. Remote-sensing images have large dimensions and are
nonlinear; therefore, the use of artificial neural networks (ANN) became one of the most
common methods in the field of quantitative remote sensing [53,54]. Back-propagation
neural networks are one of the most commonly used ANN algorithms. The conventional
back-propagation (BP) algorithm has some problems, such as its slow rate of convergence,
local optimization of overfitting and result-improvement difficulties [55,56]. Therefore, a
modified BP neural network was developed by using the Gaussian function.

The Gaussian function is a non-elementary function. It has a wide range of applications
in probability theory, statistics and partial differential equations. The definition of the

Gaussian function [57] is:
2 X
erfx:—/e*tdt 3
@)= ®

The Erf-BP neural network is a new algorithm that uses the Gaussian function as a
new activation function of the hidden layer. Furthermore, the logsig function is used as the
activation function of the output layer.

The algorithm of the output node can be found as follows: Formula (4) is the algorithm
of the output of the hidden node, and Formula (5) is the algorithm of the output of the

output node:
(k).
y®) = erf <_ X \/XIW> @)

(k) _ !
O T O ep(y O IW) ®

In the Formula (4), x) represents the k-th sample, k=1,2, ..., n. y(k) is the out-
put of the hidden node, O) is the output of the output node, IW is the connection-
weight value from the output layer and the hidden layer (including the threshold) and
LW is the connection-weight value from the hidden layer and the output layer (including
the threshold).

The error-correction algorithm from the hidden node to the output node of the output
layer is as follows:

st — (t(k) _ O(k)) .o(k).<1 _ o(k)) (6)

In Formula (6), () is the error correction of the k-th sample in the output layer and
t() is the excepted value of the k-th sample in the output node.

The error-correction algorithm from the output node to the hidden node of the hidden
layer is as follows:

2 7]
(pgf) = 6(k)~LW;l,~ﬁ exp(—/{“) (7)

In Formula (7), v is the h-th column value of the k-th sample error correction in the
hidden layer, LW, is the k-th row transpose and 1.y, is the h-th column value of the weighed
product between k-th sample and IW.

The sample-data set was divided in proportion to three independent data subsets,
which included a training sample, a validation sample and an independent sample. The
weights of the three parts are determined by the principle of a minimum of the root-
mean-square error. The goal of the learning process is to make the output values as close
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as possible to the actual values by using cyclic correction. For a training sample s, the
calculation of the mean-square error E; is as follows:

k

Es = % Y (t — ox)? ®)

1

In Formula (8), t is the k-th expected output value and oy, is the corresponding actual
output value.
The total root-mean-square error is represented as:

1
E:EZEH )

In Formula (9), n is the total of the samples.
The weight of the samples can be calculated by the following formula:

w(k+1) =w(k)+n(k)D(k) + a(w(k) — w(k — 1)) (10)

In Formula (10), w(k + 1), w(k) and w(k — 1) are the new weight, current weight and
previous weight, respectively. 1 is the learning rate. Index a is used to avoid overfitting.

The estimation efficiency of the net can also be calculated by the self-adaption adjust-
ment of the learning rate, as in Formula (11):

n(k) = 4n(k—1) a1
where € is the adjustment coefficient, which can be calculated as follows:
e =sign(D(k)D(k — 1)) (12)

In Formula (12), D(k) is the negative gradient of the moment samples; it is defined

as follows:
b = (222 (13)

In Formula (13), w is the current weight w(k) in Formula (10).

In this study, we developed a new three-layer BP artificial neural network, as shown
in Figure 3. It includes an input layer, a hidden layer and an output layer. The input layer
is the data set of independent variables, which is determined by the correlation coefficient
between remote-sensing variables and soil moisture. The hidden layer is a modified BP
neural network. The main characteristics of this Erf-BP artificial neural network are its
reduced memory unit and excellent learning and memory ability [57,58]. Furthermore,
the number of hidden layers was a variable. The results of different hidden layers of BP
are compared in the Results section. The output layer is the soil-moisture content per
mass (SMCyg). In order to solve the problem of the limitation of the sampling number, we
chose the cross-validation approach to evaluate the efficiency of the neural network. In
addition, we created a 10-fold cross-validation program by using the MATLAB R2017a
software (MathWorks Inc., Natick, MA, USA) to compute the estimating error of the
artificial neural network.

