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ABSTRACT ARTICLE HISTORY
A dielectric model was developed for thawed and frozen mineral Received 15 July 2019
soils, based on the refractive mixing dielectric formula and the Accepted 28 October 2019
dielectric measurement data for three soils collected in the Arctic

tundra of the Yamal Peninsula. The refractive mixing dielectric

model was used in conjunction with the Debye multi relaxation

equations as a theoretical model to fit the measured complex

relative permittivity spectra as a function of soil moisture and

temperature. As a result, the dielectric spectroscopic parameters

for the various components of water in the soil, such as the low- and

high-frequency limits of the complex relative permittivity, the times

of the corresponding relaxations, and the specific conductivity,

were simultaneously determined for soils with different clay con-

tents for all measured temperatures. As the theoretical temperature

dependences of these parameters, the Clausius—Mossotti, Eyring,

and linear equations for the conductivity were used. By using

approximations of the measured data with these formulas, the

parameters of the temperature-dependent model were derived,

such as the coefficient of volume expansion, energy and entropy

of activation, and coefficient of thermal conductivity. A set of the

parameters discussed above in conjunction with the refractive

mixing formula is a temperature- and mineralogically dependent

multi-relaxation spectroscopic dielectric model, which enables esti-

mation of the permittivity of moist soils as a function of dry soil

density, moisture, frequency, temperature, and texture. The statis-

tical error of the proposed dielectric model was estimated in terms

of the normalized root-mean-square error (nRMSE), which was

equal to 5% and 25% for the dielectric constant and dielectric loss

factor, respectively.

1. Introduction

The development of dielectric models of moist soils of the top layers of the Earth is an
important part of creating remote-sensing algorithms for the land surface. The fact that
this dielectric models used in remote-sensing algorithms establish the relationship
between the radiation of radio and radar scattering soil surface with geophysical
parameters.
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At present, different satellite systems use individual dielectric models to retrieve the
moisture profile. For example, in the algorithms the Airborne Microwave Observatory of
Subcanopy and Subsurface (AIRMOSS) platform (Tabatabaeenejad et al. 2014) based on
P-band the dielectric model developed in Peplinski, Ulaby, and Dobson (1995) is used. In
the L-band, remote-sensing algorithms for satellite systems Soil Moisture and Ocean
Salinity (SMOS) and Soil Moisture Active Passive (SMAP) (Mialon et al. 2015; Wigneron
et al. 2017; Zeng et al. 2016) used the dielectric model proposed in articles (Mironov et al.
2004; Mironov, Kosolapova, and Fomin 2009). In the X-band, the models (Wang and
Schmugge 1980; Dobson et al. 1985) were used in soil moisture retrieval algorithms
based on radiometric data from Advanced Microwave Scanning Radiometer - Earth
Observing System (AMSR-E) (Jackson et al. 2010) and Global Change Observation
Mission — Water (GCOM-W1) (Bindlish et al. 2017). Each of these satellite systems uses
its own dielectric model. In order to process remote-sensing data obtained simulta-
neously from several satellite systems, certain difficulties arise associated with a variety
of dielectric models. Satellite systems in a wide frequency range (MHz and GHz ranges)
require the development of an appropriate general dielectric model, which is the first step
on the path of wideband remote sensing.

In relation to the problems of remote sensing, a number of dielectric models have
been developed and are applied. The first dielectric model at various frequencies, for
soils with different textures at a fixed positive temperature, was proposed by Wang and
Schmugge (1980). This model is based on a mixture model. Where the components of
the mixture are mineral particles, air and water. In this case, the presence of two
components of water in soil was postulated, called bound water, which is adsorbed
on the surface of mineral particles and free water, which is contained in the capillaries of
the soil. In developing this model, the values of the real and imaginary parts of the
complex relative permittivity (CRP) of free water were experimentally measured for
water outside the soil at a temperature of 20°C; for example, at a frequency of 1.4
GHz, values of 79.5 and 6.63 were used, respectively. For mineral particles, experimental
CRP values were also used. The main novelty of this model was that it allowed the
dependence of the CRP of moist soil on its texture to be expressed at fixed values of
wave frequency.

Later, a spectroscopic dielectric model was proposed by Dobson et al. (1985) for the
CRP of moist soils in the frequency range from 1.4 to 18 GHz, which is the most widely
quoted in the literature. This model, as well as that suggested by Wang and Schmugge
(1980) was based on a mixture formula. The composition of the mixture included the
same soil components as the model by Wang and Schmugge (1980), but Dobson et al.
(1985) assumed that the CRP spectra of water in soil coincide with the CRP spectra of
water outside the soil. To describe these spectra at a fixed temperature, the Debye
equation, which was modified to account for the dielectric losses caused by conductivity
of the soil water, was applied. The effect of bound water was considered by introducing
the value of reduced moisture, which depends on the soil texture. The exponent of the
mixture model and the effective amount of water for each of the measured soils were
determined by Dobson et al. (1985) by best fitting the used theoretical model to the
respective measured soil dielectric data. According to Dobson et al. (1985), the model
describes the measured data well in the frequency range from 4 to 18 GHz at a fixed
positive temperature of 20 °C.
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The spectroscopic dielectric model, which would significantly reduce the error of predicting
CRP moist soil in a wider frequency band, was later proposed by Mironov, Kosolapova, and
Fomin (2009). As in Wang and Schmugge (1980) and Dobson et al. (1985), this dielectric model
is based on a mixture model, written by analogy with Dobson et al. (1985) in a certain
frequency range. The essential difference between the dielectric model proposed by
Mironov, Kosolapova, and Fomin (2009) from the models proposed by Dobson et al. (1985)
is that the refractive equation mixture is applied Birchak et al. (1974), which is recorded for the
complex refractive index of the mixture and its components, namely, mineral particles, bound
water, free water, and air. In this case, to describe the CRP spectra of both bound and free
water, the corresponding Debye equations were modified to account for the dielectric losses
caused by conductivity of the soil water. The relative content of bound water and the
parameters of these equations, namely the static dielectric constant and relaxation time of
bound and free water, were determined by fitting the measured experimental CRP spectra of
individual moist soils (having fixed clay content), which achieved the best fit of the experi-
mental data and theoretical values. As a result, dependences of the parameters of the spectro-
scopic model on the content of the clay fraction at a fixed temperature were obtained. The
proposed model in the literature received the name of the generalized refractive mixture
dielectric model (GRMDM). This approach has significantly reduced the error in determining
the CRP values of moist soils, compared with the model (Dobson et al. 1985) in the frequency
range from 1.4 to 4 GHz, and expands the range of application of the spectroscopic model of
the moist soil to frequencies as low as 0.3 GHz.

