DETECTION MODEL FOR EFFECT OF SOIL SALINITY AND
TEMPERATURE ON FDR MOISTURE CONTENT SENSORS
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ABSTRACT. Soil salinity and temperature are major factors that influence the dielectric properties of soil. To evaluate the
effect of these factors on a soil moisture sensor based on dielectric properties, a loess soil sample from Shenmu County,
Shaanxi Province, and a sandy soil sample from Dangshan County, Anhui Province, were tested. Two frequency domain
reflectometry (FDR) sensors were employed to measure the output for different moisture contents (4.4%-22%),
temperatures (5°C-50°C) and salinity levels (0%-1%). The results showed that the indicated moisture output increased
with temperature and soil salinity (0%~0.4%), and was relatively stable with salinity (0.4%-1%). A mathematical model
relating sensor output, moisture content, salinity, and temperature was established. This model can be used to develop
FDR soil moisture sensor calibration equations with temperature and salinity compensation functions.
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oil moisture is an important physical parameter that significantly iniluences plant growth (Kampf and Tyler,
2005; Noble, 1997). Water is not only an essential substance for photosynthesis but also an indispensable
constituent of the plant itself. To rapidly acquire soil moisture measurements, Topp et al. (1980) introduced the
method of time domain reflectometry (TDR), and it has been widely used in recent years because of its rapid,
accurate, and continuous measurement; however, the accuracy of TDR measurements of soil moisture depends on that of
measurement time. On the other hand, frequency domain reflectometry (FDR) (Sun et al., 2010; Wojciech and Andrzej,
2010; Andrzej et al., 2012), which measures moisture content based on the effect of water on the dielectric properties of
soil, has wider frequency and moisture measurement ranges, and its accuracy does not depend on that of measurement

time. Furthermore, it is increasingly being used for monitoring soil moisture automatically and continuously (Ma, 2008).

Dielectric constant is a quantity used to describe the
dielectric properties that influence the reflection of
electromagnetic waves at interfaces and the attenuation of
wave energy within materials (Feng et al., 2002).
Numerous researchers have examined models relating
dielectric constant to the moisture content of the soil
(Herkelrath et al., 1991; Roth et al., 1992). In particular, the
completely empirical equation proposed by Topp et al.
(1980) and the semi-theoretical and semi-empirical
equation proposed by Herkelrath et al. (1991) are widely
used. The Topp formula depends only on the soil dielectric
constant and is relatively independent of soil texture, bulk
density, temperature, and soil salinity. The results of
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applying the TDR technique to measure moisture content
are encouraging (Topp et al.,, 1980). However, several
subsequent studies have demonstrated that relatively large
errors exist if the Topp equation is applied to different
types of soils, thus this formula must be used through the
use of an empirical correction equation (Robinson et al.,
2003). The abovementioned semi-theoretical and semi-
empirical equation proposed by Herkelrath et al. (1991)
shows that within a particular soil moisture content range,
soil moisture is linearly correlated with the square root of
the dielectric constant. Jacobsen and Schjinning (1994)
verified the applicability of the Herkelrath formula, but
noted that empirical calibration parameters must be
accurately determined for different soils before the formula
is used. Therefore, it is necessary to study model
parameters aimed at different types of soil.

Other researchers have studied typical Chinese soil
types using the model. Zhu et al. (2011) examined four
types of clay soil in China and studied the empirical
relationships between dielectric constants and volumetric
moisture contents to appropriately modify the Topp
equation and determine the correction parameters of the
Herkelrath equation for the examined soils. As for soil
salinity, only microwave network measurements have been
employed to examine how the dielectric constants for soil
samples depends on frequency, salinity, and moisture
content (Shao et al., 2002; Lei, 2011). However, FDR can
measure soil dielectric properties more accurately than
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other techniques; therefore, we decided to measure the
effect of temperature and salinity on FDR measurement.