3.3. Validation

In this study, the correlation coefficient (R), coefficient of determination (R?), root-
mean-square errors (RMSE) and mean absolute error (MAE) were selected to evaluate the
precision. Specific formulas are shown below [59]:

R Cov(x;,y;) (14)

V/ Var|x;|Varly;]
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n ;N2
R2 —1— i=1 (yi/ ]il)z (15)
Yi-1 (yi_y)
RMSE = /1§ (v, —7)* (16)
n = i~y
1=
1 n
MAE = — ) |y; —vi (17)
3

In Formulas (14)—(17), x; is the spectral data or remote-sensing variables and y;, y; and
y are the SMC; measurement, estimation and average value, respectively.

cvii

GF2-VI

..”.

RCB302

Input Layer Hidden Layer with Nodes Output Layer

Figure 3. Schematic diagram of the BP artificial neural network used in this study.

4. Results
4.1. Spectral Response of Soil Moisture to Reflectance

To compare the effect of soil moisture on its reflectance, different soil samples with
various degrees of soil moisture were selected and their reflectances were compared.
Various levels of soil moisture were plotted, with SMCg from 0.090 g/g to 0.203 g/g; their
reflectances on the VIS-NIR band from 400 nm to 2500 nm are shown in Figure 4. The results
showed that the reflectance of the soil samples decreased when their SMCq increased. The
two absorption peaks, approximately 1470 nm and 1940 nm, are presented in Figure 4.
Furthermore, the depth of the absorption of the reflectance in these two bands increased
with the increasing soil moisture [13]. This phenomenon was caused by the fundamental
absorption by OH™ groups of water molecules in soil [60]. These results were consistent
with those of other studies [61-63].

4.2. Analysis of the Correlation between Soil Moisture and Its Reflectance
4.2.1. Analysis of the Correlation between Soil Moisture and Its Reflectance

The statistical correlation coefficient is one of the most commonly used indicators for
the variables selection. A large correlation coefficient means a significant linear relationship.
The correlation coefficient between the soil reflectance and its SMC, was calculated by
using the SPSS software. The results are shown in Figure 5. There was a positive cor-
relation between the SMC, and its reflectance in the visible light band. The correlation
coefficient decreased at the visible light band with a wavelength before 900 nm. The highest
positive-correlation coefficient was 0.2545 at 400 nm. Furthermore, there was a negative
correlation between the SMC, and its reflectance in the near-infrared (NIR) and shortwave
infrared (SWIR) wavelengths. The absolute value of the correlation coefficient between the
SMC; and its reflectance increased with the increase in the wavelength of the reflectance.
The minimum negative-correlation coefficient was —0.5129 at 1940 nm. Furthermore, two
absorption peaks, approximately 1470 nm and 1940 nm, can also be found in this analysis.
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These results are similar to those of many other studies [64]. The reflectance at the wave-
lengths which had the maximum and minimum coefficients of correlation with the soil
moisture was selected as the candidate variables.

50
e S0il moisture content=0.090g/g Soil moisture content=0.097g/g
e S0il moisture content=0.123g/g e So0il moisture content=0.138g/g
40 e S0il moisture content=0.142g/g Soil moisture content=0.171g/g
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Figure 5. Correlation coefficients between SMC, and its reflectance.