Later in Mironov and Fomin (2009a) a spectroscopic dielectric model of thawed moist soil
was created that considers the temperature dependence with a fixed texture. As a first step
in constructing this model, GRMDM was used for soil with a fixed particle size distribution at
a given set of temperatures. As a result, the experimental dependences on the temperature
of the static dielectric constant and relaxation times for bound and free water in the soil
were determined. For the theoretical temperature dependences of these parameters,
Clausius—Mossotti, Eyring and conductivity formulas were applied. The parameters pro-
posed by Mironov and Fomin (2009a) for the temperature-dependent spectroscopic model
were determined by the best fit between the experimental values and the values calculated
using theoretical formulas. The parameters that depend on temperature are the static
dielectric constant at the initial temperature, volume-expansion coefficients, entropy of
activation, activation energy of the relaxation process, and specific conductivity of the
components of bound and free water in the soil. This model is called the temperature
dependent generalized refractive mixing dielectric model (TD GRMDM).

Because changes in both temperature and soil texture are observed under natural
conditions, it became necessary to create dielectric models of moist soils that consider the
influence of both these factors. Such a dielectric model was proposed by Mironov and
Fomin (2009b). TD GRMDM was used as an initial model, which was applied to each of the
experimental spectra obtained for a set of soils with a different texture and measured in
the temperature range from 10 to 40 °C (Curtis, Weiss, and Everett 1995). The experi-
mental dependences of the TD GRMDM parameters obtained for different measured soils
were approximated by a set of polynomial formulas as a function of clay content. As
a result, a dielectric model was proposed to describe the CRP of moist soils as a function of
moisture, frequency, temperature, and clay content. Such a model is called the tempera-
ture- and mineralogy-dependent soil dielectric model (TMD SDM).
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It should be noted that the models developed earlier described the experimental CRP
spectra of moist soils for frequencies above 300 MHz. The use of these models to describe
CRP spectra below 300 MHz was not possible due to a significant increase in model errors in
this frequency range. This is because Debye’s single-relaxation model, used in Mironov,
Kosolapova, and Fomin (2009) and Mironov and Fomin (2009a, 2009b) does not account for
the significant increase in the real and imaginary parts of the CRP of moist soils with
decreasing frequency observed in experiments (Dobson et al. 1985; Curtis, Weiss, and
Everett 1995; Wagner et al. 2011). In this regard, based on the approach (Mironov, Bobrov,
and Fomin 2013a, 2013b; Mironov et al. 2013a) for the creation of GRMDM, proposed
introducing additional dielectric relaxations for the soil water components into the Debye
spectroscopic low-frequency region. This allowed the proposed multi-relaxation dielectric
model of the CRP spectra of the moist soil in the frequency range from 40 MHz to 300 MHz
to achieve the same errors as observed for the previously developed single-relaxation
dielectric models in the frequency range above 300 MHz (Mironov, Kosolapova, and
Fomin 2009; Mironov and Fomin 20093, 2009b). The proposed model was called the multi-
relaxation generalized refractive mixing dielectric model (MR GRMDM).

All the models discussed above were obtained for soils at a positive temperature.
A significant difference in the state of moist soil at a negative temperature is that part of
the water may be in a state of ice, if the moisture in the soil is above a certain critical value,
such soils are called frozen (Frolov 1998; Tsytovich 1975). Therefore, dielectric models for
describing soils in the region of negative temperatures should describe the processes of the
appearance (during cooling) or disappearance (when heated) the ice phase in moist soil
samples. Such a spectroscopic dielectric model in the microwave frequency range was
proposed by Zhang et al. (2003; 2010), based on the approach proposed by Dobson et al.
(1985). As shown in Mironov et al. (2017), this model at a frequency of 1.4 GHz has an
unacceptably high statistical error for the CRP values relative to experimental data; speci-
fically, the normalized root-mean-square error (NRMSE) is 26.9% and 85% for the real and
imaginary parts of the CRP, respectively. Meanwhile, the development of models CRP of soil
at negative temperatures was carried out by other researchers (Mironov and Lukin 2011;
Mironov, De Roo, and Savin 2010; Mironov and Savin 2015). In the most complete form, the
model was presented in Mironov and Savin (2015). The model is a generalization of
previously developed models at positive temperatures (Mironov, Kosolapova, and Fomin
2009; Mironov and Fomin 2009a, 2009b; Mironov, Bobrov, and Fomin 2013a, 2013b;
Mironov et al. 2013a). In these models, the ice content was introduced, and was calculated
by introducing the temperature dependence of the content of unfrozen water determined
from the dielectric measurements of moist soils (Mironov et al. 2018). As a result, TD GRMDM
was developed, which described the CRP spectra of individual moist soils not only at
positive, but also at negative temperatures.