Dielectric properties of materials are affected by several
factors including the frequency of the measurement waves,
temperature, and moisture content (Komarov et al., 2005).
However, the effect of soil salinity on electronic
transmission conditions has rarely been considered. At the
same time, the parameters of existing soil moisture
measurement model all without soil salinity, but because of
soil itself contains kinds of salts according to the analysis
of various soils texture, it is necessary to study the effect of
salinity on dielectric properties. Moreover, there are many
different types of soil, and sensors need to be recalibrated
when a type of soil being monitored changes.

This study had two aims: 1) to study loess and sandy
soil samples that were characteristic of typical Chinese
soils using two types of FDR soil moisture sensors, and 2)
to explore the effects of different soil salinities and soil
temperatures on moisture measurements that are based on
the dielectric properties of the loess and sandy soil samples,
and to establish a model to measure moisture that provides
a technical basis for the development of a soil moisture
detector with temperature and salinity compensation
functions.

MATERIALS AND METHODS

Two characteristic Chinese soils were examined: loess
soil and sandy soil. The loess soil sample was from
Shenmu Shaanxi, Northwest China, 38°58’N, 110°30°E.
Shenmu County is located in the northern part of Shaanxi
Province in a zone of transition between loess hills and the
grasslands of Inner Mongolia. The soil was from a jujube
orchard in the hilly region of the Loess Plateau in northern
Shaanxi. The sloped soil of the jujube orchard was
significantly deficient in nitrogen (N) and phosphorus (P),
but relatively rich in potassium (K).

The sandy soil sample was from Dangshan Anhui, East
China, 34°16°N, 116°29’E. Dangshan County is located in
the northernmost portion of Anhui Province. It is located in
the alluvial plain of the Yellow River, which typically
features sand soil (Dong, 2012). The samples were
collected from a 40-year-old pear orchard in its senescent
phase. The pear trees were mainly fertilized with organic
fertilizers in combination with the administration of N, P,
and K.

The output signals from two FDR soil moisture sensors,
TM-100Y and DSW-T2, were measured for 50 samples
with various moisture contents and salinities (as described
in table 1) as a function of temperature. We then developed
a model for the results using the Box-Behnken design
(BBD; as described later in the section “Model Building
Methods™).

PREPARATION OF SOIL SAMPLES

The soil samples were obtained from 20 to 30 cm below
the surface to avoid surface disturbances and to obtain a
stable soil structure, as suggested by Kampf and Tyler
(2005). After small stones, weeds, and other impurities
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were removed, the soil was allowed to dry under natural
conditions. The soil samples were ground to powder and
passed through an 80-mesh sieve (with a pore size of
0.2 mm). The resulting soil particles with diameters less
than 0.2 mm were used in the experiment. Because two soil
moisture sensors, TM-100Y and DSW-T2, were used to
test each sample, two identical soil samples were prepared.

For this experiment, the bulk density of the soil samples
were all set at 1.1 g cm™, and the total volume of two
containers used for the measurements was 500 mL;
therefore, the required dry soil mass was 548 g according to
the standard bulk density/volume formula. The initial
average moisture content of the sandy and loess soil
samples were 0.28% and 1.12%, respectively, and the
initial average soluble salt content of the sandy and loess
soil samples were 0.1018 and 0.0789 g kg™, respectively.
Five 600 g samples with initial moisture content levels
were prepared for each type of soil that was tested. The
final mass of the samples with different target moisture
levels were calculated using equation 1:

M =600+ m =600 + 548 x (m,,; - m,y), (D

where M = final mass of target moisture level sample (g), m
= mass of water added (g), m,,; = target moisture level (%),
and m,, = initial moisture content (%).

Na€l for weighted salinities (as compared with final
mass of sample) of 0 wt%, 0.2 wt%, 0.4 wt%, 0.7 wt%, and
1 wt% was added to the required amount of water for each
target moisture content and was allowed to dissolve. The
resulting solutions were sprayed onto the appropriate soil
samples and left to stand (Hu, 2003; Pu et al., 2012). The
samples were then packaged into plastic bags and left to
stand for 24 h to mix the water and salt with the soil as
evenly as possible. The actual moisture content of samples
were calculated by oven drying method. Three copies of
soil, weighing 2 to 3g, were extracted from each test
sample and dried in an oven at 105°C for 24 h. The average
soil moisture of these three copies was used for the test
sample moisture content. Finally, the 50 soil samples,
prepared according to table 1, were stored at 2°C for 24 h
before the FDR measurements.

