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Abstract: Soil salinization has become one of the main factors restricting sustainable development of
agriculture. Field spectrometry provides a quick way to predict the soil salinization. However, soil
moisture content (SMC) seriously interferes with the spectral information of saline soil in arid areas.
It is vital to establish a model that is insensitive to SMC for potential in situ field applications. The soil
spectral reflectance exponential model (SSREM) has been widely employed for reflectance simulation
and SSC inversion. However, its reliability for saline soils with high SMC has not been verified yet.
Based on hyperspectral remote sensing data (400~1000 nm) on 459 saline soil samples in Shiyang
River Basin of Northwest China, we investigated the role of SMC and SSC in soil spectral reflectance
from 29 October 2020 to 22 January 2021. Targeted at saline soils, soil spectral moisture threshold
(MT) was introduced to improve the SSREM toward a modified spectral reflectance exponential
model (MT-SSREM). The bands that are sensitive to SSC but not sensitive to SMC were obtained
based on a method of correlation analysis between original spectra, four kinds of spectral data,
and SSC. SSREM and MT-SSREM were finally applied to inversely estimate SSC. Results show that
wavelengths at 658~660, 671~685, 938 nm were suitable for SSC estimation. Furthermore, although
SSREM was able to simulate the spectral reflectance of most saline soils, its simulation accuracy was
low for saline soil samples with high SMC (SMC > MT(i), 400 nm < i < 1000 nm), while MT-SSREM
performed well over the whole range of SMC. The simulated spectral reflectance from MT-SSREM
agreed well with the measured reflectance, with the R? being generally larger than 0.9 and RMSE
being less than 0.1. More importantly, MT-SSREM performed substantially better than SSREM for
SSC estimation; in the statistical performance of the former case, R2 was in range of 0.60~0.66, RMSE
was in range of 0.29~0.33 dS m~1; in the latter case, R? was in range of 0.10~0.16, RMSE was in the
range of 0.26~0.29 dS m~!. MT-SSREM proposed in this study thus provides a new direction for
estimating hyperspectral reflectance and SSC under various soil moisture conditions at wavelengths
from 400 to 1000 nm. It also provides an approach for SSC and SMC mapping in salinization regions
by incorporating remote sensing data, such as GF-5.

Keywords: hyperspectral remote sensing data; saline soil; soil moisture; soil spectral exponential
model; soil spectral moisture threshold

1. Introduction

Soil salinization is widespread around the world; 23% of cultivated land is affected by
salinization, especially in arid and semi-arid irrigated agricultural areas. Soil salinization
affects crop growth and soil properties and has become one of the main factors restricting
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sustainable development of agriculture [1-3]. Estimation of soil salinization is necessary to
improve land management, inhibit soil degradation and guarantee crop yield. Previous
studies have shown that remote sensing data is a promising tool for estimating soil salin-
ization. Among the current remote sensing techniques, UAV and satellite remote sensing
are vulnerable to weather and disturbed by vegetation. In addition, the inversion model
needs to be established and tested under various salinization conditions. In recent years,
hyperspectral remote sensing data have been widely used for monitoring soil salinization
because of its high resolution and the large amount of information captured [4-7]. With
the ground-based hyperspectral technique, it is convenient to conduct laboratory mea-
surements and obtain the corresponding spectral information; therefore, it is efficient and
reliable for quantitative study of soil-moisture-salt relationships and for salt inversion.

The spectral pattern of saline soil is the result of numerous factors, such as soil particle
size distribution, moisture content (SMC), organic matter content, mineral composition
and salt content (SSC) [8-11]. Among them, SMC and SSC are the dominant factors in arid
areas [12-15]. With the help of hyperspectral proximal remote sensing technology, many
studies have been conducted to quantify the influence of soil moisture and salt on soil
spectral reflectance [16-19].

Based on remote sensing data, the influence of SMC on the spectrum was quantitatively
examined. The results of these previous studies have shown that there is a negative
correlation between soil reflectance and SMC [20-22]. However, for high SMC values,
soil reflectance increases with SMC due to specular reflection [23,24]. There seems to be
a moisture threshold (MT) across which the relation between soil reflectance and SMC
changes; i.e., when the SMC is lower than MT, the reflectance decreases with an increase of
SMC. When the SMC is greater than MT, the reflectance increases with an increase of SMC.
The MT value is generally considered equal to field moisture capacity [13,21,23,25]. The
relationships between SMC and spectral reflectance have been used to develop functions
for estimating SMC [21,26]. However, most of these functions were tested over a limited
range of soil types. Meanwhile, models for SMC estimation have been developed based on
optical theory. Zhang et al. [27] explored the relationship between single-scattering albedo
and SMC on the wavelengths from 400 to 2400 nm and modified the Hapke photometric
model to simulate spectral reflectance of different soil samples [28]. Bablet et al. [23]
conceptualized SMC as water-equivalent thickness in a soil and proposed a multilayer
radiative transfer model for wet soil reflectance to estimate SMC on the wavelengths from
400 to 2500 nm. Yuan et al. [29] found that the diffuse reflection of soil responded to SMC
changes and proposed an SMC retrieval model using reflectance based on the Kubelka—
Munk model [30]. Although various SMC estimation methods have been established
and verified for controlled conditions, few of them have considered the MT effect on the
SMC-reflectance relationship.

As to SSC, numerous studies show that soil spectral reflectance correlated negatively
with SSC [31-33], while some other studies show a positive correlation [4,11,34]. This
discrepancy is mainly caused by the difference in salt composition and/or difference
in soil structure (e.g., disturbed soils in laboratory or undisturbed soils in situ) among
studies [15,35,36]. Based on the variation of saline soil spectral reflectance with SSC, several
methods have been applied for estimating SSC, such as partial least-square regression
(PLSR), artificial neural network (ANN), random forest regression (RFR) and support
vector machine (SVM) [37-39]. However, both SMC and SSC can influence the soil spectral
reflectance [13,25]. It has been found that SSC estimation becomes less accurate for soils
with high SMC [35,36,40]. Therefore, for quantifying the influence of salt on spectral
reflectance, the noise of moisture should be removed.

