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Abstract—A dielectric model based on the refractive dielectric model of the mixture of thawed and frozen for-
est organic soils in the root zone for a frequency of 435 MHz has been developed. The model is created on the
basis of dielectric measurements of four soils whose organic matter content varies in the range from 15 to 31%.
The dielectric measurements are carried out in the range of the gravimetric moisture from 0 to 0.6 g/g and
temperature range from –30 to 25°C. The coefficient of determination (R2) between values calculated by the
model and measured values of the real (ε') and imaginary (ε'') parts of complex dielectric permittivity is 0.97.
The normalized root-mean-square error is 16 and 21% for the real and imaginary parts of the complex dielec-
tric permittivity, respectively. This dielectric model may be applied in remote sensing algorithms when
retrieving the value of forest soil moisture in the root zone from radar and radiometric data.
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INTRODUCTION
The root zone of forest soils is critical for the regu-

lation of the soil, water, and mineral–organic balance
necessary for forest ecosystem functioning (Shukla
and Mintz, 1982). Moisture of the active layer of forest
soils is an important variable for applications in
hydrology, agriculture, meteorology, and climate
changes (Garrison et al., 2017; Nagarajan et al., 2012;
Sabater et al., 2007).

At present, spaceborne radiometric methods for
measuring the moisture in the topsoil with a thickness
of up to 5 cm in the global scale based on data from the
Soil Moisture and Ocean Salinity (SMOS) (Kerr
et al., 2010; Pan et al., 2012) and Soil Moisture Active
Passive) (SMAP (Entekhabi et al., 2010; Pan et al.,
2016) satellites in the L-band frequency range
(1.4 GHz) are developed (Escorihuela et al., 2010;
Monerris et al., 2006). For soils covered by thin vege-
tation, the error in measurements of the volume water
content by radiometric methods is about 4% (Grant
et al., 2010; Zhang et al., 2011). To increase the depth
of soil moisture monitoring, research on the develop-
ment of remote sensing techniques in the P-band fre-
quency range has been carried out in recent years
(Reigber et al., 2012; Garrison et al., 2017; Alemo-
hammad et al., 2018; Carreiras et al., 2017). It has been
shown that the depth of moisture sensing at a fre-
quency of 750 MHz with the use of a ground-based
polarimetric radiometer (the observation angle of 30°)
for soil not covered by vegetation can reach ~7–10 cm

(Ye et al., 2020; Shen et al., 2021). In the course of air-
borne radar polarimetric observations at a frequency
of 435 MHz, the possibility of retrieving the vertical
soil moisture distribution to a depth of about several
tens of centimeters was demonstrated (Tabatabaeene-
jad et al., 2015). The European Space Agency plans to
launch the BIOMAS satellite equipped with a synthe-
sized aperture radar with an operation frequency of
435 MHz (P-band) (Alemohammad et al., 2018; Car-
reiras et al., 2017), which creates a technological capa-
bility of remote sensing of soil moisture under thick
vegetation, including the forest canopy (Jagdhuber
et al., 2012).

In this aspect, models of complex dielectric per-
mittivity (CDP) of soils are one of the main elements in
algorithms for retrieving soil moisture from radar and
radiometric observations with the use of physical mod-
els of radar scattering and thermal radio radiation. Until
now, no generalized dielectric model has been created
in the P-band frequency range (435 MHz) for forest
soils whose active layer has a considerable gradient of
the organic matter content (Liebmann et al., 2020).

There are a number of classical models that
describe properties of dispersed systems and include in
some way or another dielectric permittivities of the
substances constituting them: the Lichtenecker, Brug-
geman–Hanai, Brown, and Odelevskii models (Shutko,
1986). A comparison of calculation results obtained
when using three-component models (mineral–
water–air) with experimental data for samples of sand
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and clay with moisture of up to 20% shows that the
refractive model of dielectric permittivity of the mix-
ture yields the best coincidence (Shutko, 1986). How-
ever, this does not take into account the fact that a por-
tion of moisture is present in soil in the form of bound
water. Dielectric permittivity of bound water must be
within limits from dielectric permittivity of ice to that of
free water depending on the soil moisture content
(Wang and Schmugge, 1980; Dobson et al., 1985). In
connection with this, it is necessary to take into account
the content of bound water and its dielectric permittiv-
ity in soil CDP models (Mironov et al., 1994; Boyarskii
and Tikhonov, 1995; Boyarskii and Tikhonov, 2003).