The moisture contents obtained by oven drying method
and those measured using the soil moisture sensors were
compared. The output of the DSW-T2 and TM-100Y
sensors produced volumetric moisture data that were
converted to gravimetric results by the standard bulk
density/volume formula. All moisture content data
discussed in the remainder of this paper refers to
gravimetric moisture content. Ten sets of data were
measured for each soil sample at 5°C intervals from 5°C to
50°C. Thus, 500 data points were obtained from each
Sensor.

FDR SOIL MOISTURE SENSORS

Two types of FDR soil moisture sensors were tested in
this study, TM-100Y (Handan Yimeng, Handan, China) is
shown in figure 1, and DSW-T2 (Beijing DiHui
Technology, Beijing, China) is shown in figure 2. The
technical parameters of the two soil moisture sensors are
provided in appendix 1. Before the experiment, the two
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Table 1 Soil sample compositions.

Sample 1: Sandy Soil from Dangshan, Anhui

Sample 2: Loess Soil from Shenmu, Shaanxi

Moisture Content (%) Amount of Added NaCl Quantity  Moisture Content (%) Amount of Added NaCl Quantity
3.82 5 6.2 5
11 For each moisture content, 0%, 0.2%, 5 7.8 For each moisture content, 0%, 0.2%, 5
12.9 0.4%, 0.7%, or 1% NaCl for a total of 5 13 0.4%, 0.7%, or 1% NaCl for a total of 5
18.2 5 samples for each moisture content 5 16.9 5 samples for each moisture content 5
22.02 5 214 5
Total 50
2
2 4
1
5 3
3
6

Figure 1. TM-100Y soil moisture sensor.

The 1 and 3 wires are the power and ground connectors for the
moisture measurement circuit. The 2 wire is the moisture content
signal output port.

sensors’ probes were calibrated with air and 25°C
deionized water. Then, the dielectric parameters of
deionized water were measured at 25°C and compared with
the known parameters. Before each test, the output voltage
of the power supply was tested by a digital multimeter to
ensure normal output, and the digital therimometer was
zeroed by placing the probe in an ice-water mixture.

SYSTEM AND METHOD OF MEASURING SENSOR OUTPUT
SIGNALS
Experimental Principie

The experimental systein consists of thermostatic
oven(YHG-400BS, Shanghai Yuejin Medical Instrument,
temp. fluctuation: £1°C), WD-5 regulated power supply
(Qidong Simaite Computer Factory, China), DM6801
digital thermometer (Shenzhen Victor Hi-Tech, Co.,
China), multimeter (Shenzhen Victor Hi-Tech, Co., China),
DSW-T2 and TM-100Y sensors (fig. 3). During the
measurement, the DSW-T2 and TM-100Y sensors were
inserted into the central portions of the two identical soil
samples and then were put into the thermostatic oven to
heat the samples to the set temperature. WD-5 regulated
power supply was used to supply to the DSW-T2 and TM-
100Y sensors. Finally, output signals from the two sensors
could be measured by multimeter.

Experimental Method
Prior to the sensor measurements, a thermostatic oven
was set to a temperature of 5°C. Two soil samples were
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Figure 2. DSW-12 soil temperature and moisture sensor.

The 1 and 3 wires are the power and ground connectors for the
moisture measurement circuit. The 4 and S wires are the power and
ground connectors for the temperature measurement circuit. The 6
and 2 wires are the signal output ports for moisture content and
temperature.

removed from the freezer and placed in the drying oven for
12 h. The DSW-T2 and TM-100Y sensors were inserted
into the central portions of the two identical soil samples
while they were in the oven, and a DM6801 digital
thermometer was inserted into each of the soil samples.
When the temperature of the soil sample stayed constant at
5°C for 3 min, output signals from the two sensors were
measured by multimeter. WD-5 regulated power supply
was used to supply 12 and 9 V to the DSW-T2 and TM-
100Y sensors, respectively. This method was repeated for
each drying oven temperature at 5°C intervals for a total
range of 5°C to 50°C. Throughout the process, the soil
samples were covered with plastic wrap to prevent water
loss due to heat-induced evaporation. The measurement
system is shown in figure 3, and a schematic diagram of the
measurement system is presented in figure 4.