To separate the interference of SMC and SSC on the soil spectrum, it is crucial to
differentiate the spectral signals corresponding to moisture and salt. Common approaches
include extraction of sensitive bands for SMC and SSC of saline soils [41-43]; decomposition
of spectral signal of saline soils into two spectral signals corresponding to SMC and SSC
by using methods such as wavelet analysis, empirical mode decomposition (EMD), and
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external parameter orthogonalization (EPO) [44—47]; and inversion of spectral reflectance
of wet or dry saline soils by regression algorithms [48]. Researchers have also constructed
semi-empirical and physical models to differentiate the spectral signals corresponding
to moisture and salt [49]. Farifteh [50] used an inverted Gaussian (IG) function to de-
scribe the soil spectral reflectance and quantify the effects of SMC and SSC on the soil
spectrum. The exponential regression model, first proposed by Lobell and Asner [21]
and Muller and Décamps [26], to characterize the relationship between soil moisture and
soil spectral reflectance has been continually upgraded to incorporate the effect of SSC.
Wang et al. [15] and Yang and Yu [31] proposed the soil spectral reflectance exponential
model (SSREM) by taking into account the mechanism of soil salinity on the spectral re-
flectance. Zhang et al. [51] considered the influence of water—salt interaction on saline soil
spectrums based on the soil spectral reflectance exponential model.

Despite these previous efforts on SSREM, there are still deficiencies to be solved for
SSREM applications and SSC/SMC estimation; (1) Low accuracy [36] and a large variation
in performance among sites [39]; (2) Since different spectral bands might respond to SMC
in different manners, it is necessary to determine functions to describe the relationship
between SMC and spectral reflectance of all bands following a consistent procedure; (3) The
MT effect has been reported in some studies, however, it is unknown yet the exact MT value
for each wavelength within 400~1000 nm [24]; (4) The applicability of SSREM parameters;
i.e., the changing rates of soil spectral reflectance caused by SMC (parameter a) and SSC
(parameter b) and the spectral reflectance which is not affected by moisture and salt
(parameter Ry), needs further verification [52]; (5) The sensitive wavelengths of SMC and
SSC could be identical. In this case, how to distinguish between the spectral signals of SMC
and SSC needs to be further explored.

Therefore, the objectives of this paper are to: (1) investigate the saline soil spectral
reflectance in response to moisture and salt in arid areas of Northwest China; (2) identify
the relationship between spectral reflectance and SMC, as well as MT value of each hyper-
spectral band; (3) propose a new model (MT-SSREM) by incorporating the MT effect on the
relationship of SMC and spectral reflectance; (4) evaluate the capabilities of SSREM and
MT-SSREM for estimating hyperspectral reflectance and SSC.

2. Methodology
2.1. Experimental Site Description

The experiments were conducted at National Field Scientific Observation and Research
Station on Efficient Water Use of Oasis Agriculture in Wuwei, Gansu Province, China
(37°52'20”N, 102°50'50”E), with a map of the study area shown in Figure 1. The station
belongs to a continental temperate arid desert climate, with a mean annual precipitation of
164 mm and pan evaporation of 2400 mm [53-55].

2.2. Data Collection

The experiments were carried out from 29 October 2020 to 22 January 2021 with
10 samples taken on the following dates: 29 October 2020, 6 November 2020, 12 November
2020, 19 November 2020, 4 December 2020, 19 December 2020, 4 January 2021 and 22
January 2021. Soil samples were obtained from an agricultural field in the fallow season,
which was previously planted with sunflower under brackish water irrigation (including
three irrigation salinities, 0.7, 4.0, and 8.0 g/L, respectively) between May and September
of 2020 [56]. The soil type in the field is silt loam and the measured soil physical properties
along the soil samples are shown in Table 1.
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Figure 1. Map of the study area.

Table 1. The statistics of the soil particle-size distribution.

Properties Mean Standard Deviation (SD)
Soil particle-size Sand (2~0.05 mm) 491 0.054
s tﬁbu tiom (%) Silt (0.05~0.002 mm) 36.54 0.13
¢ Clay (<0.002 mm) 58.55 457

A total of 459 soil samples were collected from soils at 0~10 cm depth during the
whole test period. Each soil sample was sieved through a 2-mm sieve and divided into
three parts. The first partition of the sample was used for measuring its reflectance, the
second partition of the sample was for measuring the reflectance after the soil was air dried,
and the third partition of the sample was for measuring its mass water content, electrical
conductivity (EC) and ion content.

The first partitions of the soil samples were packed into black cylindrical plastic
containers with a diameter of 5 cm and a height of 3 cm. Then, the surface of the samples
was carefully leveled to avoid preferential orientation of particles on the surface and
minimize shadowing effects. Spectral reflectance of each soil sample was measured by a
spectro-radiometer (ASD FieldSpec HandHeld2). The field angle of the spectrometer is
25°, the wavelength range is 325~1075 nm, and the sampling interval is 1 nm. Before each
measurement, the spectroradiometer was calibrated with the spectralon panel (reflectance
in the range of 325~1075 nm all equals 1). During measurements, the spectrometer probe
was held vertically downward at a height of 22 cm above the soil surface (making sure
that the spectrometer field of view was all soil sample surface), and the reflectance of
each soil sample was collected 10 times. A dark environment was ensured during the
whole measurement, and the light source (300~2500 nm) was provided by a 50 W halogen
lamp [15,57].

The second partitions of the soil samples were first air-dried and then their hyperspec-
tral reflectance was measured in the same way described above.