When considering the above described models, we can conclude that the dielectric
models for moist soils are constantly being improved. However, in Mialon et al. (2015), it is
noted that there is no universal dielectric model to cover all landscapes and climatic
conditions. Therefore, a number of new dielectric models are expected to be developed
according to specific territories, such as boreal forests, Arctic tundra areas for frozen/thawed
conditions of the soil. Other authors also say that the ability to model of complex permit-
tivity of Arctic soil depending on temperature and texture could be of high interest in
developing new remote-sensing products for cold regions (Bircher et al. 2016), determining
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the thawed and frozen state of the active topsoil (Derksen et al. 2017), retrieval of soil
temperature (Muzalevskiy and Ruzicka 2016), snow research (Schwank et al. 2015).

In this regard, in this article, a dielectric model is developed, which is based on the
measured dielectric data of Arctic mineral soils with varying textures. Based on the assump-
tion in Mironov et al. (2017) that the dielectric properties of different components of soil water
are weakly dependent on soil texture, an attempt was made to find spectroscopic parameters
of soil water simultaneously for a set of soils from one region. This approach can significantly
reduce the number of parameters having a dependence on the texture (clay content).

In addition, the dielectric model developed in this paper is based on the approaches
(Mironov, Kosolapova, and Fomin 2009), which has several advantages and showed
smaller errors in remote sensing in the SMOS algorithm (Mialon et al. 2015). Therefore,
we can assume that, using the proposed dielectric model, it will be possible to restore the
geophysical parameters of wet Arctic soils in the MHz and GHz frequency ranges with
acceptable errors (Mialon et al. 2015; Srivastava et al. 2015) compared to other models. An
analysis of the proposed dielectric model as applied to a wide range of satellite systems
will be investigated in further works.

2. Soil samples and measurement procedures

To develop a dielectric model, we measured three mineral soils collected on the Yamal
Peninsula, Russia (soils 1, 2, and 3 from Table 2 in Mironov et al. (2017)). The texture of the
soil data in terms of clay content ranged from 9.1 to 41.3%. In addition, for separate
verification of the developed dielectric model, measurements were made of another mineral
soil with clay content of 33.4% (soil 4 from Table 2 in Mironov et al. (2017)). Dielectric
measurements of the soil were carried out for the freezing mode in the temperature range
from 25 to — 30°C and frequency range from 50 MHz to 15 GHz. The gravimetric moisture
of the measured samples varied from dry soil to the maximum field capacity.

Mironov et al. (2017, 2013b) described in detail the sample preparation procedure. Soil
samples with a given gravimetric moisture were placed in a measuring container made in
the form of a coaxial waveguide. The gravimetric moisture of soil samples (mg) was defined
as the ratio of the mass of water in the soil (m,,) to the mass of dry soil (mq) that is
mg = m,,/mgy. Next, the measuring container was connected to an Agilent vector network
analyser and the amplitudes and phases of the components of the scattering matrix S1; and
S12 were measured using the method described in Mironov et al. (2010, 2013c). To obtain
the CRP spectra of wet soil samples, an algorithm developed in Mironov et al. (2013c) was
applied using the measured scattering matrix data Sy and S, for the measuring coaxial
container. This algorithm provides the real and imaginary parts of the CRP of moist samples
with the errors 10% and 30%, respectively, in the frequency range from 45 MHz to 15 GHz

3. Concept of a multi relaxation spectroscopic dielectric model

The generalized refractive mixing dielectric model, as formulated by Mironov and Savin
(2015), was used in further consideration. The CRP as follows:

€ =€, +ie., M
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is expressed through the dielectric constant (DC), €., and loss factor (LF), €/, where the

I Sl
subscript ‘s’ refer to the moist soil, and ‘i’ is imaginary unit. In the considered model the
complex refractive index (CRI),

n = \/€; = n + ik, )

is used. Here ns is the refractive index (RI), and k; is the normalized attenuation coefficient
(NAC) of moist soil, and ‘i’ is imaginary unit. Rl and NAC can be calculated via the DC and
LF by the following equations:

1 ! " !
nS:_ZH /5524_552_’_852’ (3)

Ks = — €2 +¢e2—¢? (4)

V2 ;
The reversed transitions to the DC and LF are as follows:

/N2 2
& =n; — K, )

€ = 2nsKs. (6)