The correlation coefficients between the continuum-removal reflectance and the SMCq
are shown in Figure 6. The results showed that there was a positive correlation from
350 nm to 1100 nm and a negative correlation from 1100 nm to 2500 nm, except for 1290 nm,
1650 nm, 1830 nm and 2230 nm because there were two small positive-correlation relation-
ships at these bands. Figure 6 also indicates that four parts of the highly related bands were
correlated with the SMC; which are located at the wavelengths approximately 440 nm,
1470 nm, 2050 nm and 2230 nm on the continuum-removal reflectance curves. The highest
positive-correlation coefficient was 0.5014 at 2230 nm and the highest negative-correlation
coefficients was —0.8599 at 2050 nm. Furthermore, the continuum-removal reflectance at
the wavelength which had the maximum and minimum coefficients of correlation with the
soil moisture, was selected as a candidate variable.
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Compared with the results of the original reflectance, the correlation coefficient be-
tween the continuum-removal reflectance and soil-moisture content (SMCg) was larger
than that of the original reflectance; the results indicated that there was a more significant
linear relationship between the continuum-removal reflectance and the SMC,. At the same
time, the spectral-absorption characteristics caused by the soil moisture were more obvious
than those of the original reflectance.

4.2.2. Analysis of the Correlation between Soil Moisture and VIs

To identify more and better independent variables, we attempted to build a vegetation
index (VI) by combining any two bands. We calculated all of the VIs of the combina-
tion of any two bands, followed by the equation of (B1 — B2)/(B1 + B2), after which
we calculated the correlation coefficients between the VIs and the soil moisture. The
correlation-coefficient results are shown in Figure 7. The value of each point in this figure
is the correlation coefficient between the SMCq and the VI, which is calculated from the
reflectance at corresponding wavelengths on the x and y axes following the equation of
(B1 — B2)/(B1 + B2). The results showed that the highest correlation coefficient between the
soil-moisture content and the VI was 0.3143, which was calculated by using the reflectance
of the wavelength at the combination of the 390 nm and 400 nm bands. The minimum value
of the correlation coefficient was —0.4885, which was calculated by using the wavelength at
the band combination of 1930 nm and 1940 nm. Therefore, these two significant and related
VIs were selected as the candidate variables. The results also indicated that the correlation
relationship between the soil-moisture content and its VI improved.

At the same time, we resampled the reflectance of the laboratory measurement by
using the filter function of the GF-2 and GF-5, after which the VIs based on the GF-2
and GF-5 remote-sensing data were calculated and the correlation-coefficient results were
obtained. The best VI of the GF-2 remote-sensing data was the blue-and-green-band
combination with an R of 0.4701. For the GF-5 data, the highest correlation coefficient
between the soil-moisture content and the VI based on the GF-5 satellite data was 0.552,
which was calculated by using the wavelength at the band combination of 1240.76 nm
and 1266.1 nm. The lowest correlation coefficient was at the wavelength of the band
combination of 1948.57 nm and 2167.73 nm with an R of —0.544. These two VIs were also
selected as the candidate variables.
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4.2.3. Correlation Analysis between the Polarization Parameters and SMCq

The backscattering coefficients of the four polarization modes were extracted from
the GF-3 microwave-polarization data. Next, the correlation coefficients between the pa-
rameters extracted from the microwave-polarization modes and the SMC, were calculated.
The parameters extracted from the microwave polarization included the backscattering
coefficients of HH (o), VV (0yy) and the mean of the backscattering coefficients (oyy) of
VH and HV. The results are shown in Figure 8. The correlation coefficients between the
various microwave-polarization modes and the soil-moisture content ranged from —0.0522
to 0.1643; the best was oy, with an R of 0.1643.

0.1643

0.1014

Correlation Coefficients
(=]
(=]
L
T

0
cHH . coVH
=005 F

=0.0522

Microwave parameters
Figure 8. The correlation coefficients between microwave-polarization modes and SMCg.

4.3. Soil-Moisture-Estimation Modeling Using Linear Method
4.3.1. Soil-Moisture-Estimation Model Based on GF-2

According to the statistical analysis results, the highest significant linear-related pa-
rameter of single-resource remote-sensing data was screened out, and the SMC-estimation
model of the single-resource remote-sensing data was established. For the GF-2 data, the
VI combining the blue band and green band from the GF-2-high-resolution data was the
highest related to the SMCq, and the linear-regression model was established as follows:

SMCq = 0452 x VIg_p +0.243
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The coefficient of determination of the model based on the GF-2 high-resolution
remote-sensing data was 0.221 and the RMSE was 0.032 g/g. The model and its coefficient
passed the significance test.