The third partitions of the soil samples were measured for the mass water content
according to the weighing method. Then, the soil samples were crushed, and the soil
leachate was prepared according to the ratio 1:5 of soil to water, and EC was measured by
FE38 electrical conductivity meter (Swiss mettler-Toledo Company). Next, the soil leachate
was diluted 20 times to determine concentrations of 4 major cations, i.e., potassium (K*),
sodium (Na*), calcium (Ca?*) and magnesium (Mg?*), using an inductive coupling plasma
emission spectrometer (ICP-OES).
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2.3. Hyperspectral Reflectance Data Preprocessing

To reduce the influence of the spectrometer, environment and other factors on the
spectral signal-to-noise ratio, we removed the reflectance of the bands less than 400 nm
and greater than 1000 nm and smoothed the spectral curve using the Gaussian smoothing
method. The raw reflectance spectra reflectance (RSR) was subjected to the four following
pre-processed methods according to the reference [58,59], including (1) first derivative (FD);
(2) second derivative (SD); (3) multiplicative scatter correction (MSC); and (4) standard
normal variate transform (SNV). These processing methods were achieved in MATLAB
2019 b.

2.4. Theoretical Approach
2.4.1. Description of SSREM

SSREM describes the relationship between soil moisture, salt and soil spectral re-
flectance [15,21,26,31,51], which can be summarized as,

R(Z) —_ Ro(i)e(fa(i)SMC*b(i)SSC) (1)

where, R(i) is the spectral reflectance affected by moisture and salt when the wavelength i
as i, and i ranges from 400~1000 nm; Ry(7) is the reflectance for wavelength i which is not
affected by moisture and salt; SMC is soil mass moisture content, g g’1 ; SSC is soil EC, dS
m~1; a(i) and b(i) are the changing rates of soil spectral reflectance corresponding to band i
caused by soil moisture and salt, respectively.

According to Equation (1), the soil moisture contents of any two soil samples (among
the 459 data obtained from the second part of the soil samples) affected by moisture and
salt are SMC; and SMCy, and the EC are SSC; and SSCj, respectively, the corresponding
spectral reflectance Ry and R; (corresponding to values measured from the first part of the
soil samples) are as follows:

Ry (i) = Ro(i)el~a()SMC1=b(i)85Cy) ?

Rz(i) — RO(i)e(—ﬂ(i)SMCZ—b(i)SSCZ) )

For the air-dried soil of the above two soil samples, the corresponding spectral re-
flectance (R3, R4) (corresponding to values measured from the second part of the soil
samples) are described as,

Ra(i) = Ro(i)el "1 )
Ry(i) = Ro(i)el 110 (5)

Based on Equations (2)—(5), Equations (6) and (7) are obtained:

in Ruli) _ —a(i)(SMC; — SMCy) — b(i)(SSC; — SSC3) 6)
R (i)
Ry(i) ..
In Ri ol —b(i)(SSC; — SSC,) )

Through Equations (6) and (7), parameters a(i), b(i) are obtained, which can then be
substituted into Equations (2), (3), (4) or (5) to obtain Rg(i).

2.4.2. Establishment of MT-SSREM

The MT of soil refers to the critical moisture content which leads to the abrupt change
of the relationship between spectral reflectance and SMC. When SMC is less than MT,
soil spectral reflectance decreases with an increase of SMC. However, when SMC is larger
than MT, soil spectral reflectance changes to increasing with an increase of SMC [13,24,60].
Therefore, the SMC value corresponding to the minimum reflectance is the MT value. The
MT value varies with the wavelength, soil type, soil porosity and other factors. Therefore,
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we need to provide the specific MT for each band. If the function between the reflectance of
band i and SMC is f(x), MT(i) can be determined as follows,

f1i (x0) = 0, MT(i) = %, ®)

where, f(’ i (xp) is the derivative of the f(x) ( fa) (xp) is derivable in the range of SMCin

and SMCnay), Xg is the extremum point, g g~ *.

Liu et al. [24] found that when SMC exceeded MT, the inversion accuracy of SMC
decreased. It indicated that the role of MT on the spectrum of saline soil could not be
ignored. The role of SMC in the exponential model was modified as follows:

R() Ry (i)e(~#(ISMC=b(i)SSC) - GMC < MT(i) (400 < i < 1000) )
T | Ro(i)e(eOMT([)—b(i)SSC) - SMC > MT(i) (400 < i < 1000)

2.5. Research Framework

The framework of this research includes six parts (Figure 2): (1) Investigation of the
spectral reflectance for soil samples with different SMC and SSC and determination of MT
based on the relationship between reflectance and SMC. (2) Verification of SSREM based on
the saline soil samples. (3) Modification of SSREM by adjusting the role of SMC in SSREM
according to MT value. (4) Suggestion of suitable bands for estimating SSC. (5) Comparison
of the simulation accuracy of SSREM and MT-SSREM for the spectral reflectance of saline
soil under different SSC and SMC conditions. (6) Evaluation of estimation capabilities of
SSREM and MT-SSREM for SSC based on sensitive bands.

Data and methods
Investigation of the spectral reflectance SSREM MT-SSREM
(RSR) for soil samples with different ) )
SMC and SSC Verification perfomaqce of SSREM Modification of SSREM
l based on field experimental data
four following pre-processed methods, Determination of . .
. Relationship between SMC
ie., FD, SD, MSC, SNV model parameters P

| ] I

i S| [ttt | o 7
prr)eprocessing d;n;) and SSC/! SMCp accuracy verification of each band
distinguish the spectral signals of High simulation || Poor simulation | ,| Modification the role of SMC
moisture and salt accuracy accuracy in SSREM

Application

* Suggestion of suitable bands for estimation SSC;
* Simulation of the hyperspectral reflectance accurately under various SMC and SSC conditions;

» Evaluation of estimation capabilities of SSREM and MT-SSREM for SSC based on sensitive bands.

