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Abstract: In this study, we measured and characterized the relative dielectric constant of mineral soils
over the 0.3-3.0 frequency range, and compared our measurements with values of three dielectric
constant simulation models (the Wang, Dobson, and Mironov models). The interrelationship between
land cover and soil texture with respect to the dielectric constant was also investigated. Topsoil
samples (0-10 cm) were collected from homogenous areas based on a land unit map of the study
site, located in the Gamsar Plain in northern Iran. The field soil samples were then analyzed in
the laboratory using a dielectric probe toolkit to measure the soil dielectric constant. In addition,
we analyzed the behaviors of the dielectric constant of the soil samples under a variety of moisture
content and soil fraction conditions (after oven-drying the field samples), with the goal of better
understanding how these factors affect microwave remote sensing backscattering characteristics.
Our laboratory dielectric constant measurements of the real part (¢”) of the frequency dependence
between the factors showed the best agreement with the results obtained by the Mironov, Dobson,
and Wang models, respectively, but our laboratory measurements of the imaginary part (¢”) did
not respond well and showed a higher value in low frequency because of salinity impacts. All data
were analyzed by integrating them with other geophysical data in GIS, such as land cover and soil
textures. The result of the dielectric constant properties analysis showed that land cover influences
the moisture condition, even within the same soil texture type.

Keywords: microwave remote sensing; dielectric constant models; land cover; soil texture

1. Introduction

In microwave remote sensing backscattering models, the value of the soil dielectric constant
is important for retrieving soil water contents. Generally, the emissivity and permittivity parts of
the dielectric constant are determined using tool kit measurements or based on simulation models.
For the tool kit measurement approach, usually soil samples are taken from the field, and the real
and imaginary part of the dielectric constant are measured using a dielectric constant tool kit [1,2].
In microwave remote sensing studies of soil moisture, the emissivity and backscattering coefficient of
the soil at different frequencies are typically simulated, and soil moisture is estimated from satellite data
using a microwave backscattering model. In an alternating electric field, permittivity varies depending
on the applied frequency. This frequency dependence can be described by complex permittivity [3,4]:

e*=¢"-je’, (1)
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where ¢’ is the dispersive part and ¢” is the absorptive part of permittivity. The real part ¢’ of the
permittivity is frequency dependent on the water content in the soil because of the relatively high
frequency of the system. The values of ¢” are very small at low frequencies, and therefore ¢” has
been previously stated to be of minimal importance for the determination of water content in soil [5].
Equation (1) is a function of the water content in the porous materials. The real part ¢’ can be

expressed as
R tis

where ) is the free space wavelength, ITis the cutoff wavelength, and « and {3 are the attenuation and

phase constants, respectively. These variables can be measured experimentally [5-7]. The value of the
dielectric constant (¢”) can be determined using Equation (2). The dielectric constant depends on the
type of material, physico-chemical characteristics, as well as its moisture state [8-16].

Arid environments contain Aridisols, which belong to the thermic soil regime, including minerals
in the soil profile due to high evaporation rates and low rainfall. Aridisols exhibit quite different
behaviors in dielectric constant measurements compared to other soil types [17,18]. Most microwave
remote sensing studies, however, have focused on analyzing/simulating the dielectric constant of wet
soils rather than Aridisols, using models such as the Dobson and Wang models [7,12,14-16,19-22].
In 2009, Mironov presented another model of the dielectric constant dependency on mineralogy in
cold regions, but this model has not yet been evaluated for arid regions [21-24]. The Mironov and
Wang models also consider the effect of bound water on the dielectric constant [7,24], but are, however,
limited to rather short frequencies of 1-10 GHz and 1-5 GHz, respectively. The Dobson model is valid
for a larger frequency range (1-18 GHz). On the other hand, the dielectric constants computed from
the Wang [7] and the Mironov et al. [22] models have been found to be in better agreement with tool
kit measurements for a larger range of soil texture types [20-24].

Although several researchers have investigated the roles of temperature, water content, soil
temperature and texture [12-24], a number of questions still remain in relation to the dielectric constant
of arid soils and its dependency on microwave backscattering model. The main research gap is the
effect of land cover and vegetation on the remote sensing-derived measurements of soil dielectric
constant. The microwave remote sensing inverse backscattering model requires the soil moisture,
roughness, and vegetation variables, for which dielectric constant models are very important [5,25].
Total backscatter is measured in decibels (dB) and is a function of vegetation, soil roughness, and soil
moisture [25-28], as shown in Equation (3):

0° total (dB) = f (vegetation, soil_roughness, soil_moisture) 3)

where 0° total is the calibrated total backscatter. The sensitivity of radar backscattering to soil moisture
and roughness has been demonstrated in different papers [25,27,29-31], considering the variation in
dielectric constant of wet (~80) and dry (~6) soils.