The refractive mixing dielectric model describing the dependences of the soil reduced RI
((ns — 1)/pg) and NAC (ks/p4) on moisture has the following form:

nm—1 (np—1) <
ns—1 ( )pm + fb ”;ga mg = Mg, 7
- Np—1 np—1 nyi—1
Pd o B mgr + 20— (mg — mq1), Mg >mMmg1,
K, Kp
Ks - ﬁ—i—amga mg < m917 (8)
- — K, Kb Ku,i
Pq ot e Mg 425 (Mg —mg1),  mg>mgy,

where p is the density and mg; is the maximum content of unfrozen bound water. The
subscripts ‘s, d, m, b, and i’ (which are related to n, k, and p) refer to the moist soil, dry soil,
solid (mineral) component of soil, unfrozen bound water, and moistened ice, respectively. The
densities of unfrozen bound water, unbound water and moistened ice are considered the
same as for clear water and ice, respectively (o, = p, = 1gcm—3 and p; = 0.917 g cm3).
Equations (7) and (8) explicitly contain the value of the maximum content of unfrozen bound
water, and the value of the reduced Rl and NAC solid soil component, which can be found by
fitting the experimental data for the CRI of the soil using these equations for the specific
frequency and temperature. By introducing the parameter myq;, it is possible to distinguish two
components of soil water in moist soils, namely, bound water and unbound water in thawed
soil, as well as bound water and moistened ice in frozen soil, for the moisture ranges mg < myq;
and mg >mg;, respectively .

Similar to Mironov, Bobrov, and Fomin (2013b) and Mironov and Savin (2015) we
express the DC and the LF of the components of soil water in (3, 4) using the equations
for the Debye and Maxwell-Wagner multiple relaxations (Kremer and Schonhals 2003;
Ahadov 1999) of non-conductive liquids, which account only for bias electric currents:
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where f is the frequency; &L, €opm, Eopr and €pn are the low-frequency limits and the
high-frequency limit of the real part of the CRP related to the corresponding relaxations.
The parameters Ty, Tom and Tpy are relaxation times. The subscripts ‘H, M, and L’ refer to
the high-, middle-, and low-frequency relaxations, respectively. The subscripts ‘p’ refer to
each component of soil water (p = b, u and i, which refer to bound water, unbound water
and moistened ice, respectively) is described by its own set of relaxation parameters.
Later, when experimental data are fitted by Equations (9) and (10) for the studied soils,
three relaxation equations will be used for bound water and two for unbound water
(having accepted gy = €opm).

The spectroscopic parameters in formulas (9) and (10) can be expressed as a function of
temperature. We suggest that the temperature dependences for the low-frequency and
high-frequency limits of the DCs (€opL, £0pm, E0pn aNd €5pn) Write down follow the equation
that was obtained with the use of the Clausius-Mossotti law (Mironov and Savin 2015):

. 'I+2eXp(FpQ(Tssqu>_Bv O(T_TSE‘WO»

£OPQ(T) - 1—eXP(FpQ(Tsequ>_Bvq:2(T_TSE’"-"O» ’ (11)
o gopa(T)—1

FaolT) = [zt

where the subscript ‘g’ is replaced with 0 and co for the low- and high-frequency DC limits,
respectively. The subscript ‘Q" represents the low, medium, and high frequencies of
relaxation of the water components in the soil, with Q = L, M, H, respectively. B,,,q is
the volume expansion coefficient associated with the soil water components, and Tseqpq is
the initial temperature, which can be any value from the measured temperature range for
the frozen and thawed state. The values of B,,,q and ggpo(Tseqpo) can be determined by
approximating the experimental data using the theoretical model of (11).

In Mironov and Fomin (2009a) and Mironov and Savin (2015) it was shown that
relaxation times (tp., Tom and Tp4) in the Debye equations (9) and (10) can also be
represented as a function on temperature for various components of soil water. We
apply this approach and write the temperature dependence of the relaxation time
using the Eyring equation (Dorf 1997):

kT, AH, o 1 AS
In(ﬁrpo)z R”QT—K—T”Q7 (12)

where h is the Plank constant (6.626 x 10734Js), k is the Boltzmann constant
(1.38 x 10723 JK™), AHpq is the activation energy of the relaxation process, R is the
universal gas constant (8.314 x 103JK "kmol ™), ASpq is the entropy of activation, and
Tk is the temperature in Kelvin. The ratios AH,q/R and ASpq/R, as follow from the
expression (12), can be found by linear approximation of the dependences
In((kTk/h)Tpq) from 1/T, which were determined from the dielectric measurements.
Using the obtained relaxation parameters and solving Equations (5)-(10), we can calculate
the DC and LF values of wet soils this only bias currents are taken into account.
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The value of DC is determined completely by bias currents and is calculated from
Equation (5), in contrast to LF. For LF at low frequencies, it is necessary to consider the
contribution of conduction at a constant current. Thus, the LF of moist soils can be
expressed as the sum of two conditions: bias currents €, = 2nsks and conduction currents
€r. = 05/(2fg). Here ns and k; are calculated from Equations (7) and (8), os is the specific
conductivity of a moist soil, & is the free space DC equal to 8.854 pF m~'. Considering
Mironov and Savin (2015), the resulting expression for LF moist soils can be written as
follows:

Mg op
2n5Ks 4 pg(Mg) & 572, Mg < Mg1,
/"
ES = miab+mg*’fg1 Ous (13)
2 Pp Pu,i >
NsKs + Pg(Mg) ~———7 =, Mg>Mg1,

where oy, 0y, and g; are the specific conductivities of bound water, unbound water and
moistened ice, respectively.