1
1
1
1
]
1
1
1
1
]
1
1
1
]
1
1
1
i
and spectral reflectance H
!
1
1
]
]
1
1
1
]
]
1
1
1
]
1
1
1
1

Figure 2. Study framework. Note: RSR is raw reflectance spectra reflectance; SSREM is the soil
spectral reflectance exponential model; MT is the moisture threshold; MT-SSREM is the modified
model based on SSREM considering MT; FD is the first derivative of RSR; SD is the second derivative
of RSR; MSC is the multiplicative scatter correction of RSR; SNV is the standard normal variate
transform of RSR.
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2.6. Model Calibration and Validation

The 459 samples were split into two independent datasets in the ratio of 3:2 randomly,
one as the calibration dataset (including 276 samples) and the other as the validation dataset
(including 183 samples). In terms of calibration dataset, we randomly split the 276 samples
into two parts of equal size and averaged the four kinds of data from each part, i.e., SMC,
SSC (from the third partition of the soil samples), hyperspectral reflectance of wet soil (from
the first partition of the soil samples) and dry soil (from the second partition of the soil
samples), to obtain the parameters of SSREM and MT-SSREM, the workflow of splitting
process is shown in Figure 3.

459 soil samples in total
* 459 wet soil samples (SMC_wet, SSC, R_wet)
e 459 dry soil samples (default SMC_dry was 0, SSC, R_dry)
SSC_wet was equal to SSC_dry.i.e., SSC

!

Randomly divide into two parts according to the
ratio of 3:2

/\

Calibration dataset Validation dataset
* 276 wet soil samples * 183 wet soil samples
* 276 dry soil samples * 183 dry soil samples

!

Randomly divide into two parts according to the

ratio of 1:1
e 138 wet soil samples e 138 wet soil samples
e 138 dry soil samples e 138 dry soil samples

A
Mean values of R_wet,
R _dry, SMC_wet and SSC

(Ry. R3.SMC;. SSCy)

Mean values of R_wet.
R_dry, SMC_wet and SSC

(R,. Ry, SMC,. SSC5)

Figure 3. The workflow of splitting the validation and calibration datasets.

Coefficient of determination (R?), root mean square error (RMSE) and SD were used
to quantify the prediction accuracy of the models

L [T R 6) - RGO (R() - RO
R" = 1000 . 2 . —\2 (10)
L% (R'() = R’ (R() — R(D)
e LR .
. YN 2
o 1| T (RO R .

601

where, R’ (i) is the spectral reflectance of band i simulated by the model, R’ (i) is the average
spectral reflectance simulated by the model, R(i) is the spectral reflectance of band i of

measured by spectrometer; R(i) is the average spectral reflectance of measured soil.
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3. Results
3.1. SMC, §SC and Major Cation Concentrations

The statistics of SMC, SSC and the four cation concentrations are shown in Table 2 and
Figure 4. With respect to SMC, the SMC of calibration dataset and validation dataset range
from 0.05 to 0.27 and 0.07 to 0.29 g g~ !, with SDs of 0.048 and 0.052 g g~ !, respectively.
Furthermore, the SSC of the calibration dataset and validation dataset range from 0.10 to
2.84 and 0.095 t0 329 dSm!, respectively. We also tested concentration and correlation
among four cations in the samples. The experimental field was irrigated by brackish water,
which was prepared by mixing local deep groundwater with NaCl. As a result, the soil
samples were rich in NaCl and KCl. The concentrations of the four cations follow the order
of Na*, K*, Ca?*, and Mg?*. The four cations showed significant correlations, especially
for Ca?* and Mg?*, with the correlation coefficient above 0.80.

Table 2. Statistics of SMC and SSC for the calibration and validation datasets used in this study.

Calibration Dataset Validation Dataset

n 276 183
Max 0.27 0.29
Min 0.050 0.070
-1
SMC(gg™") Average 0.10 0.12
SD 0.048 0.052
Max 2.84 3.29
Min 0.10 0.095
-1
SSC (dSm™) Average 0.41 0.42
SD 0.43 0.50
15
| 0.46™
~n2}f | 031" |
2 062"
2
g of
g
5 0.61"
g or | . |
S 0.63
g
S 5L . ’__I__‘ , 0.83
e

1
Na* K" Ca*"

oL——— —
Mg2+

Figure 4. The distribution and correlation between each pair of four cation concentrations (g kg~!) in
soil samples. Note: ** marks a significant correlation at a level of p < 0.01.

3.2. Soil Hyperspectral Reflectance at Different SSC Levels

Figure 5 depicts the reflectance curves of wet soil samples with various SSCs corre-
sponding to the same SMC. The shape of each soil sample’s spectral curve is similar, but
the values vary. The spectral reflectance of all SSC conditions increases from 400 to 1000
nm. However, it is less sensitive to the changes of SSC in the visible bands (<760 nm)
compared with the near infrared (NIR) bands (>760 nm). Notably, spectral reflectance posi-
tively correlates with SSC (Figure 5a), and the correlation coefficient between the spectral
reflectance and SSC for each band is greater than 0 (Figure 5b). Therefore, it indicates there
is no threshold like MT for SSC as there is for SMC. Figure 5a shows that the lower SSC
samples have more noise compared with the other samples in visible region under the
same SMC level. It may be due to the fact that SMC had greater influence on soil spectral
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reflectance than SSC. According to SSREMs formula (Equation (1)), the correlation coeffi-
cient between logarithm of reflectance and SSC of each wavelength was also calculated; the
results are presented in Figure 5b. It is apparent that the correlation between the logarithm
of reflectance (log(Reflectance)) and SSC is stronger than the reflectance. In this regard, the
result reveals that by the logarithm of reflectance, the noise could be generally reduced.