MODEL BUILDING METHODS

Response surface methodology uses regression methods
to establish algorithms that use polynomial approximations
to estimate experimental conditions and results of multi-
factor tests, allowing constraints and experimental results to
be expressed in terms of functions. An intuitive surface can
then be formed in a three-dimensional coordinate plane to
quantitatively observe the effects of each factor on the
experimental results (Sun, 2002; Velazquez-Marti et al.,
2005; Zhang et al., 2011). Specifically in this study, the
BBD was utilized to build variance models through
response surface methodology. The BBD box plot design
involves a class of rotatable or nearly rotatable second-
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Figure 3. Pictures of the experimental system for measuring the
output of the DSW-T2 and TM-100Y soil sensors.

order designs based on three-level incomplete factorial
designs (Edwards and Mee, 2010).

RESULTS AND ANALYSIS
DEPENDENCE OF MOISTURE SENSOR MEASUREMENTS ON
TEMPERATURE FOR PARTICULAR SALINITIES

The dependence of the output voltage of the TM-100Y
on temperature at different NaCl concentrations for (a)
sandy and (b) loess soils with initial moisture contents of
3.82% and 6.2%, respectively, are shown in figure 5. This
figure indicates that the TM-100Y output voltage gradually
increased with increasing temperature.

The dependence of the output current of the DSW-T2 on
temperature for different NaCl concentrations for (a) sandy
and (b) loess soils with initial moisture contents of 3.82%
and 6.2%, respectively, are shown in figure 6. This figure
reveals that the output current of the DSW-T2 gradually
increased with increasing temperature. The same
phenomenon was also observed for soil samples with
different moisture contents.

Therraostatic oven

Heating | Temperature control
¥

F
Heating | Terperature control

Because the dielectric constant of water in soil pores
changes with temperature, the dielectric constant of soil
also varies with temperature. In addition, the dielectric
properties of soil represents molecular polarizability in the
electrostatic field and dynamic equilibria among Brownian
motion. Increasing temperature can enhance the
polarization of molecules and can increase the Brownian
motion of the ionic solution surrounding the soil particles,
leading to an increase in dielectric constants, which we
measure as an increase in output from the sensors. Figures
5 and 6 show that temperature is a major factor affecting
the output of FDR sensors.

DEPENDENCE OF MOISTURE SENSOR MEASUREMENTS ON
SALINITY
At Different Temperatures

The dependence of the output voltage of the TM-100Y
sensor on salinity for (a) sandy and (b) loess soils with
moisture contents of 11% and 13%, respectively, at
different temperatures are shown in figure 7. This figure
indicates that, on the whole, the TM-100Y output voltage
increased with increasing salinity. In particular, the output
voltage tended to increase with increasing salinity when
salinity was between 0% and 0.4%, but it declined with
increasing salinity when salinity was between 0.4% and
1%. A maximum output voltage was observed at a salinity
of 0.4%. This phenomenon was also observed for soil
samples with different moisture contents.

The dependence of the output currents of the DSW-T2
on salinity at different temperatures for (a) loess and (b)
sandy soils with initial moisture contents of 6.2% and 11%,
respectively, are shown in figure 8. This figure indicates
that, on the whole, the output voltage of the DSW-T2
increases with increasing salinity. In particular, the output
voltage tended to increase with increasing salinity when
salinity was between 0% and 0.4%, but tended to decrease
with increasing salinity when salinity was between 0.4%
and 1%. Maximum output voltages were observed for
salinities from 0.4% to 0.7%. This phenomenon was also
observed in soil samples with different moisture contents.