Finally, we suggest that the conductivity, 0,, has a linear dependence with tempera-
ture, which is characteristic of ionic solutions.

opj(T) = opj(Tsop) + ﬁapj(T - Tsop)a (14)

where B, is the derivative of conductivity with respect to temperature, which is also
referred to as the conductivity temperature coefficient, and 0,;(Tsop) is the value of
conductivity at an arbitrary starting temperature, T, that is taken from the measured
range. Subscript p = b, u and i, which refer to bound water, unbound water and moistened
ice, respectively, subscript j refers to the number of soil samples from Table 3 in Mironov
etal. (2017). The values of ap;(Tssp) and B, can be determined by fitting the experimental
temperature dependences of conductivity, o,;(T), using the theoretical model (14).

The rationale for the application of the spectroscopic dielectric model described above
as well as the determination of the corresponding parameters of this model will be
described in the next section.

4. Dielectric model

4.1. Retrieving the parameters of the multi-relaxation spectroscopic dielectric
model

As a result of laboratory measurements of three soils, Rl and NAC spectra were obtained at
different temperatures and frequencies (0.05-15 GHz). Table 3 of Mironov et al. (2017)
shows the values of gravimetric moisture and dry density for measured soil samples.
These data were used to calculate the reduced Rl and NAC, using the refractive dielectric
model (7), (8). In Mironov et al. (2018), it was shown that the maximum content of bound
water in the soil does not depend on the frequency, and to estimate the values, the
averaged frequency values can be used for the reduced Rl and NAC. Based on this, Figure
1 shows the values averaged over the frequency of the reduced Rl and NAC values for the
three soils studied at a temperature of 20 and — 20°C depending on the gravimetric
moisture.
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The symbols show the measured dependencies, and the solid lines show the fitted
results using the refraction model of (7) and (8). For the fitting process, the OriginPro
application was applied. For data, including measurements of Rl and NAC, fitting proce-
dure was applied simultaneously to three soils. Given the assumption by Mironov et al.
(2017) that the dielectric properties of water in the soil weakly depend on the clay
content, the parameters (nm — 1)/Pm: Km/Pm: (N6 —1)/Pos Kb/Ppr (Nuj—1)/pyr and
Ku_,‘/pu’i were shared for all soils, while the parameter my; was found for each individual
soil and was equal to mgi1, mg12, Mg13 for soils 1, 2, and 3 from Table 2 in Mironov et al.
(2017), respectively. As a result, we find that the maximum content of bound water
depends only on temperature and on the clay content. In Mironov and Savin (2015) and
Mironov, De Roo, and Savin (2010), it was shown that the values of reduced Rl and NAC,
which characterize solid soil particles, weakly depend on temperature; furthermore, from
Figure 1 it is clear that these parameters are the same for all soils, that is, they do not
depend on the clay content. In this regard, they were averaged, and the following values
were obtained (ny, — 1)/p,, = 0.4, and Ky /Py, = 0.

Figure 1 shows the results of fitting the experimental data of reduced Rl and NAC, using
the refractive dielectric model (7) and (8). As can be seen from Figure 1, the values
calculated with the use of refractive dielectric model are in a good agreement with
experimental data, while the dependences of Rl and NAC on gravimetric moisture are
piecewise linear functions with two linear sections that transform into each other when
the value of gravimetric moisture my is equal to the maximum content of bound water
Mg11, Mg12 and mgy3 for the studied soils. Moreover, for each section of the piecewise
linear function, a specific component of soil water, namely, bound water and unbound
water in thawed soil, as well as bound water and moistened ice in frozen soil, can be
identified for the moisture ranges myg < mg; and mg>my;, respectively, as defined in
Section 3.
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Figure 1. The reduced complex refractive index (averaged over the frequency range 0.05-15 GHz) of
the measured soils as a function of gravimetric moisture (a) at the temperature T = 20°C, (b) at the
temperature T = —20 °C. Filled symbols represent reduced Rl, (ns; — 1)/py; empty symbols represent
NAC, ks/pg.
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The parameters mgi1, Mgi12, and mgq3 were determined for each measured temperature
and are shown by the symbols in Figure 2. For thawed soil the maximum content of bound
water does not depend on soil temperature and is determined only by clay content. In
describing the temperature dependences of mg; for frozen soil, an exponential function of
the following form was used: mg; = yo + Aexp(T/to). In this function, T is the temperature
in °C, yp is the limiting value of mg; with decreasing temperature, A is maximum change of
the value in mgy; with decreasing temperature from T = 0 °Cand t, is the rate of exponential
decrease with decreasing temperature of mg;. The fitting was carried out simultaneously for
the three studied soils. In the result of applying the regression analysis to the measured data
of the maximum content of bound water, using the functions described above, we obtain
a temperature and texturally dependent formula for mg;:

.
Mg1 = (0.0066 + 0.0016C) + (~0.0071 +0.0023C) exp(; o), —30 <T < —1°C (15)

mg1 = 0.0079 +0.0034C, 0 < T <25°C (16)

where C is the clay content of the soil in %. The dependences of the maximum content of
bound water calculated using Equations (15) and (16), for soils with different clay content,
as functions of temperature are shown in Figure 2 by solid lines. In Figure 2, it can be seen
that the dependencies of my; differ by positive and negative temperatures. Therefore, we
conditionally assume that the soil samples are in a frozen state in the temperature range
—30 < T < —1°C. It can also be seen from Figure 2 that the calculated dependences
describe the experimental data quite well and are within the limits of errors in the
determination of this value from the experimental data.