In this study, we conducted laboratory experiments of the dielectric constant of mineral soils in
the 0.3-3 frequency range under natural (i.e., field) conditions as well as a range of different moisture
contents. The objectives were to analyze the effects of land cover (vegetation) on the dielectric constant,
and also to compare the laboratory measurements with the simulated results of three dielectric models,
Mironov, Wang, and Dobson, for mineral soils in an arid environment.

2. Materials and Methods

2.1. Site and Field Work

The test site for this work is located on the Garmsar plain in northern Iran (Figure 1). The average
annual precipitation of this site is 140 mm, and the climate is arid and semi-arid. Based on the U.S
soil taxonomy, the soils in this site are categorized as belonging to the Aridisols class (from Latin
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aridus, “dry”), which exhibit at least some subsurface horizon development [17,29,30]. Based on the
temperature and humidity regime of the soil classification, the soil of this region is categorized as
Aridic. The land cover mainly consists of bare land, sparse vegetation, and cropland. Aridisols have a
very low concentration of organic matter, reflecting the paucity of vegetative production in these dry
soils, with the most bound water content in their particles.
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Figure 1. Site in the northern part of Iran (Landsat ETM+, 164/36).

In this research, the first step was collecting field samples from near the topsoil layer (0-10 cm) in
the test site. For this, 36 sample locations were selected from homogeneous areas based on a land unit
map provided in an environmental GIS database that was produced by us [31] (Figure 2), and field
samples were collected in July 2015. A GPS device was used to locate the sample locations in the field.
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Figure 2. Field sampling locations in the land unit map in different land cover types.
2.2. Soil Samples

All collected soil samples were put in zipped plastic bags to preserve their natural condition, and
sent to a laboratory for analysis. In the laboratory, soil particle composition, moisture, temperature,
and electro conductivity (EC) were analyzed. Field work properties and laboratory analysis of the
measured soil samples are presented in the Table 1.

Table 1. The physical properties of some selected samples in the dominant land cover.

Field No Tei:’lﬁes B“l(l;/?;‘;)s‘ty TDR (SM %) Gr(;‘;‘/[mozt)“c Land Cover
1 Sandy 173 2.3 1.8 Bare land
2 Silty 1.70 6.9 9.3 Fallow land
3 Clay 1.32 6.6 5.83 Plowed land
4 Clay 1.50 29.3 30.25 Sparse vegetation
5 Clay 1.45 20.7 18.81 Sparse vegetation
6 Clay 1.35 43 5.42 Fallow land
7 Clay 1.38 9 10.21 Cropland
8 Clay 1.28 11.2 11.74 Fallow land
9 Silty clay 1.50 25 27.11 Sparse vegetation
10 Clay 1.45 6.7 4.95 Bare land
11 Clay 1.38 19.7 18.26 Bare land
12 Clay 1.45 414 38.65 Bare land
13 Clay 142 42.6 36.79 Bare land
14 clay 1.60 10.6 9.6 Bare land
15 Clay 1.35 16.6 17.65 Sparse vegetation
16 Silty 1.55 5.8 5.36 Bagh
17 Sandy 17 8 7.66 Bagh
18 Sandy 1.72 7.3 9.45 Bagh
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Table 1. Cont.

50f13

Field No Teiflﬁ'es Bul(l;/?;?)s ity TDR (SM %) Gr(aS‘;l/[nl/eot)nc Land Cover
19 Sandy 1.83 1.1 0.85 Sand dune
20 Silty 19 9.8 8.26 Bare land
21 Silt Loam 1.82 8.6 7.92 Bare land
22 Loam 1.55 0.2 0.1 Bare land
23 Loam 1.58 3.3 4.12 Sparse vegetation
24 Clay 1.32 9.4 8.66 Sparse vegetation
25 Loam 142 8.5 7.54 Sparse vegetation
26 Silty 1.59 6.5 7.98 Sparse vegetation
27 Clay 1.36 10 11.25 Sparse vegetation
28 Loam 1.62 2.6 1.85 Sparse vegetation
29 Loam 153 15 13.55 Bare land
30 Sandy 1.65 2.7 1.75 Sparse vegetation
31 Clay 1.28 10.1 12.25 Fallow land
32 Clay 131 5.6 4.8 Plowed land
33 Clay 1.37 9.2 12.45 Cropland
34 Loam 1.61 2.5 212 Sparse vegetation
35 Loam 1.52 22 1.65 Sparse vegetation
36 Loam 1.67 7.2 3.25 Bagh