At Different Moisture Content Levels

The dependence of the output voltage of the TM-100Y on
salinity at different moisture content levels for (a) sandy and
(b) loess soils at 25°C and 15°C, respectively, are shown in

[R.egulated power spply ]

Powrer

Sensor

woltage
detection

Y
Powrer

Thermostatic u:rven]

Fegulated power sumply J

Figure 4. Schematic diagram for measuring the outputs of the DSW-T2 and TM-100Y soil sensors.
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Figure 9. Dependence of the output voltage oi the TM-100Y on salinity for sandy (a) and loess (b) soils at 25°C and 15°C, respectively, at

different moisture content levels.

figure 9. The dependence of the output current of the
DSW-T2 sensor on sahnity for different moisture
content levels for (a) loess and (b) sandy soils at 45°C
and 35°C, respectively, are shown infigure 10. Figures 9
and 10 reveal that moisture content significantly affected
output signals when salinity was between 0% and 0.4%, but
that these effects gradually decreased when salinity was
between 0.4% and 0.7%. Moisture content had no
significant effects on the output signals of the sensors when
the salinity was between 0.7% and 1%.

The dielectric properties of soil are affected by salinity,
texture, moisture content, and other characteristics of the
soil. Soil salinity and the concentration of ions in soil
solutions are positively correlated. The concentration of
ions in soil solutions is difficult to measure; therefore, in
situ experiments are usually performed to obtain values for
soil salinity. However, electromagnetic waves are affected
more strongly by ion concentrations in soil solutions rather
than soil salinity. When the salinity of the soil is relatively
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low, soils with different moisture levels will have soil
solutions with significantly different ion concentrations,
resulting in large differences in dielectric properties.
Consequently, differences in moisture level will
significantly impact the output signal for low salinities.
When the salinity of the soil is relatively high, variation in
the moisture content in unsaturated soil samples will cause
only small differences in ion concentrations in soil
solutions. This will produce only small differences in soil
dielectric properties and will therefore cause less
significant changes in moisture sensor output signals.
Figures 7 to 10 demonstrate that soil salinity affects the
output signals of FDR soil moisture sensors; thus, the effect
of salinity on dependence of output signals must be
considered when measuring soil moisture with great
accuracy.

Figure 11 depicts the responses of (a) the output voltage
of the TM-100Y and (b) the output current of the DSW-T2
to temperature and salinity for loess (a) and sandy (b) soils

APPLIED ENGINEERING IN AGRICULTURE
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Figure 11. Response surfaces of the output voltage of (a) the TM-100Y and (b) the output current of the DSW-T2 to temperature and salinity

changes for loess (a) and sandy (b) soils with a moisture content of 6.2%.

with a moisture content of 6.2%. This figure indicates that
the output voltage of the TM-100Y increased with
increasing temperature, though this voltage was initially
observed to increase and subsequently decrease as salinity
increased. The output current of the DSW-T2 increased
with increasing temperature, and initially increased and
subsequently decreased with increasing salinity.

DEVELOPMENT OF THE MEASUREMENT MODEL

A total of 500 datasets were obtained for each of the
sensors. For each sensor, 250 datasets were uniformly
selected from these 500 datasets and subjected to
multivariate regression using Design-Expert 8.0 software
(Stat-Ease, Inc., Minneapolis, Minnesota, USA).

The fitted equation for the TM-100Y soil moisture
sensor is provided by equation 2:

30(4): 573-582

U =-0.387+0.117m,, +3.71Y +0.0165T
~0.0996m,,Y —8.23x10~*m, T —6.88x107> YT )
~1.06x10m, > —1.64Y% —2.05x10 > 7>

where U = output voltage of the moisture sensor (V), m,, =
gravimetric moisture content of the sample (%), Y
salinity of the sample (%), and 7" = sample temperature
(°C).

Analyses of variance were performed using equation 2,
and the results of these analyses are provided in table 2.