In (Mironov et al., 2005), in the frequency range of
0.8–12.5 GHz, the measurement results for CDP of
tundra forest soils collected in Tura (East Siberia) were
shown. The content of the clay fraction and humus in
those soils varied from 3.25% to 24% and from 0.28%
to 4%, respectively. The authors of (Mironov et al.,
2005) described the CDP of soils using a four-compo-
nent refractive dielectric model whose parameters
were found for each soil sample individually. In (Owe
et al., 1998), at a frequency of 1.67 (the L-band) and
5 GHz (the C-band), CDP was measured for a forest
soil with the content of the clay fraction and organic
matter of 10.5 and 1.47%, respectively. Based on these
measurements, it was shown that the Schmugge–
Wang model (Wang and Schmugge, 1980) described
the dependence of the CDP of soils on the volume
water content more accurately as compared to the
Dobson model (Dobson et al., 1985). Different
authors made attempts to generalize the results of
dielectric measurements of a collection of soil samples
with a mixed organomineral composition in a wide
frequency range using the refractive dielectric model
(Mandrygina, 2004, the humus content in the soils is
0.6, 6.6, 8.95, and 100%; Bobrov et al., 2008, the con-
tent of the clay fraction and humus is 0.3–12.8% and
4.35–56.1%, respectively; Repin, 2010; Bobrov et al.,
2013, the content of the clay fraction and humus is
0.8–72% and 0–6.6%, respectively; and Belyaeva
et al., 2013; Liu et al., 2013, the content of the clay
fraction and organic matter from 6.7 to 68.7% and
from 3 to 17.8%, respectively), as well as with the use
of other models of mixture CDP (Park et al., 2017,
2019). Due to the influence of Maxwell–Wagner
relaxation processes caused by polarization of water–
mineral and water–air phase interfaces, the highest
accuracy of describing experimental CDP values in
the ultrawide frequency range from 1 kHz to 20 GHz
is achieved when using a combination of the Cole–
Cole multirelaxation model (Szypłowska et al., 2021)
and the refractive model (Bobrov et al., 2022). As
shown in (Repin, 2010), using the Cole–Cole multire-
laxation model for describing the CDP of tightly
bound water yields a higher accuracy than using the
Debye model. When using a combined multirelax-
ation dielectric model, parameters are selected for
each soil type individually, and attempts to obtain gen-
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eral dependences on the content of the clay fraction
and humus for all model parameters are unsuccessful
(Bobrov et al., 2022). For example, previously, the
authors of (Mandrygina, 2004; Bobrov et al., 2008;
Liu et al., 2013) attempted to obtain a generalized for-
mula for a quantitative estimate of the maximum con-
tent of bound soil water as a function of the content of
clay and organic matter (humus). However, such gen-
eralized dependences have a low correlation between
measured values of the maximum content of bound
soil water and corresponding values calculated by the
model when comparing with a set of independent data
(Bobrov et al., 2008).

At the same time, it has been shown that a modifi-
cation of the refractive model with allowance for local
particularities in the content of the clay fraction and
humus in soils of sparse forests of northern China
allows one to improve the accuracy of retrieving the
soil moisture approximately twofold: from 30 to 13%
and from 16 to 7%, respectively, when using radiomet-
ric data from the SMAP and SMOS satellites at a fre-
quency of 1.4 GHz (Jin et al., 2017). For the operation
frequency of radiometers onboard the SMAP and
SMOS satellites, 1.4 GHz, the CDP was measured
and single-frequency specialized models were created
for soils rich in organic matter, including soils of
boreal forests (Bircher et al., 2016). The authors of
(Bircher et al., 2016) showed that CDP values for
moist soils with a high content of organic matter were
lower than CDP values for moist soils with a high con-
tent of the mineral matter, because organic soils con-
tain more bound water than mineral soils; the dielec-
tric permittivity of bound water is less than that of
unbound water. Individual specialized dielectric mea-
surements were carried out for forest soils of India at a
frequency of 9.6 GHz in the volume water content
range from 0 to 30% (Patil et al., 2018), gray forest soils
(Chashnikovo, Moscow oblast) containing 11% of soil
particles with a size less than 0.001 mm and organic
matter of 1.8% at a frequency of 50 MHz (Chudinova,
2009), and peat (Vasyugan Swamp) in a temperature
range from –30 to 30°C and in a frequency range from
10 MHz to 40 GHz (Kochetkova, 2019).