0.45 0.4
(a) (b)
0.36 -
503
) =
2027 5
< o
<+~ o
3 = 0.2
= 8
20.18 =
R - ——EC=4.99 dS m™ o
=D, -1 ] 01 -
000 | EC=2.12dm™ 8
——EC=1.25dS m- SSC vs. Refletance
EC=0.13 dS m™ ———SSC vs. Log(Reflectance)
0 L L 0 'l 1
400 600 800 1000 400 600 800 1000
Wavelength (nm) Wavelength (nm)

Figure 5. The relationship between SSC and spectral reflectance: (a) variation of spectral re-
flectance of soil with SSC with SMC 0.11 g g~!; (b) correlation analysis of SSC with reflectance
and log(reflectance), respectively.

3.3. Soil Hyperspectral Reflectance at Different SMC Levels

Similarly, the influence of SMC on soil spectral curves with controlled SSC is shown
in Figure 6. The reflectance of air-dried soil is significantly higher than that of wet soil,
and the spectral curves show similar shapes at different SMC levels, with some of them
intersecting. For the soil samples with an EC of 0.15 dS m~*, reflectance in visible bands is
generally negatively correlated with SMC, and the reflectance in NIR bands decreases at
first and then increases with the increase of SMC, with the turning point at 0.15 g g~ ! for
750 nm (Figure 6a). For the soil samples with an EC of 0.5 dS m ™, the reflectance decreases
at first and then increases with an increase of SMC, with a turning point at 0.089 g g~! for
400~532 nm and 0.12 g g~ ! for 533~1000 nm, shown in Figure 6b. With respect to EC of
1.6 dS m~!, the spectral reflectance decreases first and then increases for 400~500 nm, with
a turning point at 0.14 g g~! for 500 nm, while the spectral reflectance decreases with an
increase of SMC for 500~1000 nm.

0.5 0.080

of

.15 / 0.040

0.5 0.18 0.5 0.21

0.4

e
1
g)

0.12 = =5
012 e
2 0.3

Reflectance
=]
(98]
SMC (g-g")
Reflectance
Reflectance
SMC (g-g”

%)
0.090 2

2
=]
S
S

0.020

02 0.060 02

0.030
0.030

0.00 0.1 0.00 0.1 0.00
400 600 800 1000 400 600 800 1000 400 600 800 1000

Wavelength (nm) Wavelength (nm) Wavelength (nm)
(a) (b) ()

Figure 6. Variation of spectral reflectance of soils with SMC under three SSC conditions: (a) SSC
0.15dSm™1, (b) SSC 0.50 dSm~! and (c) SSC 1.6 dSm 1.
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3.4. Suitable Bands for Estimating SSC

To select wavelengths with the spectral reflectance sensitive to SSC but not sensitive
to SMC among the 601 hyperspectral wavelengths, correlation analysis of five kinds of
spectral data (i.e., RSR and four spectral preprocessing data) and SSC was conducted,
with the result shown in Figure 7a—e. Compared with RSR, preprocessing methods could
improve the correlation between SMC and spectral data at some wavelengths. We selected
sensitive wavelengths to SCC, by averaging and ranking the absolute values of five kinds
of correlation coefficients and then selecting the top 100 bands. Finally, the selected wave-
lengths appear in 640~660 nm, 671~728 nm and 938~961 nm. In terms of SMC, we used the
same method by considering correlation coefficient values (Figure 7f-j) to determine its
sensitive wavelengths, which are in 628~658, 685~735 and 940~960 nm.
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Figure 7. The correlation coefficients of five kinds of spectral data with SMC (a-e) and SSC (f-j) under
different preprocessing methods. (a,f) raw spectral reflectance; (b,g) first derivative; (c,h) second
derivative; (d,i) multiplicative scatter correction; (e,j) standard normal transformation.

The result supported that both the sensitive wavelengths of SMC and SSC could be
the same, i.e., 640~658 nm, 685~728 nm and 940~960 nm. It is necessary to distinguish
the spectral signals of moisture and salt. Therefore, we suggest 658~660 nm, 672~685 nm,
938 nm, 939 nm and 961 nm for SSC estimation.

3.5. Determination of MT Based on the Relationship between Reflectance and SMC

To further quantify the relationship between SMC and soil spectral reflectance, we
obtained 601 scatter plots of SMC and reflectance for each single band and used different
functions to describe the relationship between spectral reflectance and SMC. Results are
shown in Figure 8a. The R? values of quadratic and cubic functions are higher than those
of linear and exponential equations. Besides, because the linear and exponential functions
are monotonic functions, they are unable to depict the impact of MT on spectral reflectance.
Therefore, quadratic and cubic functions are more suitable to be used. The R? values
of these two functions are similar for the spectral range of 600 to 1000 nm, while R? by
quadratic functions are higher than cubic functions for 400~600 nm. Therefore, we used
quadratic functions to quantify the relationship between spectral reflectance and SMC.
With an example of wavelength at 400 and 650 nm, as in Figure 8b, the spectral reflectance
quadratically correlated with SMC and the SMCs of minimum reflectance in the curve at
400 nm and 600 nm are 0.12 and 0.15 g g~ !, respectively.
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Figure 8. Relationship between SMC and spectral reflectance: (a) fitting R2 of spectral reflectance and
SMC by different functions; (b) spectral reflectance variation with SMC at the wavelength 400 and
650 nm; (c) MT value of each band.

Based on the fitted quadratic function between the spectral reflectance and SMC of
each band, the extremum point (the minimum point) was calculated, which represented
the MT value. Figure 8c shows that within 475~830 nm, the MT value fluctuates greatly
with the wavelength, with the maximum MT value reaching 0.15 g g~ ! at 660 nm and the
minimum 0.12 g g~ ! at 475 nm. The shape of R? (Figure 8a) and MT (Figure 8b) curves are
similar and the R? and MT values peak in the range of 600~715 nm.