4.3.2. Soil-Moisture-Estimation Model Based on GF-3

Referring to the step above, the linear-regression model based on the parameters of
the polarization modes from the GF-3-microwave-remote-sensing data was established
as follows:

SMC; = 0.0694 x oy + 0.1511

The coefficient of determination of the model based on the GF-3-microwave-remote-
sensing data was 0.027 and the RMSE was 0.023 g/g. The model and its coefficient passed
the significance test.

4.3.3. Soil-Moisture-Estimation Model Based on GF-5

In a similar way, the linear-regression model of SMC, estimation based on the GF-5
hyperspectral data was established as follows:

SMCq = 1.263 x Vicy; + 0.144

In this model, the SMC; is the soil moisture per mass, and the Vlcyy is the vegetation
index calculated based on the bands B179 (1240.76 nm) and B182 (1266.1 nm) of GF-5.
The correlation coefficient of the model based on the GF-5 hyperspectral remote-sensing
data was 0.53 and its RMSE was 0.020 g/g. The model and its coefficient passed the
significance test.

4.4. Multiple-Linear-Regression Model Based on Multiple-Resource Remote Sensing

According to the results of the statistical analysis above, some parameters that were
significantly and linearly related to the SMC, were selected and a multiple-linear-regression
model was established by using the SPSS software. Furthermore, the model of the SMCg
estimation based on multiple-resource remote sensing was established as follows:

SMCq =0.98 x CVI1+ 0471 x VIg_p + 0.097 x RCB302 + 0.161

where y is the soil-mass moisture content (SMCyg). CVI1 is the vegetation index calculated
by the continuum-removal spectrum on B179 (1240.76 nm) and B182 (1266.1 nm) from
the GF-5 reflectance. VIg_p is the vegetation index calculated by the blue and green
bands of the GF-2. The RCB302 is the continuum-removal spectrum value on the GF-5
302 band (2277.29 nm). The correlation coefficient of the model is 0.732. The RMSE of the
model is 0.017 g/g. The MAE is 0.517. The linear model and its coefficients passed the
significance test.

Compared with the three different one-variable linear SMC, estimation models using
single-resource remote-sensing data, the multiple-linear-regression model using multiple-
resource remote sensing had a higher correlation relationship and better accuracy. However,
the linear-regression model based on the statistics method still could not perfectly optimize
the model due to many factors, such as different sensors, different sensible bands, compati-
bility between the datasets, etc. Therefore, the nonlinear learning method could be used to
ease and even solve the problem.

4.5. Soil-Moisture Estimation Based on Erf-BP Neural Network

The Erf-BP neural network is a modified neural network based on the method in
Section 3.2.2. It is a three-layer neural network, including an input layer, an output layer
and a hidden layer. The input layer includes three nodes, which were used to input the
independent variables extracted from the multiple-resource remote-sensing data. The
output layer included one node of soil-moisture estimation. The hidden layer was used
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to fit the parameters of the neural network based on the Gaussian function. The model
parameters’ settings included the maximum training times and the training goal. The
maximum training time was 5000, and the training goal was 0.01. The number of nodes
in the hidden layer was determined by the method in Section 3.2.2. The final number of
nodes in the hidden layer was between four and thirteen. We divided the samples into
two groups of 75% and 25%; the group with 75% of the samples was used to train the
neural network, and the group with 25% of the samples was used for the predictions. To
increase the credibility of the results, we chose the cross-validation approach to evaluate the
efficiency of the neural network. We tested the Erf-BP neural network with various nodes in
the hidden layer and then determined the optimal Erf-BP neural network. The correlation
coefficients of the RMSE between the soil moisture measured and predicted by different
nodes of the hidden layer can be found in Table 2. The table showed that the accuracy of the
soil-moisture estimation varied with the number of nodes in the hidden layer. When the
number of hidden layers was nine, this neural network produced a best-fitting result with a
training correlation coefficient and RMSE of 0.982 and 0.0272 g/g, respectively, a predicting
coefficient and RMSE of 0.6650 and 0.0256 g/g, respectively, and an overall accuracy and
RMSE of 0.6838 and 0.0146 g/g, respectively, and the MAE is 0.0082.