At the same time, there are few results in the liter-
ature on studying the dielectric properties of
organomineral forest soils in P-band frequency ranges
(at a frequency of 435 MHz) with the aim of develop-
ing specialized dielectric models for using in algo-
rithms of the BIOMAS satellite. Previously, special-
ized models at the frequency of 435 MHz were devel-
oped for mineral (Fomin and Muzalevskiy, 2021) and
organic (Savin et al., 2022) thawed and frozen soils,
the samples of which were collected in the tundra
(Alaska, Yamal Peninsula, and Taimyr Peninsula).
Single-frequency models of soil CDP, when com-
pared with spectroscopic models (Mironov et al.,
2020; Peplinski et al., 1995; Zhang et al., 2010), pos-
sess higher accuracy and have significantly fewer input
parameters, which is an advantage in applied remote
 Vol. 59  No. 9  2023
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Fig. 1. Soils under study. The numbers correspond to the numbers of soils from Table 1.

1 2 3 4
sensing problems in which there is no necessity for
information about the finer parameters of the model,
such as the CDP of bound water, relaxation time,
static dielectric permittivity, entropy and enthalpy of
the phase transition, etc. (Bobrov et al., 2021).

In this paper, a single-frequency dielectric model
of thawed and frozen organomineral soils collected
from the topsoil of mostly pine, birch, and mixed for-
ests of the Krasnoyarsk forest steppe is proposed for
using at the frequency of 435 MHz. The dielectric
model is created based on the refractive model of a mix-
ture (Komarov and Mironov, 2000; Mironov et al.,
2020), the parameters of which are determined
depending on the temperature of forest soils.

MATERIALS AND METHODS

The soil samples were collected in the form of cylin-
drical cores with a diameter of 110 mm and height of
300 mm from the topsoil of the pine, aspen, mixed, and
birch forests of the Krasnoyarsk forest steppe, Pirovsky
raion, Krasnoyarsk krai. For the modification of the
refractive dielectric model, the upper core layer (from 5
IZVESTIYA, ATMOSPHER

Table 1. Organic matter content and granulometric composi

No. Location 
coordinates

Forest 
type

Mass fraction 
of the organic 

matter, %
1–

0.25 mm

1 57°37′17.9″ N
92°13′00.6″ E

Pine 21.4 –

2 57°37′22.8″ N
92°13′01.4″ E

Aspen 31.1 –

3 57°37′21.1″ N
92°15′03.0″ E

Mixed 27.8 –

4 57°39′45.0″ N
92°16′12.2″ E

Birch 14.8 2.8
to 10 cm) was collected. It mostly contained remains of
rotten and not rotten vegetation, fallen leaves, a root sys-
tem, and a small amount of soil (mostly black) that
remained on plant roots (Fig. 1). The coordinates of
soils samples and the organic matter content are pre-
sented in Table 1. The study was carried out for soil sam-
ples with different gravimetric moisture from the dry
state to moisture of 0.6 g/g and in the temperature range
from –30 to 25°C. The general procedure of preparing
the soil samples for measurements was described in detail
in (Mironov et al., 2013). The organic matter content in
the soil was determined according to GOST 27784-88
and GOST 26213-91; the content of the granulometric
composition was determined according to Kachinskii’s
procedure (Agrochemical…, 1975) (Krasnoyarsk State
Center of Agrochemical Service). The determination
of the granulometric composition according to
Kachinskii’s procedure for soils with an organic matter
content above 20% turned out to be impossible; for this
reason, Table 1 does not contain data on the granulo-
metric composition for such soils.