Table 2 demonstrates that the P-value for equation 2 was
less than 0.0001, indicating that the model is highly
significant. The coefficient of determination of the model
was R? = 0.7492, suggesting that the output voltage of the
sensor and the temperature, moisture content, and salinity
of the soil sample were highly correlated. Moreover, with
the exception of Y7, 7, and T°, the remaining terms in
equation 2 exhibited highly significant effects. The
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Table 2. Analysis of variance for the regression model described by equation 2.

Source of Sum of Degrees of Mean
Variance Squares Freedom Square F-value P-value Significance!”
My 2.74 1 2.74 58.09 <0.0001 * ok
Y 10.75 1 10.75 228.35 <0.0001 **
T 0.082 1 0.082 1.75 0.1869
Ym, 12.23 1 12.23 259.67 <0.0001 * ok
T m,, 1.36 1 1.36 2891 <0.0001 **
Yr 0.31 1 0.31 6.56 0.0110
m,’ 0.38 1 0.38 8.10 0.0048
Y’ 7.12 1 7.12 151.22 <0.0001 **
T 3.460E-003 1 3.460E-003 0.073 0.7866
Model 33.76 9 3.75 79.65 <0.0001 * ok
Error 11.30 240 0.047
Total 45.06 249

[l % * p<(0.01; highly significant.
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Figure 12. Response surface indicating the effects of sample salinity
and moisture content on the output voltage of the TM-100Y at
26.25°C.

response surface for equation 2 at 27.5°C is illustrated in
figure 12.

The fitted equation for the DSW-T2 soil moisture sensor
is described by equation 3:

1=0.67840.509m,, +4.19Y +0.16T
—0.178me—5.40><10_3 m,, 7 -0.0105YT 3)
—6.58x10"*m, > —0.3821% - 6.02x107* 7>

where / = output current of the moisture sensor (mA), my, =

gravimetric moisture content of the sample (%), Y =
salinity of the sample (%), T = sample temperature (°C)

Analyses of variance were performed for equation 3, and
the results of these analyses are provided in table 3.

Table 3 illustrates that equation 3 has a P-value of less
than 0.0001, indicating that the model is highly significant.
The coefficient of determination of the model was R? =
0.7146, suggesting that the output current of the sensor was
highly correlated - with sample temperature, moisture
content, and salinity. Moreover, with the exception of mwz,
YT, Y, and 77, the remaining variables in equation 3
exhibited highly significant effects. The response surface of
equation 3 at 10.47°C is depicted in figure 13.

MoDEL VARIATION

The output signals of the two sensors were measured for
the remaining 250 datasets at three to four arbitrary
temperatures between 5°C and 50°C. To obtain calculated
output signals, we wrote programs using Matlab 2010b
software (Mathworks Company, Natick, Mass.) based on
the models described by equations 2 and 3, where the
moisture contents, temperatures, and salinities are the
variables. Then, the calculated output was compared with
the measured data of one of the soil samples, as shown in
figure 14. The calculated values and the measured data are
closely distributed on both sides of the 45° line, with R* =
0.905 and R* = 0.919 for models 2 and 3, respectively.
Therefore, models 2 and 3 can be used to calibrate the
output voltage signals of the sensors with good accuracy.

This experiment established an FDR soil moisture
detection model for Chinese loess and sandy soils, and we
validated the model using the new 250 datasets with a high
degree of correlation. This model can be used to calibrate FDR

Table 3. Analysis of variance for the regression model described by equation 3.

Source of Sum of Degrees of Mean
Variance Squares Freedom Square F-value P-value Significance”!
my, 498.57 1 498.57 369.99 <0.0001 **
Y 35.17 1 35.17 26.10 <0.0001 *x
T 114.51 1 114.51 84.98 <0.0001 * *
Ym, 31.91 1 31.91 23.68 <0.0001 * *
T m, 47.80 1 47.80 35.47 <0.0001 * ok
Yr 0.72 1 0.72 0.53 0.4660
m,? 0.061 1 0.061 0.045 0.8322
Y’ 0.39 1 0.39 0.29 0.5934
T 2.99 1 2.99 222 0.1374
Model 809.71 9 89.97 66.77 <0.0001 * *
Error 323.40 240 1.35
Total 1133.11 249

[l % * p<0.01; highly significant.