3.6. Evaluation of Model Performance
3.6.1. Model Parameters

The parameters a, b and Ry of the models (SSREM and MT-SSREM) were obtained
based on average reflectance for wet (i.e., Ry, SMCy, SSCy, Ry, SMC, and SSC, as shown
in Figure 3) and air-dried (i.e., R3, SSC;, R4 and SSCy) soils, and the results are shown in
Figure 9. The value of parameter a varies in the range of —5.27 to 8.07. It increases with
the wavelength following a logarithmic function, with a negative value for the wavelength
smaller than 534 nm and a positive value for the wavelength larger than 534 nm (Figure 9a).
Parameter b varies in the range of —0.068 to 0.25, which first increases and then decreases
with wavelength. It is negative when the wavelength is in the range of 400~421 nm, and
positive for wavelengths greater than 421 nm. SMC exerts greater influence on spectral
reflectance than SSC because the absolute value of parameter a was larger than that of
parameter b at the same wavelength. Using a similar method, the parameter Ry was
determined for each band in the range of 400~1000 nm (Figure 9b). The Ry values show an
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increasing trend in the whole wavelength, and the maximum spectral reflectance is 0.58 at
1000 nm.

0.3 0-8
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Figure 9. Calibration results of parameters 4, b and Ry in the soil spectral reflectance exponential
model: (a) parameters a and b; (b) Ry.

3.6.2. Results of the SSREM

According to the above results, the soil reflectance was simulated by SSREM. Figure 10
summarizes the performance of SSREM in various SMC and SSC conditions. It shows that
SSREM well-simulates the spectral reflectance of most saline soils. The calibration R?> and
RMSE values are in the range of 0~0.98 and 0.014~0.23, respectively. Validation R? and
RMSE values are in the range of 0~0.98 and 0.018 to 0.22, respectively.

For soil samples with poor simulation accuracy, their SMC values were all above
0.12 g g~ . Figure 10e,g,h shows that the spectral reflectance is overestimated in the visible
bands and underestimated in the NIR bands by SSREM when the SMC value is greater
than the maximum of MT(i) (i = [400, 1000]), i.e., 0.15 g g_l. At the same time, the shape of
the simulated spectral curves differs from that of the measured spectral curves. When the
SMC value is greater than the MT value, the error between the simulated and measured
reflectance values is small for some bands, but the correlation is poor (Figure 10d,f). When
the SMC value is less than the minimum of MT(i) (0.12 g g !), the shapes of the simulated
spectral curves of SSREM are similar to the measured spectral curves (Figure 10c), indicating
SSREM has a good simulation accuracy.

The parameters of SSREM help to explain the performance of SSREM for soil samples
with different SMCs. Parameter a and b are below zero in visible bands (Figure 9), i.e., the
simulated reflectance is positively correlated with SMC and SSC. In the NIR, parameter
a and b are greater than zero, then simulated reflectance is negatively correlated to SMC
and SSC. However, the reflectance of soil samples with high SMC is higher than that of
soil samples with low SMC, due to specular reflection. Therefore, SSREM overestimates
the reflectance in the visible band and underestimates the reflectance in the NIR band
because it neglects the MT. The simulation findings confirm that SSREM is not suitable for
simulating the spectral reflectance of saline soil with high SMC and it needs to be further
modified to improve its performance.

3.6.3. Results of the MT-SSREM

The result of MT-SSREM for reflectance simulation is demonstrated in Figure 11. MT-
SSREM improves spectral reflectance estimation compared with SSREM (with calibration
R? and RMSE values ranging from 0.53 to 0.98 and 0.014 to 0.16, respectively, and validation
R? and RMSE values ranging from 0.75 to 0.98 and 0.016 to 0.17, respectively).
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Figure 10. Comparison of simulated reflectance based on SSREM with measured reflectance: (a) simu-
lation accuracy of calibration dataset; (b) simulation accuracy of validation dataset; (c—e) measurement
and simulation of wet-soil reflectance from calibration dataset and (f-h) from validation dataset.
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Figure 11. Comparison of simulated reflectance based on MT-SSREM with measured reflectance:
(a) simulation accuracy of calibration dataset; (b) simulation accuracy of validation dataset;
(c—e) measurement and simulation of wet-soil reflectance from calibration dataset and (f-h) from

validation dataset.
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3.6.4. SSC Estimation

Based on the suggested suitable bands for estimating SSC in Section 3.5, we further
compared the estimation capabilities of SSREM and MT-SSREM for SSC and the results
are presented in Figure 12. For MT-SSREM, the SSC estimation models based on 658, 659
and 660 nm bands achieved the highest accuracy, with R? values of 0.66 and corresponding
RMSEs of 0.33 dS m~! for the three bands. The SSC estimation models for 672 nm to 685 nm
and 938 nm also performed well, with R? in the range of 0.60 to 0.63 and RMSE in the range
of 0.29 to 0.31 dS m~!. However, wavelengths at 939 nm and 961 nm could not be used to
estimate SSC. It is caused by the absorption properties at 939 nm and 961 nm, which led to
their poor performance for the SSC estimation, i.e., they are within the specific absorption
wavelengths of the water. For SSREM, the estimation model based on the simulated bands
could not estimate the SSC. The R? values were no more than 0.16 and the RMSEs were
in the range of 0.17~0.29 dS m~1 In particular, when SSC <1 dS m~1, the SSC estimation
model performed poorly as shown in Figure 12.
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4. Discussion
4.1. The MT-SSREM Parameters

MT-SSREM contains four parameters, i.e., MT, a, b, and Ry. The MT parameter can be
difficult to determine, given its dependence on many potential factors. Soil particle-size
distribution, salt concentration, salt composition and wavelength are considered the main
factors that significantly affect MT [13,21,23,25]. In this study, spectral reflectance data were
fitted with the SMC data of the soils by quadratic functions. The resulted MTs are in the
range of 0.12~0.15 g g_1 for the whole spectrum (400~1000 nm). This result is different from
some previous studies. Liu et al. [24] reported that MTs for 1000 nm band, under different
levels of soil organic matter contents in black soil, were in the range of 0.28~0.54 g g~ !,
with higher values corresponding to lower organic matter contents. Some studies simply
assumed MT was equal to field moisture capacity [23,25]. Soil type (the soil sand content
in this study was greater than that in previous studies [24]), soil color (e.g., the soil color
was yellow in this study and black in previous study) and SMC (SMCs in this study were
lower than SMCs in previous study [25,45]) might cause the difference in the estimated MT
values between this study and previous studies. We determined MT following a consistent
procedure (quadratic function) and contributed a new way for quantifying the effects of
SMC on saline soil spectral reflectance.