The gravimetric moisture content of the soil sam-
ples mg was defined as the ratio of the mass of water
IC AND OCEANIC PHYSICS  Vol. 59  No. 9  2023

tion of the soils under study
Fraction content, %

0.25–
0.05 mm

0.05–
0.01 mm

0.01–
0.005 mm

0.005–
0.001 mm <0.001

– – – – –

– – – – –

– – – – –

10.8 47.3 10.5 12.8 15.8
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in the soil mw to the mass of dry soil md: mg = mw/md.
The error in measurements of moisture varied from 3
to 5% depending on the gravimetric moisture. In
total, 20 samples with different moistures were pre-
pared for each soil.

The measurements of CDP of moist samples were
carried out using a dielectric measurement complex
that included a Keysight N5232 vector network ana-
lyzer, an SU-241 Espec temperature chamber, a coax-
ial measuring container, and a PC. The measured
sample of soil with a given moisture was placed in a
container made in the form of a rigid coaxial line.
Samples with low moisture were measured using a
container with a length of 37 mm; samples with high
moisture were measured a container with a length of
17 mm. The radius of the outer envelope of both con-
tainers was 7 mm; the radius of the central conductor
was 3 mm. The measurements were carried out in a
temperature range from –30 to 25°C. The stable given
temperature of the sample was maintained using an
SU-241 Espec temperature chamber. The accuracy of
the temperature setting in the chamber is 0.1°C. Using
the vector network analyzer, the amplitudes and
phases of the scattering matrix element S12 of the moist
soil samples were recorded at the electromagnetic field
frequency of 435 MHz. By means of the technique
expounded in (Mironov et al., 2013), using the mea-
sured values of the scattering matrix element S12, val-
ues of the real and imaginary parts of the complex
refractive index (CRI) of moist mineral soil samples

 were obtained, where ns and κs are the
refractive index (RI) and the normalized attenuation
coefficient (NAC) of the electromagnetic wave in the
measured sample, respectively. The technique
expounded in (Mironov et al., 2013) allows one to
measure CDP with an error from 1 to 10% for the real
part and from 6 to 30% for the imaginary part of CDP
depending on values of these quantities and electro-
magnetic field frequency.

The CRI is related to CDP  by the fol-
lowing relationship:

where  is relative dielectric permittivity (DP) of
moist soil and  is the dielectric loss factor (DL). DP
and DL can be easily expressed in terms of the RI and
NAC as follows:

SINGLE-FREQUENCY REFRACTIVE 
DIELECTRIC MODEL

The dependences of soil CDP on moisture, in
accordance with (Mironov and Savin, 2019), were
described using the dielectric model based on the

= + κ*
s s sn n i

ε = ε + ε"'*
s s si

= ε = ε + ε* * ' ,"
s s s sn i

ε's
ε''

s

ε = κ ε = κ2 2' "–  ,   2 .s s s s s sn n
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refractive equation of dielectric permittivity of the
mixture. Previously, in (Mironov et al., 2010; Mironov
and Savin, 2019), in the studies of organic soils col-
lected in tundra regions, three categories of soil water
were identified, namely, tightly bound water, loosly
bound water, and unbound water (or ice in frozen
soil). This classification was used based on differences
in CDP values for categories of water in wet soil. In
connection with this, the following refractive dielec-
tric equation of a mixture with three categories of soil
water was used for the organic soils under study:

(1)

(2)