580

APPLIED ENGINEERING IN AGRICULTURE



output current(mA)

1.00 // 71.40
0&0 1760

1380

salinity(%) 020

10.00

Figure 13. Response surface indicating the effects of sample salinity and

moisture content on the output current of the DSW-T2 at 10.47°C.

moisture measurements for some types of Chinese soil, and as
a reference for future researchers analyzing other soil types.

CONCLUSIONS

In this study, moisture content of the loess soil from
Shenmu, Shaanxi, and the sandy soil from Dangshan, Anhui,
were measured. The output signals of two FDR-based soil
moisture sensors were measured for samples with different
moisture contents, temperatures, and salinities. Based on our
experiments, we draw the following conclusions:

1. Soil salinity significantly impacted the output of the
FDR soil moisture sensors when the salinity was
lower than 0.4%; the measured results increased with
increasing salinity. Changes in salinity had little
impact on these measurements when the salinity was
between 0.4% and 1%.

2. Temperature significantly impacted the cutput of the
FDR soil moisture sensors. In particular, the meas-
ured moisture content increased with increasing
temperature.

3. Calibration models were established for both the TM-
100Y and DSW-T2 sensors that related output signals
to the actual moisture content, temperature, and
salinity of the tested soil. The coefficients of deter-
mination for the two models were R* = 0.7492 and R*

Caloulated ontput vollage (V)

Measurad output voltase (V2

Model 2: R* = 0.905

moisture content(%)

= 0.7146, suggesting that the output signals of the
two sensors were highly correlated with the sample
temperature, moisture content, and salinity. The P-
values for the two equations were less than 0.0001,
indicating that the two models were highly signifi-
cant. These models can provide guidance for design-
ing FDR-based soil moisture sensors with
temperature and salinity compensation functions.

In addition, this research has raised several additional

questions that require further study:

e The relationship between soil salinity and ionic
concentrations (salinity of the soil solution) is not
sufficiently clear; thus, further analyses of salt disso-
lution, deposition, ion activity, pressure, chemical
equilibrium, and other factors are required to eluci-
date this relationship.

¢ In this study, NaCl was utilized to study soil salinity.
Although NaCl is the salt present in a majority of
salinized soils in nature, other widely distributed salts
also exist. These salts might have calibration parame-
ters that differ from those of NaCl.
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APPENDIX

Table Al. Technical parameters of the TM-100Ysoil moisture sensor.
Specification Parameter

Power supply 7-24 V (wide range of power supply voltage types,

Measurement range
Accuracy

Probe length

Probe diameter
Probe material

Sealing material

Response time
Output current

Product appearance
operating

Iemperature

Measurement area

typically 12 V)
0-100% (with higher accuracy from 10 to 90%)
+3%
60 mm
3 mm
Stainless steel (electrolysis resistant)

Black UV weathering-resistant ABS + epoxy resin
(black, flame-retardant)

Less than 1 s
02V

220 x 48 x 48 mm

-45 to 80°C

A cylinder 7 cm in diameter and height centered on
the central probe, with 95% of the effect derived
from a cylinder 3 cm in diameter and 7 cm in height
around the central probe.

Table A2. Technical parameters of the DSW-T2
soil temperature and moisture sensor.

Specification

Parameter

Power supply
Measurement range
Accuracy

Probe length

Probe diameter
Probe material
Sealing material
Response time
Output current

Product appearance
operating

Work environment

Measurement area

18-24 V direct current
0-100% (moisture content), -30 to 70°C (temperature)
+3% (0-50%, moisture content) +0.5°C (temperature)
78 mm
4 mm
Stainless steel
ABS plastic
Less than 1 s
4-20 mA
220 x 48 x 48 mm
Temperature of -30°C to 70°C, humidity of 0%-100%
RH

A cylinder 7 cm in height and 3 cm in diameter
centered on the central probe
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