Table 2. Erf-BP neural network model using multiple remote-sensing data.

Number
of Nodes Training Training Prediction  Prediction Overall Overall
of the Accuracy RMSE Accuracy RMSE Accuracy RMSE
Hidden (R) (g/g) (R) (g/g) (R) (g/g)
Layer
4 0.9455 0.0141 0.5553 0.0301 0.4790 0.0248
5 0.9627 0.0097 0.5654 0.0342 0.4787 0.0256
6 0.9767 0.0047 0.5956 0.0350 0.4983 0.0241
7 0.9789 0.00356 0.5854 0.0332 0.5284 0.0237
8 0.9801 0.00295 0.5583 0.0337 0.5781 0.0235
9 0.9827 0.00272 0.6650 0.0256 0.6838 0.0146
10 0.9741 0.00238 0.5753 0.0339 0.4775 0.0234
11 0.9782 0.00285 0.5354 0.0349 0.5787 0.0232
12 0.9730 0.00367 0.5116 0.0350 0.5151 0.0355
13 0.9805 0.00442 0.5163 0.0301 0.4515 0.0292

As shown in Figure 9, the fittings and training precisions varied with the number
of nodes in the hidden layer. The correlation coefficients of the training-network fittings
ranged from 0.9455 to 0.9827. The prediction correlation coefficients of the test-network
fittings ranged from 0.5116 to 0.6650. The correlation coefficients of the synthesis-evaluation
network ranged from 0.4515 to 0.6838. The standard errors of the different BP neural-
network-estimation results were also different, and the overall RMSE ranged from 0.0146
to 0.0355 g/g. After the synthesis evaluation, the BP neural network with nine nodes in the
hidden layer had the best performance and the highest prediction precision. The correlation
coefficient of the training network was 0.9827, and the prediction accuracy was 0.6650. The
overall RMSE of the model was 0.0146 g/g.

The scattering plot of the SMCy measured and estimated by using the Erf-BP artificial
neural network is shown in Figure 10. The results showed that there was a near-perfect
goodness of fit between the predicted and measured soil-moisture contents. The scatter
points were positioned closely around the directly proportional function y = x. This
showed that the Erf-BP artificial neural network can correctly describe the nonlinear
relation between the independent variables and soil-moisture content. Therefore, it also
has a satisfying prediction accuracy (RMSE = 0.0146 g/g). Based on this analysis, we
chose the Erf-BP artificial neural network model with nine nodes in the hidden layer as the
soil-moisture estimation model.
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Figure 9. Comparison of Erf-BP neural-network modeling with various of hidden-layer nodes.
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Figure 10. Scattering plot between SMC; measured and estimated by using Erf-BP artificial neural
network with 9 hidden layer nodes.

5. Discussion

Soil moisture plays a key role in the hydrological cycle involving land, atmosphere and
water bodies [1]. As the material basis for plant growth, soil moisture affects the distribution
of vegetation on the land surface [65]. Photosynthesis, respiration, transpiration and other
life activities of plants are also dependent on soil moisture, which has a major impact on
crop growth and agricultural production [66]. At the same time, variations in the soil
moisture affect the water transfer between land, the atmosphere and even water bodies,
as well as significantly affect the carbon cycle of land-based ecological systems [67,68].
Therefore, it is very significant to estimate and predict the spatial and temporal distribution
of soil moisture with high accuracy.