The subscripts s, d, m, b, t, u, and i in systems of equa-
tions (1) and (2) refer to wet soil, dry soil, organomin-
eral component, tightly bound water, loosly bound
water, unbound water, and ice, respectively; mg1 is the
maximum possible content of tightly bound water in
weight in the soil; mg2 is the maximum possible con-
tent of the total amount of bound water in the soil in
weight; mg is the gravimetric moisture content of the
sample;  is the density of the dry soil;  are the
densities of the soil water categories; and  is the den-
sity of ice. Equations (1) and (2) describe the depen-
dences of the RI and NAC reduced in a certain way to
common density of the dry soil on the gravimetric
moisture content by piecewise linear functions with
breakpoints corresponding to mg1 and mg2. An approx-
imation of experimental moisture dependences of the
RI and NAC by the use of Eqs. (1) and (2) makes it
possible to determine values of mg1 and mg2 in wet soil
at each measurement temperature. As an example,
symbols in Fig. 2 show the obtained dependences of
reduced RIs  and NACs  of the
soils on moisture at temperatures of 20 and ‒20°C. As
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Fig. 2. Reduced RI and NAC of the measured soils at temperatures of (a, c) 20°C and (b, d) −20°C as functions of gravimetric
moisture at the frequency of 435 MHz. The experimental data are shown by symbols; the approximation result is shown by lines.
The numbers correspond to the numbers of soils from Table 1.
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can be seen in Fig. 2, CRI values, depending on mois-
ture, can be indeed described by a piecewise linear
function with two breaks. The moisture value mg1 de-
termining the first breakpoint of the moisture depen-
dence of the reduced RI and NAC should be referred
to boundary moisture separating the moisture ranges
related to tightly bound and loosly bound water; the val-
ue mg2 determining the second breakpoint should be re-
ferred to boundary moisture separating the moisture
ranges related to loosly bound and unbound water or
ice. These ranges are marked in Fig. 2 by vertical dashed
lines. Thus, an analysis of the moisture dependences
shown in Fig. 2 at the frequency of 435 MHz did not
make it possible to separate water bound on the surface
of mineral particle and water bound on the surface of
organic particles in their dielectric properties for the
considered soils. Therefore, all parameters of the di-
electric permittivity model that are related to character-
istics of bound water categories, like in (Mironov et al.,
2010; Mironov and Savin, 2019), will be effective for the
whole volume of water bound on mineral and organic
particles.

It is seen in Fig. 2 that variations in values of
reduced RI and NAC for different soils at similar
moistures are small. In regions classified as tightly
bound and loosly bound water, values of reduced RI
and NAC for different soils almost coincide with each
IZVESTIYA, ATMOSPHER
other; in the region of unbound water, they only insig-
nificantly exceed limits of measurement errors for these
values. This might indicate that the reduced RI and

NAC of the solid component , tightly

bound water , loosly bound water

, and unbound water (or ice) ,

depend weakly or do not depend at all on the organic
matter content for the studied soils. Analyzing values
of the parameters mg1 and mg2 for soils with different
organic matter content, a weak dependence of mg2 on
the organic matter content was found at positive tem-
peratures. No such dependence was found at negative
temperatures. Taking into account the above, it was
decided to exclude from the model the organic matter
content as a parameter. Thus, all model parameters
described by Eqs. (1) and (2) were common for sam-
ples with the organic matter content from 14.8 to
31.1%. As a result of using such approach, the number
of parameters of the developed model was reduced,
which made it possible to simplify it to some extent.

Parameters of the dielectric model were sought
using the procedure of approximation of the obtained
moisture dependences of the reduced RI and NAC of
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Fig. 3. Maximum content of tightly bound water  and
total content of bound water  in samples of organic soil.
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soil samples with the application of formulas (1) and
(2) as a theoretical model. In view of the decision not
to take into account the organic matter content, the
approximation was carried out simultaneously for the
RI and NAC of all four studied soils at each measure-
ment temperature. The approximation results are
shown in Fig. 2 by solid lines.

Taking into account that the proposed dielectric
model was simplified due to the exclusion of the influ-
ence of the organic matter content from it; it was nec-
essary to estimate the loss of its accuracy under this
assumption. For this purpose, a dielectric model
which takes into account the influence of the variation
in the organic matter content in the studied soils on
the model parameters was constructed. Then, errors in
two models of organic soil CDP were analyzed: with
allowance for the dependence of CDP model parame-
ters on the organic matter content in the soil and with-
out regard to it. The results of this analysis are pre-
sented in the next section.

An approximation of the moisture dependences of
the reduced RI and NAC of the soils yielded values of

the parameters , , , , ,

, , , , and mg2 for each tempera-

ture from the measurement range, regardless of the
organic matter content. Values of the parameters mg1
and mg2 are shown by symbols in Fig. 3. It is seen in
Fig. 3 that mg1 within the limits of measurement errors
remains a constant equal to 0.06 ± 0.01 g/g in the
whole range of measurement temperatures. The quan-
tity mg2 slightly varies in the region of positive tem-
peratures and, on average, amounts to 0.31 ± 0.06 g/g.
At negative temperatures, the value of mg2 decreases
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with a decrease in temperature by an exponential law
from 0.24 to 0.13 g/g.