As a result, the refractive dielectric model CRP for frozen and thawed mineral Arctic
soils proposed in Section 3 was experimentally confirmed. Now that the difference
between the thawed and frozen states, as well as the maximum content of bound
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Figure 2. The maximum gravimetric content of bound water as a function of temperature. The solid
lines indicate the fit results (Equations (16) and (15)).
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water, is determined, the next step is to determine the numerical values of the parameters
of the spectroscopic dielectric model proposed in Section 3. To solve this problem, we
considered the experimental spectra of DC and LF of the studied soils for all measured
temperatures and moisture. For example, in Figure 3, the symbols show the experimental
DC and LF spectra at a temperature of 20 °C. The search for parameters was carried out in
two stages. At the first stage, simultaneous fitting of the DC and LF spectra of the three
studied soils was carried out using only measured values of moist soil in the range of
0 <mg <mg1, so that only bound water was contained in the samples. As a result, the
parameters of the Debye relaxations that relate only to bound water (gopL, E9bm, EobH: EcobHy
ThL, Tom, and Tpy) from Equations (9) and (10) for the frequency range under study was
determined. The theoretical model of the soil DC that is fitted to the measured spectra is
calculated by applying Equations (3-5), (7-10), and (13). As a result, we obtained, sepa-
rately for thawed and frozen soils, experimental temperature dependences of the follow-
ing parameters: the low frequency limit DC (b €obm, €obr), the high frequency limit DC
(€sobn), @and the corresponding relaxation times (1, Thm, and Tpy), which were share for all
studied soils and refer to the bound water. Besides, we obtained the values of conductiv-
ity of bound water, 0,1, Op2, Op3, for each soil studied, both in thawed and frozen
conditions, where 1, 2, and 3 correspond to the soil number from Table 2 in Mironov
et al. (2017). The values of spectroscopic parameters and conductivity, which were
determined with an acceptable error for bound water, are shown in Figures 5-7 as
a function of temperature.

After all the parameters of the model related to bound water were found, we pro-
ceeded to the second stage of fitting. At the next stage, the experimental DC and LF
spectra were fitted, and each soil contained both water components, both bound and
unbound, that is, the gravimetric moisture of the samples was higher than the maximum
content of bound water (mg >mg). This is necessary to find the parameters for the Debye

16 T=20°C

10° 10° 10"

Figure 3. Spectra of (a) DC (€]) and (b) LF, €/, for moist soil samples. The measured data are shown by
symbols, and the predictions are presented by solid lines. The temperature of soil samples is equal to
20°C.
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relaxation unbound water (€ouL, €oun, Ecouns Tul @Nd Tyn) in thawed soil and moistened ice
(€0iLs €0iHy Exoins TiL @and Tiy) in frozen soil, as well as the specific conductivities of unbound
water (0y1, Oy2, O0y3) and moistened ice (oj1, 0j2, 0i3) in thawed and frozen soil, respectively.
To solve this problem, the sequential fitting algorithm described above was used when
finding the Debye relaxation parameters in the case when the soil samples contained only
bound water. When fitting the measured DC and LF spectra of soil samples containing
both bound and unbound water, Equations (3)-(5), (7)-(10), and (13) were used, as well as
the previously obtained values (gop1, €obM, EobH: EcobHs TbLs TbMs TbHs Ob1, Ob2, and Op3) for
bound water. As a result, the values of the low frequency limit DC, (gouq), high-frequency
limit DC, (esuq), relaxation times (tyq) and specific conductivities (o(T)) related to
unbound water in the soil were obtained for all measured temperatures. Examples of
calculated theoretical DC and LF spectra using the dielectric model and parameters
determined from the fit of the measured DC and LF spectra are shown in Figure 4 with
solid lines for thawed soil at a temperature of 20 °C and for frozen soil at a temperature of
— 20°C. As can be seen from Figure 4, the spectra calculated using the proposed
dielectric model are in a good agreement with experimental data.

The final result presented in this Paragraph are the experimentally obtained tempera-
ture dependences of the values of the low-frequency limit DC (ggp0), high-frequency limit
DC (exopq), relaxation times (1,q) and also specific conductivities (opj(T)) for bound and
unbound water contained in thawed or frozen soil. These dependencies are shown in
Figures 5-7. In the next section, the experimental dependencies obtained will be fitted
using the Clausius-Mossotti (11) and Eyring (12) equations and the parameters included in
these equations are found. As a result, a temperature-dependent multi-relaxation spectro-
scopic dielectric model for moist mineral soils will be developed.

4.2. Parameters of the temperature-dependent dielectric model

A fitting procedure was applied to the experimental temperature dependencies of the
low-frequency and high-frequency limits of the DC, the result is shown in Figure 5 (ggp1,

T=20°C 104 o T=-20°C

o Q
30 Song Qg 4 Soil 2
025 80 o Soil 1
X oo . ‘

Figure 4. Spectra of (a), (c) DC (&) and (b), (d) LF (¢/') corresponding to the measured data (symbols)
and the predictions are presented by solid lines. Moisture of samples are equal to 0.117, 0.191, 0.226
for samples of soils 1, 2 and 3 in (a) and (b), respectively, and 0.135, 0.179, 0.229 for samples 1, 2 and 3
in (c) and (d), respectively.
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Figure 5. (a) Low-frequency limit and (b) high-frequency limits of the DCs as a function of tempera-
ture. The measured data and respective fits are shown with symbols and lines, respectively.