With respect to 4, b and Ry, Wang et al. [15] and Yang and Yu [31] found that parameter
b increased with wavelength. It was negative for the range of 350~600 nm and positive for
the range of 600~1000 nm. The spectral pattern of parameter b of this study is similar, but
approaches zero at the wavelength of 421 nm, which might be caused by the difference
in salt composition between this study and previous ones. Furthermore, we assumed
SMC equals zero for air-dried soil samples, which might slightly affect the values of
the parameters.

These parameters are obtained mainly by the least-squares method and statistical
method, e.g., the parameters of Ry, 2 and b, were obtained based on the average reflectance
for wet and dry soils in this study. Yang and Yu [31] and Zhang et al. [51] fitted these
parameters using the least-squares method. Somers et al. [61] modelled parameter a by
establishing a function of parameter a and specific surface area (SSA). In addition, the abso-
lute value of parameter a was larger than that of parameter b (as shown in Figure 9a), which
showed that SMC had greater influence on soil spectral reflectance than SSC, sometimes
the spectral signal of SMC even covered up the spectral signal of SSC. Previous results
also confirmed that the influence of moisture on soil spectrum was commonly greater than
other factors [17,26]. SMC affects the reflectance signal in the field and affects the accuracy
of SSC estimation based on reflectance, especially in arid lands. Therefore, it is vital to
establish a model that can eliminate the noise of SMC on SSC estimation for potential in
situ field applications.

4.2. Features of Suitable Bands for Estimating SSC

Here, we first used five kinds of correlation coefficient values between SSC and hyper-
spectral data to determine the sensitive band of SSC/SMC. The sensitive bands of SSC were
then determined by removing the sensitive bands of SMC. The wavelengths most sensitive
to SSC and not sensitive to SMC were in 658~660 nm, 671~685 nm and 938 nm, which
were mostly located at red (622~780 nm), red edge (680~760 nm) and NIR (780~1000 nm).
These spectral regions were proposed to be the most sensitive bands to SSC [39,62]. Hu
et al. [39] recommended 610 nm, 650 nm and 870 nm were the most important bands for
SSC prediction. Zhang et al. [62] performed RSR and FD correlation maps to determine
the sensitive wavelengths of SSC at 483~507 nm, 632~697 nm, 731~762 nm, 812~868 nm,
884~909 nm and 918~930 nm. In the previous research, these wavelengths were also used
to derive vegetation indexes (VI), e.g., NDVI = (NIR — red)/(NIR + red), NDRE = (NIR —
red edge)/(NIR + red edge), RVI = NIR/red, or establish estimation models for SSC [63,64].

The photochemical mechanism corresponding to the selected wavelengths could
contribute to SSC diagnosis performance. As can be seen from Figure 13, the FD values cor-
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responding to the sensitive bands of SSC are zero, indicating that the change in reflectance
of these bands is also not influenced by wavelengths. Therefore, these bands have strong
noise immunity and are uniquely representative of the SSC. Furthermore, these bands also
covered the following bands of sensors: red (670 nm) of UAV sensors RedEdge-MX; red
(630-690 nm) and NIR (600~900 nm) bands of QuickBird; the second (610~680 nm) and
third (780~890 nm) bands of SPOT4; and the third (630~690 nm) and fourth (760~900 nm)
bands of LANDSATS. This suggests that the results of our study to determine the sensitive
bands of SSC can be applied to most sensors with small spatial resolution. This provides a
theoretical foundation for large area mapping of SSC.
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Figure 13. First derivative of reflectance.

In this study, the sensitive bands of SSC were obtained based on correlation analysis,
and the accuracy of the sensitive bands for SSC estimation is high (Figure 12). We noticed
that methods based on intelligent algorithms have been applied to screen hyperspectral
data for sensitive bands in numerous studies. Intelligent algorithms are mainly divided
into two categories. One is supervised algorithm, including correlation analysis (CA),
the genetic algorithm (GA), variable importance in the projection (VIP), wavelet analysis
and recursive feature elimination (RFE) [65,66]. The other is unsupervised algorithms,
such as clustering-based algorithms: k-means, density-based clustering and subspace
clustering [67-69]. Clustering requires non-labeled training samples, which allows a wider
application for SSC sensitive-bands selection. However, the bands in wavelength 400 to
1000 nm may respond to both SSC and SMC, as confirmed in our results (Section 3.4)
(explain why we need to select the band of SSC by reducing SMC effects). The clustering
algorithms rely on the data itself to group bands into clusters, which may result in the
same sensitive bands of SMC and SSC; therefore, they may be unable to eliminate the noise
of SMC.