By changing the moisture content of each soil sample from the natural field soil condition to 10%,
20%, 30%, 40%, and saturated soil (>40% moisture content), as well as oven-dried soil, the dielectric
constant was finally performed under seven different conditions (Figure 3). All measurements were

repeated five times, and the mean value used in order to reduce measurement errors. Considering
the cap size in Figure 3, the water volume (mL) needed to achieve each soil moisture content (%) is
presented in Table 2. To overcome the uncertainties of the dielectric constant, values for the different
types of soil and moisture conditions measured by TDR (time domain reflectance) were determined

as well.

Figure 3. Dielectric constant measurement of soils in the laboratory using the dielectric probe toolkit.

Table 2. Volumetric soil moisture vs. volumetric water content.

Soil Moisture Content (%)

Water Volume (mL)

40 157
30 24
20 41
10 57

By adding known amounts of distilled water to dry soil enclosed in a known volume, soil moisture
measurements were calibrated. The effect of salinity on the measurement was evaluated. Once
calibration had been accomplished, actual soil moisture measurements were done in three tests at

each depth.

For each soil sample, the measurement procedure was as follows:

e  Measurement of the soil moisture of field sample under natural conditions by TDR weight, and
then measurement of the dielectric constant.
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e Complete drying of the soil inside an oven at 110 °C for 24 h.

e Introduction of the soil sample inside a regular cup and weighing it after sieving the gravel.

e  Dielectric toolkit calibration.

e  Measurement of ¢’ parameters and computation of the dielectric constant.

e Introduction 27 mL of water (10% water content) uniformly distributed in the cavity.

e  Weighing of the new sample for gravimetric soil moisture.

e  Measurement of samples of the ¢’ dielectric constant for each soil texture and computation of
the dielectric constant for the next water content (e.g., 20%), and then repeating for the same
soil texture.

e  Then the dielectric constant of 36 soil samples was measured in a microwave remote sensing
laboratory using a dielectric constant toolkit. All data were analyzed by integrating it with other
geophysical data in GIS, such as land cover and soil textures.

2.3. Soil Dielectric Models

Typically, peat and other soil types are composed of multiple materials, including, e.g., earth,
various gases, and water. To estimate the dielectric constant of soil materials, several semi-empirical
and empirical mixture models have been proposed, such as the Dobson, Wang, and Mironov models [7,
12,16,23,25]. Generally, soil is considered as consisting of a mixture of four components—soil, air,
free water, and bound water—but this assumption ignores soil salt content. To describe the dielectric
constant of such a mixture, Dobson et al. [11,12] developed a semi-empirical model for soil. Dobson
proposed an empirical approach to compute the dielectric constant of soil in the microwave spectrum
of 1.4-18 GHz and a dielectric model in the range of 0.3-1.3 GHz [1,12,30,32]. The following input data
is required for the Dobson model: soil moisture (m3/m3), dry soil bulk density (g/cm3), the clay (%)
and sand (%), the soil effective temperature (K), and the solid particle density.

Given a bulk density pp, and specific density ps, the model is described as

b
=1+ —-2 (eo‘s—l)+mﬁvg"‘fw—mv, 4)

Ps
where o = 0.65, €5 = (1.01 + 0.44p5)2 — 0.062 is the dielectric constant of soil particles, 8 is a coefficient
expressed as a function of sand and clay contents, m, is the volumetric soil moisture content, and e“f,
is the dielectric constant of the free water. Soil surface temperature is fixed at 23 °C, which is acceptable
for an average value of sampling soils. The bulk density used in the Dobson model is 1.6 g/cm3; there
was an average value of 36 ground points.

The physically based generalized refraction mixing dielectric model proposed by Mironov
et al. [2,13], which was improved to account for the effect of the soil temperature [33], helps to
distinguish between bound and free water. Soil moisture, soil effective temperature, and clay are used
as the inputs of the Mironov model, thus avoiding uncertainties introduced by the computation of
the global bulk density map compared with the Dobson model. This model was built and validated
for soil data spanning the entire texture range, including the 36 samples used for the definition of the
Dobson model.