EopMs EopH @and Exqpr) Using the Clausius—Mossotti equation (11) introduced in Section 2. As
a result of this fitting, the parameters of the temperature-dependent dielectric model
were determined, namely, the values of the volume expansion coefficient :Bvqu' as well as
the low- and high-frequency limits of the DC at the starting temperature €gpo(Tseqpo). The
obtained values of the parameters of the temperature-dependent dielectric model, B,4,q,
Tsegpa and gpo(Tseqpa), Were determined separately for thawed and frozen soil samples.
These values are shown in Table 1.

In the same way, we fit the experimental temperature dependences of the relaxation
times shown in Figure 6, for the various components of water in the soil (o, Tom, TpH)
using the Eyring Equation (12) given in Section 2. As a result of this fitting, the parameters
of the temperature-dependent dielectric model were determined, namely, the values
proportional to the activation energy and activation entropy. The obtained values of
the parameters of the temperature-dependent dielectric model AHpq/R and AS,q/R were
determined separately for thawed and frozen soil samples. The values of these parameters
and their errors are enumerated in Table 1. In addition, by using model (12) and the
parameters AHpg/R and AS,q/R, the theoretical values of the relaxation times were
calculated. As can be seen from Figure 6 and the errors obtained, the calculated values
shown by solid lines describe the measured data well.

Finally, the fit of the temperature dependences of the conductivity shown by the
symbols in Figure 7 for individual soils and for the components of the soil water was
carried out using the linear dependence (14). As a result of linear fitting, the conductivity
value at the starting temperature and the conductivity temperature coefficient were
obtained. These values of the parameters of the temperature-dependent dielectric
model 0,(Tsop) and B, are determined for thawed and frozen soils separately. It was
found that these parameters depend on the clay content. To determine the parameters
0pj(Tsop) and B, with respect to clay content, linear approximation was applied, from
which the following formulas were obtained:
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Figure 6. Relaxation time as a function of temperature. The measured data and respective fits are
shown with symbols and lines, respectively.
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Figure 7. Conductivity as a function of temperature. Symbols are data obtained from measurements,
lines are the corresponding fitting for bound water (a), free water and moistened ice (b) for all the

studied soils.

for the soil in thawed state (T > 0°C)

O (Teob) = (5.8C —32.9)10%,Sm~ ",
04i(Tsob) = (5.2C —23.8)10 >, Sm~",

for the soil in frozen state (T <0°C)

Bopj = (0.11C — 0.59)107, (Sm~")K ™",

Bop; = (0.15C — 1.1)10%, (Sm )K", (17)
BOU] (016C_1 2)10_3 (Sm‘1)K L

Oj(Tsob) = (1.4C — 8.9)10,Sm ",

0yj(Teob) = (0.35C — 2.3)107%,Sm™", a8

= (—0.00092C + 0.41)10>, (Sm~") K",
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where C is the clay content of the soil in %.

Using Equations (17) and (18), as well as formula (14), a theoretical model was
calculated for the specific conductivity of the various components of water in the soil,
which are shown in Figure 7 by solid lines, and good correlation with the experimental
data is observed.

4.3. Variables and parameters of the dielectric model

As follows from the above analysis, the variables of the model developed for
calculating the CRP of a moist soil are the gravimetric moisture, dry soil density
electromagnetic wave frequency, soil temperature, and clay content. All these
variables are explicitly included in the formulas and relations obtained for the
model. In addition, the obtained formulas and relations include groups of universal
parameters that retain their values in the entire range of variations of model
variables (mg, py, f, T, C) for thawed and frozen soil. These parameters include
the reduced Rl of the solid soil component ((nm — 1)/py,); reduced NAC of the solid
soil component (km/pm,); DC low-frequency limit at the starting temperature for
bound water (b1 (Tseobt ), Eobm(Tszoom), EobH(Tseopn)) in the case of thawed and frozen
soil, for unbound water (gy(Tseour), €our(Tseount)) in the case of thawed soil and
moistened ice (goiL(TseoiL), €oin(Tseoin)) in the case of frozen soil; the volume expan-
sion coefficient associated with the low-frequency limit of DC for bound water
(ByobL Buobmr Buobr) in the case of thawed and frozen soil, for unbound water (8,4,
B.oun) in the case of thawed soil and moistened ice (B, B.oin) in the case of frozen
soil; the parameters of proportional activation entropy for bound water (A4S, /R,
ASpm/R, ASpr/R) in the case of thawed and frozen soil, for unbound water (4Sy /R,
ASun/R) in the case of thawed soil and for moistened ice (A4S /R, ASi/R) in the case
of frozen soil; high-frequency DC limit at the starting temperature &.op(Tseoobr) in
the case of thawed and frozen so0il, €.u(Tseooun) in the case of thawed soil,
€xoi(Tsenoint) iN the case of frozen soil; and the volume expansion coefficient asso-
ciated with high-frequency DC limit (8,.,4 When thawed and frozen soil, B,..un
when thawed soil, B,y in the case of frozen soil). The found numerical values of
the universal parameters and the errors with which they are determined are listed
in Table 1. The second group includes the parameters of the developed dielectric
model, the values of which change with variations in temperature and clay content.
These parameters are: the maximum content of unfrozen bound water mg;, which
is determined from Equations (15) and (16) for thawed and frozen soil cases,
respectively; the value of conductivity at the starting temperature Tsop, (Opj(Tsob)),
which is determined by Equations (17) and (18) in the case of thawed and frozen
soil, respectively; ouj(TSgu), which is determined using Equation (17) in the case of
thawed soil, 0j(Tsi), which is determined using Equation (18) in the case of frozen
soil, and the thermal conductivity coefficient (By,;, which is determined using
Equations (17) and (18) in the case of thawed and frozen soil, respectively; ,Bauj,
which is determined using Equation (17) in the case of thawed soil, and B;;, which
is determined using Equation (18) in the case of frozen soil).
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The algorithm, based on the above formulas, ratios and parameters, that calculates the
values of DC and LF of soil has the following form:
(1) Set the model variables (mg, pg4, f, T, ).