5.1. Analysis of Single-and Multiple-Resource Remote-Sensing Data

The soil-moisture-acquisition method includes field measurements and estimations
involving the use of remote sensing and hydrological-model simulations. Owing to the
advantages of remote sensing, such as its wide coverage, low cost, multi-temporal and
multi-resolution properties, and characterization of spatial distribution and monitoring of
surface changes, it has become an important tool in the monitoring of soil-moisture infor-
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mation on the local or global scale [48,69]. Furthermore, various methods of soil-moisture
estimation are reported, and their advantages and disadvantages are discussed [69,70].
Compared with single-resource remote-sensing data, many studies show that it is more
efficient to estimate SMC by integrating high-resolution, hyper-spectral and microwave-
remote-sensing data [71-73]. In this paper, we used high-resolution, microwave and hyper-
spectral data to establish the SMC-estimation models, respectively. However, the models
established by using the single-resource remote-sensing data have their respective prob-
lems, which cause them to display unreliable accuracy [21]. For example, SMC-estimation
models based on high-resolution (GF-2) data and hyperspectral (GF-5) data both belong
to optical-remote-sensing SMC-estimation models. Optical methods are generally based
on the relationship between the soil moisture content and its spectral reflectance. The
combination of high-resolution and hyperspectral remote-sensing images increases the
spectral information of the surface to ensure the accuracy of SMC estimation and improve
its spatial resolution with the help of high-resolution remote-sensing data. However, the
disadvantage of the optical methods is that vegetation cover on the soil surface can reduce
the soil-radiation information and thus affect the accuracy of soil-moisture estimation [74].
At the same time, the optical-remote-sensing model shows its weakness when it encounters
bad weather such as clouds, fog and water vapor [75]. Consequently, the disadvantages
of the optical-remote-sensing method can be overcome in areas with bare soil and sparse
vegetation. Fortunately, the soil samples were collected in spring for this paper; therefore,
it was not necessary to consider this factor in this study [76,77].

In comparison, the microwave-remote-sensing technique presented high sensitivity to
soil moisture, and it has become an effective method for soil-moisture estimation [78,79].
In this study, the SMC-estimation model was established based on microwave (GF-3)
data [80]. It offers some advantages, such as strong penetration and the lack of influence
from clouds [81]. However, it also has its limitations, such as the influence of large-coverage
or extreme weather in the atmosphere and image-information-loss caused by noise [82].
The combined optical-and -microwave-remote-sensing method can not only ensure the
high soil-moisture sensitivity of microwave data but also increase the richness of surface
information from optical-remote-sensing data. Meanwhile, the influence of vegetation on
microwave-soil-moisture estimation was inevitable. To correct this uncertainty caused by
vegetation, optical-remote-sensing can also be used to extract vegetation parameters and
help to eliminate the effect of vegetation on microwave-remote-sensing data [69,83]. In
addition, with constraints on antenna size and the altitude of low Earth orbits, some of
the microwave-remote-sensing presented data with a low spatial resolution. By contrast,
the optical-remote-sensing data also had a high spatial resolution; the combination of the
optical and microwave data can generate soil-moisture estimations with sufficient accuracy
and a higher spatial resolution [84].

Compared with these single-resource SMC-estimation models, the linear and nonlinear
models based on multiple-resource remote-sensing data have higher accuracies and better
correlations. In particular, the nonlinear model based on the Erf-BP neural network has
the highest accuracy, with an overall RMSE of 0.0146 g/g, and the best overall-correlation
coefficient, with an R of 0.6838. The results of this study show that by integrating dif-
ferent types of remote-sensing data, the model can offer SMC-estimation with superior
accuracy and solve the problems of single-resource remote sensing in SMC-estimation
described above [85,86].

5.2. Analysis of the New Erf-BP Artificial-Neural-Network Method

For multiple-resource remote-sensing data modeling, the normal multiple-linear-
regression-model method and the conventional machine-learning method have some
limitations [87,88]. For example, the normal multiple-linear-regression method fails to
weigh the complexity of various factors in multiple-resource remote-sensing data [89]. This
is because this statistical method assumes that this relationship is linear in one or more
dimensions. However, many remote-sensing processes are not linear, but non-linear [53].
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Measured reflectance