4.3. MT-SSREM Model Performance

According to the simulation results of SSREM shown in Figure 10, the model had poor
simulation accuracy for soil reflectance when SMC was larger than MT(i). These results are
consistent with previous studies, e.g., Somers et al. [61] indicated that the SSREM model
was unsuitable for simulating spectral reflectance of saline soils with high SMC. From
Table 3, compared with SSREM, MT-SSREM performs better with a mean increase of 0.17
in R? and a mean decrease of 0.012 in RMSE. In addition, MT-SSREM appears to be more
robust than SSREM for various SMC and SSC conditions, with MT-SSREM having a much
smaller variation of R> and RMSE (SD = 0.035 and 0.035) than SSREM (SD = 0.24 and 0.037).
Meanwhile, the R? values of MT-SSREM simulations are above 0.75, accounting for 100%
(in the 183 saline soil samples of the validation dataset), and RMSE values are below 0.1,
accounting for 80.33% soil samples.
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Table 3. Statistics of RZ and RMSE for SSREM and MT-SSREM.

Proportion (%)

R2 Range Mean SD

<0.53 0.53 <R?<0.75 >0.75
SSREM-cal 0~0.98 0.75 0.28 18.48 11.59 69.93
SSREM-val 0~0.98 0.77 0.24 14.21 14.75 71.04
MT-SSREM-cal 0.53~0.98 0.92 0.062 0 217 97.83

MT-SSREM-val 0.75~0.98 0.94 0.035 0 0 100

RMSE Range Mean SD Proportion (%)

<0.05 0.05 < RMSE < 0.1 >0.1
SSREM-cal 0.014~0.23 0.081 0.039 26.09 46.01 27.90
SSREM-val 0.018~0.22 0.079 0.037 25.68 47.54 26.78
MT-SSREM-cal 0.014~0.16 0.069 0.034 36.96 43.84 19.20
MT-SSREM-val 0.016~0.17 0.068 0.035 37.71 42.62 19.67

Note: SSREM-cal, SSREM-val, MT-SSREM-cal, MT-SSREM-val: SSREM calibration dataset result, SSREM valida-
tion results, MT-SSREM calibration dataset result, MT-SSREM validation results, respectively.

Many studies employed SSREM to estimate SMC or SSC and evaluated the accu-
racy of the inversion [15,21,31,51,61]. Some researchers tried to modify SSREM, e.g.,
Zhang et al. [51] considered the influence of water—salt interaction on soil spectral re-
flectance on the basis of previous studies, and added the water—salt interaction role into
SSREM by the relationship between error in SSREM simulation and the water—salt feature
index. In this study, soil spectral moisture threshold (MT) was introduced to improve
the SSREM. We have compared the estimation capabilities of SSREM and MT-SSREM for
SSC. The results in Figure 12 showed that MT-SSREM performed substantially better than
SSREM for SSC estimation.

4.4. Application and Limitations of MT-SSREM

In this study we obtained the MT values for each band and modified the SSREM accord-
ingly, resulting in more accurate simulation of the reflectance in the range of 400~1000 nm.
MT-SSREM has potential applicability in the field. First, MT-SSREM provides a priori
knowledge for disentangling soil and canopy reflectance, which is essential for image-
based inversion of vegetation parameters. For example, the reflectance of bare soils in
the visible and NIR range has mainly been discussed as background noise to the spectral
response of vegetative surfaces. Our study provides a method that the soil reflectance
could be directly calculated based on known soil moisture content (SMC) and soil salt
content (SSC). Second, hyperspectral sensors typically collect hundreds of contiguous
spectral bands with narrow bandwidths, which allow it to be freely collected into a band
combination that matches the wavelength range of any satellite/UAV multispectral band
by the spectral response function. Thus, the use of field hyperspectral data in correcting
satellite multispectral data leads to higher correction accuracy [65]. Third, MT-SSREM can
be applied to SSC or SMC estimation in the field. Based on MT-SSREM inversion, with
known reflectance and SSC (or SMC), the SMC (or SSC) could be obtained. In all, this study
could provide useful information for soil salt detection where the remote sensing may
not cover such a wider spectral range, especially beyond 1000 nm, e.g., PROBA-1 CHRIS,
which is 400~1050 nm in VNIR.

However, some limitations are worth noting. Soil composition is complicated and
involves various minerals and each mineral shows distinct spectral behavior. We only
investigated one type of soil gathered from the Shiyang River Basin in Northwest China. It is
possible the different soil types, especially their different mineral compositions, could result
in different coefficients of MT-SSREM. In addition, the SSC estimation could be further
improved. In terms of the methodology, more advanced machine-learning algorithms
can be incorporated into the MT-SSREM, e.g., deep-learning-based regression techniques
(convolution neural network, sparse coding and recurrent neural network, etc.). Therefore,
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the model’s application on different saline soil types and geographical locations should be
further examined to build a look-up table of the parameters (4, b, Rg and MT) to facilitate the
application. Furthermore, future work is required to incorporate MT-SSREM and remote
sensing data like GF-5, which is significant for the SSC mapping.

5. Conclusions

Quantifying the influence of SMC on the spectrum of saline soil is critical for rapid,
precise and real-time monitoring of SSC in saline soil. The MT value of each band was
obtained based on the relationship between reflectance and SMC. Then, a new model, MT-
SSREM, was proposed based on SSREM and applied for spectral reflectance simulation on
459 soil samples collected in Shiyang River Basin, Northwest China. The main conclusions
are as follows.

(1) The relationship of spectral reflectance and SMC can be fitted with a quadratic func-
tion, and the MT value of each waveband can be determined at the minimum point of
the corresponding quadratic function.

(2) SSREM is not suitable for simulating the spectral reflectance of saline soil with high
SMC. An improved model, MT-SSREM has been proposed to incorporate the MT
effect on saline soil spectral reflectance modelling.

(3) MT-SSREM performed better than SSREM for hyperspectral reflectance simulation
and SSC estimation in various SMC and SSC conditions.

(4) SMC has greater influence on soil spectral reflectance than SSC, which make it difficult
to eliminate SMC noise when estimating SSC from spectral reflectance. It is suggested
to use spectral reflectance of 628~640 and 728~735 nm bands for estimating SMC, and
that of 658~660, 671~685 and 938 nm for estimating SSC.
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