(2) The high-frequency and low-frequency limits of the DC, as well as relaxation times, are
calculated using Equation (11), (12) and the data given in Table 1 at a given temperature.

(3) After the values of gpq and 1pq are found, the values of DC, ,, and LF, &, for all
water components in the soil are calculated as functions of frequency at a given tem-
perature using the Debye multi-relaxation Equations (9) and (10), respectively.

(4) The values of 527 and 5;,’ are translated into Rl and NAC for all components of the soil
water using Equations (3) and (4).

(5) Using the refraction models (7) and (8), and Equations (15) and (16) for the maximum
content of bound water, as well as the values of the parameters (n,, — 1)/p,, = 0.4 and

Km/Pm = 0 for given values the variables my and pq are calculated by Rl and NAC by soils.

(6) Finally, the values of Rl and NAC of soil are converted to DC and LF soil, using Equations (5)
and (13), respectively, accounting for the conductivity, which is calculated using Equations
(14), (17) and (18).

In the next section, we will evaluate the developed dielectric model by comparing the
calculated values of DC and LF with the corresponding measured data. In addition,
a comparative analysis will be made of the €, and €/ values calculated using the dielectric
model proposed in this article with measured data that were not used in developing the
model to verify the applicability of the proposed model for separate soil .

5. Validation of the developed dielectric model

To quantify the statistical error of the proposed dielectric model, we estimated the value
of determination coefficient (R?) and the value of the nRMSE for the calculated values of
DC and LF relative to the measured data, the values of which were used for creating
a model. The formulas given in Section 4 of Mironov et al. (2017) were used. The

25 1 R*=0.965
nRMSE =25%

25 4 R*=0.994
nRMSE = 5%

Figure 8. The predicted CRP of moist soil as a function of the measured one in the temperature ranges
of —30°C < T <25°C (a) the DG, £, (b) the LF, €. The bisectors are denoted by dashed lines.
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Figure 9. The predicted CRP of separate moist soil as a function of the measured one in the
temperature ranges of —30°C < T < 25°C. (a) The DG, &, (b) the LF, £/ The bisectors are denoted
by dashed lines.

correspondence between the calculated values of DC and LF and the measured values is
shown in Figure 8. As a result, NRMSE = 5% for DC, and nRMSE = 25% for LF of the moist
soils were obtained. The values of R* were equal to 0.994 and 0.965 for DC and LF,
respectively. From the obtained results it is clear that the errors of the developed model
are close to the measurement errors of the corresponding values (see Section 2).

In addition, to assess the applicability of the developed dielectric model for separate soil,
the same estimation was carried out as suggested above for the additionally measured Arctic
soil with a clay content of 33.4% (soil 4 from Table 2 in Mironov et al. (2017)). The measured
dielectric data of this soil was not used in the model development. To calculate the theoretical
CRP spectra of a separate soil, the above described method and spectroscopic parameters are
used, as listed in Table 1. The correspondence between the calculated values of DC and LF and
the measured values is shown in Figure 9. As a result, NnRMSE values of 7% and 22% were
obtained, and the R? values were found to be 0.989 and 0.954 for DC and LF, respectively. As
aresult, it was shown that for the separate soils, close error values were obtained as in the case
of these soils, the dielectric data were used in the model development.

6. Conclusions

Based on measurements of three mineral soils collected in the Arctic tundra at the Yamal
Peninsula site, a spectroscopic (frequency range 0.05-15 GHz) dielectric model for both
the thawed and frozen state was developed. The developed model accounts for the
dependence of CRP on moisture (in the range of gravimetric moisture values from 0 to
032gg7"), dry soil density (from 1.28 to 1.86 gcm~3), and clay content (from 9.1 to
41.3%) for temperatures in the range from — 30 to 25°C. In contrast with previous
dielectric models, a new approach was proposed to derive the universal parameters of
the proposed dielectric model, which ensures simultaneous fitting of the DC and LF
spectra for all soils with different textures belonging to the group of soils under
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consideration. This approach also provides the error estimations for the obtained para-
meters of the developed dielectric model.

The developed model allows to predict the CRP values that correspond well with the
dielectric measurements. In particular, this correspondence is characterized by the values
of R? which is equal to 0.994 and 0.965 for DC and LF, respectively. The value of the nRMSE
for the real and imaginary parts of the CRP is 5% and 25%, respectively. The errors of these
CRP predictions calculated with the use of the proposed dielectric model have the same
order of values as the dielectric measurement errors themselves. In addition, to assess the
applicability of the developed dielectric model for separate soil, the same estimation was
carried out as suggested above, using data from the additionally measured Arctic soil,
which was not used in the development of the model. As a result, NDRMSE values of 7% and
22% were obtained, and the R? values were found to be 0.989 and 0.954 for DC and LF,
respectively.

Future, studies can involve testing the proposed dielectric model for the measured soil
data from other regions.
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