2.4. Dielectric Constant Measurement

In this research, dielectric constant measurements were carried out for 36 samples with different
moisture contents (from dry soil to 40% moisture content in seven steps). A network analyzer
coupled with an open-air probe technique was used in the measurement of the soil dielectric constant.
The measurement frequency was from 0.3 to 3 GHz with 36 sampling points (Figures 3 and 4).
We focused our analysis on this frequency range because we were interested mainly in a better
understanding of the microwave backscattering characteristics of the L-band and C-band microwave
satellite sensors, such as ALOS PALSAR-1/PALSAR-2 and Sentinel-1 radar data.
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Figure 4. A sample result of dielectric constant measurement by a dielectric probe toolkit in the range
of 0.3-3 GHz range (emissivity of dry clay soil (a), emissivity of clay soil with 10% moisture content
(b), and emissivity of clay soil with saturated moisture content (c); permittivity of dry clay soil (d),
permittivity of clay soil with 10% moisture content (e), and permittivity of clay soil with saturated
moisture content (f)). The pointer on the graph shows the L-band (1.27 GHz).

The real and imaginary parts of the complex dielectric constant of different soil textures under
different land covers with varied moisture content were determined experimentally under laboratory
condition using Equation (1) [5,8,11,29,30].

3. Results

3.1. Dielectric Measurement for the 0.3-3 GHz Range

Overall, more than 520 measurements for ¢’ and ¢”, from a total of 36 soil samples, were performed
from 0.3 to 3 GHz, on four different soil textures subjected to various moisture conditions and land
cover types (Figure 4). The relative permittivity is a frequency-dependent variable and decreases with
increasing frequency (Figure 4a—c) [16]. The imaginary part (¢”) of the dielectric permittivity is usually
expressed in terms of dielectric losses, which include dispersive losses as well as free-water relaxation
and bound-water relaxation losses (Figure 4d-f).

The first step in the analysis of the data was to compare the measured values with those calculated
on the natural soil basis of the ¢’ and ¢” outlined in the dielectric constant toolkit (Figures 5 and 6).
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Figure 5. The clay soil texture dielectric constant for different water contents (red 0%, green 10%, yellow
20%, blue 30%, and black 40%) with respect to frequency (from 0.3 to 3 GHz): (a) real part and (b)
imaginary part.
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In the laboratory, a volumetric water content range from 10% to 40% was tested. The graph

trend showed that, typically, the real part ¢’ slowly decreases with an increase in frequency, while the
imaginary part ¢” rapidly decreases with an increase in frequency, especially in the low-frequency
range. However, we did not use a wide frequency range, and it was tough to discriminate. Furthermore,
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same ¢” variation pattern was observed in the experimental measurements (Figure 7).
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Figure 7. Frequency variations of the real (a) and imaginary (b) parts of derived dielectric constant of
the samples from laboratory measurements at different moisture levels.
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3.2. Analysis of the Simulated Dielectric Constants

The particle size of the different soil textures can affect the speed and height of the water movement
through capillary action in the soil. In general, the capillary water in loamy soil rises relatively quickly
and to a greater height compared to clay and sandy soils [29-31]. The five different soil textures from
different land cover types were all analyzed, and the representative texture types of this region are
sandy and clay as well as silt and loam soils, which were thoroughly analyzed at 0.3-3 GHz (Figure 8).
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Figure 8. Comparison of the dielectric constants for (a) real, clay; (b) imaginary, clay; (c) real, loam;
(d) imaginary, loam; (e) real, sand; and (f) imaginary, sand. Blue line: polynomial fitting from
experimental data. Red line: Dobson model; green line: Wang model; and brown line Mironov model.