To describe the temperature dependences of mg1
and mg2 by use of approximating the experimental data
presented in Fig. 3, the following empirical formulas
were obtained:

(3)

Values of mg1 and mg2 calculated by formula (3) are
shown in Fig. 3 by solid lines.

Applying the approximation method to the
obtained moisture dependences of the reduced RI and
NAC of the soils under study at each measured tem-
perature with the use of Eqs. (1) and (2) as the theoret-
ical model, temperature dependences were obtained
for the parameters characterizing the RI and NAC of
the organomineral component, tightly bound water,
loosly bound water, unbound water, and ice. The
experimental dependences of these parameters are
presented in Fig. 4. The following empirical formulas
were found by approximation for the experimental
temperature dependences:
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Fig. 4. Temperature dependences of reduced (a) RI n and (b) NAC κ for the (1) organomineral component, (2) tightly bound
water, (3) loosly bound water, and (4) unbound water (or ice) at the frequency of 435 MHz.
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Formulas (1)–(7) constitute the temperature-
dependent dielectric model of the upper organic layer
of forest soils for the frozen and thawed state at a fre-
quency of 435 MHz. The input parameters of the
developed CDP model are the density of dry soil ρd,
gravimetric moisture content mg, and temperature t.

In Fig. 4b, one can see that at negative tempera-
tures an increase in the reduced NAC of loosly bound
water is observed with a decrease in temperature, while
the NAC value decreases for other categories of soil
water. Such difference between the NAC temperature
dependences of soil water categories in the megahertz
frequency range might be caused by the influence of
conductivity of soil water categories in combination
with relaxation processes related to Maxwell–Wagner
interphase polarization (Loewer, 2016; Mironov,
2019). The authors of (Mironov, 2019) revealed two
relaxation processes for tightly bound water in organic
soils of the Arctic region in the megahertz frequency
range; the contribution of these relaxations to the
CDP spectrum of tightly bound water decreased with
a decrease in temperature in the temperature range
from 25 to −30°C and thus decreased the real and
imaginary parts of the CRI. Interphase relaxations in
organic soil were not revealed in unbound water. In
loosly bound water, the maximum absorption fre-
quency of the electromagnetic wave due to Maxwell–
Wagner relaxation varied from 1.6 GHz to 280 MHz
with a decrease in temperature. At frequencies below
the frequency of maximum absorption of the electro-
magnetic wave due to dielectric relaxation, the NAC
increases with a decrease in temperature due to the
shift of the absorption maximum to the region of lower
frequencies; then, the NAC decreases after the tem-
perature at which the frequency of the electromagnetic
field coincides with the maximum absorption fre-
IZVESTIYA, ATMOSPHER
quency. Thus, a change in the maximum absorption
frequency of the electromagnetic field due to Maxwell–
Wagner relaxation in loosly bound water might lead to a
change in the character of the temperature dependence
(shown in Fig. 4b) of the reduced NAC of loosly bound
water at the frequency of 435 MHz and temperature of
about 0°C.

As is seen in Fig. 4b, the values of the reduced
NACs of water categories have rather large errors with
allowance for the smallness of the values themselves.
These errors were calculated as the standard error of
parameters obtained in the numerical approximation
procedure for moisture dependences (shown in Fig. 2)
of the reduced quantities RI and NAC of the soil. The
magnitudes of the calculated errors are affected by close
values of the NAC of tightly bound and loosly bound
water at the frequency of 435 MHz and by the spread of
experimental points relative to the theoretical piecewise
linear dependence described by formulas (1) and (2).
One of causes of the spread of experimental points in
Fig. 2 is the error in measurements of the RI and NAC
themselves; for the NAC, the relative error is higher by
virtue of the fact that its values at the frequency of
435 MHz are considerably less than values of the RI.
Other causes are errors in measurements of moisture
and density of samples, possible variations in the gran-
ulometric and chemical composition in soil samples
into which the core was divided.