y = 0.3389x + 3.0969

Compared with the linear model, the non-linear-modeling method may obtain better-
fitting results. The conventional artificial neural network method improves the ability
to weigh the complexity of various factors. However, the traditional BP neural network
features some disadvantages, such as its slow training speed and low accuracy [90]. The
conventional artificial-network method also has its problems, including a disordered
weight-adjustment definition, the ambiguity of hidden layer nodes, the local optimization
of overfitting and a slow convergence rate [91]. To overcome these disadvantages, a new
Erf-BP artificial neural network used the Gaussian function to increase the convergence rate.
A novel algorithm was then introduced to optimize the number of hidden-layer nodes and
determine the training network, the verification network and the prediction network. The
overall correlation coefficient of the SMC-estimation results based on the Erf-BP artificial
neural network was enhanced from 0.4515 to 0.6838. The accuracy of the SMC model
was increased, and the RMSE decreased from 0.0260 g/g to 0.0146 g/g. By comparison,
the correlation coefficient and accuracy of SMC-estimation were better than those of the
multiple-linear-regression model [92].

5.3. Uncertainty

The first uncertainty of this algorithm is the time synchronization problem. The
multiple-resource remote-sensing data are not strictly time synchronized due to the different
orbit parameters and satellite orbit period. We corrected this asynchronization error by
using a simple linear model based on the field measured reflectance. The relationship
between the measured and remote-sensing reflectance data obtained is shown in Figure 11.
The figure shows that there will be uncertainty error for the estimation of soil moisture
because of the time asynchronization of remote-sensing data with field measurements. The
reflectance extracted from remote-sensing data were deviated from the measured results
in Figure 11. Moreover, a linear relationship between the remote-sensing data and the
field-measured reflectance will help us to correct this error as much as possible. However,
there were no field backscattering property measurements, so the uncertainty error of time
asynchronization of SAR still existed. This uncertainty error of time asynchronization
will have effect on the soil moisture results estimated from the remote-sensing data. This
problem should be discussed in the future.

50

. y=0.4743x +8.721
40 R2=0.3515 s

Measured reflectance

Reflectance obtained from GF-2 Reflectance Obtained from GF-5

Figure 11. Scattering plot between reflectance measured and obtained from remote-sensing data of
GF-2 and GF-5. (A) Scattering plot of GF-2; (B) scattering plot of GF-5.

Almost all algorithms have limitations. In this study, we did not consider the effect of
surface roughness on microwave-remote-sensing data. Furthermore, vegetation cover was
also not considered in the study since the field sampling took place in the spring and the
plants had not yet begun to grow. Therefore, we assumed that the plants above the soil
surface were bare, and their impact on the results was ignored.

We expect to establish a more comprehensive soil-moisture estimation and prediction
system by considering the influencing factors, including topographic factors, soil properties
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and so on [93,94]. Furthermore, we will attempt to improve the algorithm by using the
Bayesian framework, updating the genetic algorithm, and applying other new methods
that can help us perform SMC-estimations over a large region with high accuracy [47,95].

6. Conclusions

In this work, a soil-moisture-estimation model using multiple-resource remote-sensing
data was established, and the comparison of the modeling results between single- and
multiple-resource remote-sensing data were shown. Some significant and useful conclu-
sions were obtained, as follows:

(1) Compared with the single-resource remote-sensing SMC-estimation model, the soil-
moisture-estimation model using multiple-resource remote-sensing data offered better
accuracy with a correlation coefficient of 0.732. The RMSE of the model was 0. 017 g/g.
However, the correlation coefficient only ranged from 0.401 to 0.53 and the RMSEs
were between 0.02 g/g and 0.0466 g/g for the single-resource remote-sensing data
estimation results. Furthermore, the correlation and accuracy of the SMC-estimation
model using multiple-resource remote-sensing data can be efficiently improved.

(2) The non-linear neural network model can further improve the prediction accuracy
of the SMC-estimation. The overall correlation coefficient of the SMC-estimation
results based on the Erf-BP artificial neural network was enhanced from 0.4515 to
0.6838. Compared with the results of the multiple linear models, the accuracy of the
SMC-estimation was increased, and the RMSE decreased from 0.017 g/g to 0.0146 g/g.
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