3.3. Dielectric Dependency on Soil Texture and Land Cover Type

Previous researchers have shown the dependence of ¢’ and ¢’ on soil composition (Figure 9) [2,6—
9,28,29]. According to the land cover types and interaction to soil textures, it seems that vegetation has
an important role in the soil development process and on the soil texture and water content, which
can influence to dielectric constant. For example, sparse vegetation compared with bare land in the
test site show a higher dielectric constant (Figure 9). In this research, the relationship between the
dielectric constant and soil texture for the four different moisture contents in the field were plotted
and shown an interesting result (Figure 9). The results showed that the dielectric constant (¢’) has a
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direct relationship with land cover type. For instance, soil clay texture in the cropland and bare land,
despite having the same soil texture, presented different dielectric constant measurement. On the other
hand, bare land with the same clay soil texture and soil moisture contents presented different dielectric
constant values. In summary, the results indicated that not only the soil texture, but also the vegetation
cover is affecting the dielectric constant indirectly by influencing the soil water contents.
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Figure 9. Dielectric constant properties and its relationship with different land cover types and soil
texture in varied moisture contents: Dried Soil (DS: 0%), Natural Soil (NS: 5%), Field capacity (FC:
15%), and Saturated Soil (SS: >35%).

4. Discussion

The dielectric constant ¢’ was more sensitive than €” to soil moisture, particularly for mineral soil,
which can be identified by the eox component of e. This indicates that the dielectric constant properties
exhibited relatively minor variation in the real and imaginary parts within the 1-2 GHz frequency
range, irrespective of the soil texture and moisture contents. This is consistent with the findings of
other researchers [2,5,9,12,13,20,24,31,32]. At frequencies below 1.5 GHz, ¢’ was only weakly frequency
dependent, and dielectric losses were generally low. This may be attributed to the free water and air in
the soil particles. However, at higher frequencies (2-3 GHz), ¢’ increased significantly with increasing
water content. Soil moisture content had the biggest effect on the dielectric constant, which is under
an appendage effect of the land cover effects, because of the influence of vegetation cover and soil
texture. The soil texture types had the second largest impact on the value of the dielectric constant.
The moisture content, however, also depends on the soil texture and land cover type, meaning that the
types of land cover are clearly affected by the background layers of soil in the surface. Thus, the land
cover, and taking the soil samples of them for dielectric constant measurement, could account for most
aspects of the soil properties. There was also a good agreement between the land cover and dielectric
constant within each level of soil moisture content, even for the same soil texture types. Of the different
types of soil texture, clay soil exhibited the highest ¢’ values, followed by the loam, silt, and sandy soil
texture types, respectively. The real part (¢’) was more sensitive to soil moisture than the imaginary
part (¢”), particularly for mineral soils, which can be identified by the component of ¢; it is because
of bound water in the soil particles. For the real part of the dielectric constant, the measurements
from our experiments were in highest agreement with the simulated results obtained by the Mironov
model, followed by the results obtained by the Wang model and Dobson model, respectively. For
the imaginary part of the dielectric constant, the measurements from our experimental were always
higher than the values predicted by the other three simulated models it seems cause of salinity effects.
The Mironov model was already shown to work well for modeling the dielectric constant behavior
of mineral soil in cold regions, but the reactions of arid soils differ significantly according to depth,
water content and organic matter [32-34]. After comparing the measured soil moisture in different soil
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texture types with the estimated soil moisture by using the Mironov, Dobson, and Wang models, we
observed that all of the models were overestimating soil moisture.

5. Conclusions

In this research, we conducted laboratory measurements of the dielectric constant of 36 soil samples
having different soil textures and land cover types, over the 0.3-3 GHz frequency range. The laboratory
measurements were conducted for each soil sample under different soil moisture contents (natural field
condition, 10%, 20%, 30%, 40%, saturated soil, and oven-dried soil). As a result, we found that the land
cover types and soil textures showed a close relationship with the dielectric constant measurements
and simulations. This means that, even if the soil contains the same water content and soil texture,
if found in a different land cover, the behavior of the dielectric constant will differ. Thus, vegetation
cover obviously has a key role for soil particle development, such as organic matter, salinity, depth, and
water content saving, and all of these can influence the complex dielectric constant. In this research,
the imaginary part of the relative dielectric constant exhibited higher values in low frequency because
of salinity impacts. The result of three commonly used dielectric model showed that the generally the
Mironov model had the highest level of agreement with our experimental measurements, followed by
the Wang and Dobson models, respectively. The main significance of this research was the elucidation
of the land cover influence on the soil dielectric constant in arid land, as well as the comparison of
different simulation models. We found the Mironov model performed best in our study site, but it
may be useful to further compare the performance of these empirical/semi-empirical approaches for
time-series soil moisture retrieval to help identify the best model for arid soils with higher accuracy.
Investigation of soil organic matter in different land cover conditions also can be useful for clarifying
the effect on the dielectric constant.
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