ESTIMATION OF THE ERROR 
IN THE DEVELOPED DIELECTRIC MODEL

Errors of the developed single-frequency refractive
dielectric model (SFRDM) were estimated by com-
paring the CDP values calculated using the model
with the corresponding measured values. As an exam-
ple, symbols in Fig. 5 show the measurement results
IC AND OCEANIC PHYSICS  Vol. 59  No. 9  2023
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Fig. 5. Values of DP and DL of moist soil samples as functions of temperature: soil no. (a, b) 1, (c, d) 2, (e, f) 3, and (g, h) 4. The
measured values are shown by symbols; the solid lines correspond to soil CDP values calculated using the developed model.
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Table 2. Errors of the dielectric models for the studied
organic soils

NRMSE, % R2

SFRDM 16 21 0.97 0.97
SFRDM OC 14 22 0.98 0.96

ε' ε'' ε' ε''

Fig. 6. Values of (a) DP and (b) DL of the studied soils calculated using the developed dielectric model as functions of their mea-
sured values. The solid lines show the results of linear approximation.
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for DP and DL of four studied soils as functions of
temperature for several moistures. Also, solid lines in
Fig. 5 show the results of calculations by the proposed
dielectric model both for thawed and for frozen states
of the upper organic layer of forest soils. As is seen in
Fig. 5, a good agreement between the calculated and
measured CDP values of moist soils is observed
almost in the whole range of measurement tempera-
tures.

Figure 6 shows the DP and DL values for the soils
under study calculated using the developed SFRDM
as functions of their measured values. To estimate the
error of the proposed model of soil CDP for the data
presented in Fig. 6, the normalized root-mean-square
error (NRMSE) of the model values from measured
ones and the coefficient of determination R2 were cal-
culated. The formulas for calculation of the NRMSE
and R2 have the following form:

(8)

(9)

where xj, yj, and  are the measured values, values cal-
culated using the model, and the average measured
value, respectively; n is the number of measurements.
Values of the errors are presented in Table 2. Analyzing
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the errors presented in Table 2, one may conclude that
the accuracy of the proposed model is comparable
with the accuracy of CDP measurements.

To estimate the loss of accuracy in the proposed
CDP model due to the exclusion of the dependence of
the model parameters on the organic matter content
in soils from the consideration, the error was also
estimated for the single-frequency refractive model
of forest soil CDP taking into account variations in
the organic matter content in the studied soils
(SFRDM OC). Values of the NRMSE and R2 for the
SFRDM OC are also presented in Table 2. Analyzing
the data from Table 2, one may conclude that taking
into account variations in the organic matter content
on parameters of the CDP model does not exert a con-
siderable impact on the accuracy of the model. The
difference between the NRMSE values when using the
models with allowance for the organic matter content as
a model parameter and without regard to it is less than
3% for DP values and less than 1% for DL values. This
corroborates the validity of excluding the dependence of
parameters of the CDP model for the studied forest
soils on the organic matter content in them.
IC AND OCEANIC PHYSICS  Vol. 59  No. 9  2023



DIELECTRIC MODEL OF THE UPPER ORGANIC LAYER OF FOREST SOILS 1217
CONCLUSIONS
In this work, a single-frequency dielectric model of

thawed and frozen organic forest soils of the root zone
at a frequency of 435 MHz is proposed. The model is
created based on the refractive dielectric model of the
mixture. The developed dielectric model is applicable
for predicting CDP of the topsoil of pine, aspen, mixed,
and birch forests of Krasnoyarsk forest steppe with an
organic matter content from 15 to 31%, gravimetric
moisture from 0 to 0.6 g/g, and in the temperature range
from –30 to 25°C. In comparison with the spectro-
scopic dielectric models developed in (Mironov et al.,
2020; Mironov and Savin, 2019), the proposed single-
frequency model is simpler for practical use, because it
has the minimum number of input parameters, which
include gravimetric moisture, temperature, and den-
sity of dry soil. In the analysis of errors of the created
soil CDP model, it has been justified that taking into
account the dependence of model parameters on the
organic matter content is unnecessary, because the
loss of accuracy when excluding this dependence from
the consideration, according to the estimation, is less
than 3% for DP and less than 1% for DL. The tem-
perature dependence of the maximum possible
amount of bound water for the Krasnoyarsk forest-
steppe zone has been estimated by the dielectric
method for the first time.

This dielectric model can be used for interpreting
remote sensing data at a frequency of 435 MHz, as well
as in algorithms of moisture measurement and deter-
mining the thawed/frozen state of forest soils.
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