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Experimental Analysis and Empirical Model of the
Complex Permittivity of Five Organic Soils

at 1.4 GHz in the Temperature Range
From −30 °C to 25 °C
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Abstract— The dielectric measurements were made for five
organic soils taken from the tundra territories of Alaska, Yamal,
and Taimyr, with the content of organic matter varying from
35% to 80%. The measurements were carried out in the
temperature range from −30 °C to 25 °C, frequencies from
0.45 to 16 GHz and soil moisture from close to zero to the field
moisture capacity. The refractive mixing model was applied to fit
the measurements of the soil’s complex refractive index (CRI) as
a function of soil moisture, with the values of temperature being
fixed. As a result, a respective dielectric model was developed. The
amounts of bound and transient water in the thawed and frozen
soils were introduced as parameters of the developed model and
derived as a function of temperature and content of soil organic
matter. The other parameters which concern the CRIs of soil
solids as well as bound, transient, and liquid soil water or ice
components were derived as a function of temperature. The
errors of the proposed model estimated in terms of the values of
normalized root-mean-sqaure error for the real and imaginary
parts of the soil complex relative permittivity appeared to
be 6%–7% and 23%, respectively. The proposed dielectric model
can be applied in active and passive remote sensing, in particular,
for the SMOS, SMAP, and Aquarius missions after testing in
ground-based experiments.

Index Terms— Dielectric measurement, microwave measure-
ment, predictive models, soil moisture.

I. INTRODUCTION

D IELECTRIC models for thawed mineral soils developed
by Dobson et al. [1] and Mironov et al. [2] are well

known and now extensively used as basic elements in the
soil moisture retrieval algorithm of the SMOS and SMAP
missions [3]. In contrast to the mineral soils, the soil moisture
retrieval algorithm over organic soils is in the process of devel-
oping, regarding the appropriate dielectric model. Dielectric
properties of the organic soils are less studied than those of the
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mineral soils. In this research, we will consider organic soils
which according to [4] are determined as the soils containing
more than 20% by weight of organic matter. Organic soils
occupy the total area of more than 300 million ha worldwide.
About 80% of the world’s organic soils are situated in the
Russian Federation and Canada [4].

For the first time, dielectric model for an organic soil in
thawed and frozen state was developed in [5]. This model
allows estimating the complex refractive permittivity (CRP)
for the only soil with an organic matter content of 90% by
weight as a function of soil moisture, bulk density in the ranges
of temperature and wave frequency from −30 °C to 25 °C, and
1 to 15 GHz, respectively. This model is based on the measured
soil dielectric data, which are fit with the refractive mixing
dielectric model formulated for the reduced complex refractive
index (CRI) of the soil, and the Debye model for the spectra
of the soil water components. Later, this model was extended
over the frequency range from 0.05 to 15 GHz by including
the lower frequencies subrange from 0.05 to 1 GHz. The latter
was done due to using the multirelaxation Debye formulas for
the dielectric spectra of the soil water components [6].

In addition, a simple single-frequency (1.4 GHz) dielectric
model of one organic soil (with an organic matter content
of 80%) was developed in [7], which allows calculating the
CRP of this soil in the thawed and frozen state as a function
of moisture, dry soil bulk density and temperature. To develop
a dielectric model for a group of soils with different contents
of organic matter for determination parameters of this model,
a method analogous to the one used in [8] was applied. As a
result, the one more model parameter, namely the amount
of organic matter in the soil was introduced. This is the
novelty of this paper in comparison with [7] where the soil
with a fixed content of organic matter was considered. Thus,
the purpose of this research is to create a dielectric model for
a group of organic soils having different contents of organic
matter and to estimate the error of this model. The input
data of such a model should be readily available parameters
characterizing organic soils and affecting the CRP of organic
soils. This, apparently, such available a priory soil physical
properties as moisture, dry soil density, temperature (as we
consider thawed and frozen soils) and organic matter content.
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TABLE I

CHARACTERISTICS OF THE MEASURED SOILS

Fig. 1. Dependences of CRP on volumetric moisture at different temperatures (T°C) for the soil from Yamal with the SOM content 35%. (a) Real part
of CRP. (b) Imaginary part of CRP.

II. DIELECTRIC MEASUREMENTS OF ORGANIC SOILS

To develop the dielectric model, four basic tundra soils were
used, three of which were collected on the Yamal Peninsula
(Russia) with the organic contents of 35%, 50%, and 61%,
respectively, and one soil containing 80% of organic matter
was taken from Alaska. Also, for independent estimation of
the model accuracy, a soil with an organic content of 38.5%
collected near the city of Norilsk (Taimyr Peninsula) was used.
The physical and geographical data on these soil samples are
shown in Table I.

In this paper, dielectric measurements of organic soils
were carried out using the technique previously apply for
mineral soils. This technique is described in detail in [8].
Therefore, only the main elements of this technique will be
discussed below in terms of the experimental apparatus, and
the corresponding experimental conditions. Before performing
the dielectric measurements, the soil samples were ground
using a coffee grinder. The ground samples were dried in an
oven at 60 °C for 24 h. After that, a predetermined amount
of distilled water was added to soil samples. When filling
the measurement cell the soil was compacted with a cylinder
pestle. To conduct dielectric measurements, the soil matter was
placed into a cell formed by a section of coaxial waveguide.
The cell was connected to the ZVK Rohde & Schwarz

vector network analyzer to measure the frequency spectra
of the S11, S22, S12, and S21 elements of the scattering
matrix S over the frequency range from 0.045 to 16 GHz.
The isothermal measurements were ensured with the use of an
SU-241 Espec chamber of heat and cold with accuracy 0.5 °C.
The dielectric measurements of the soil samples at the same
assigned in advance water content and sample density could
not be repeated, because control of soil sample moisture,
and densities was not possible in process of packing soil
in the measuring cell. As a result, the measured dielectric
data referred to the soil samples with simultaneously changing
values of moisture and density. Sometimes the samples with
the close values of water content and density happened, and
then their CRP measured values coincided. The algorithm
developed in [9] was applied to retrieve the spectra of the CRP
of moist soil sample using the measured values of scattering
matrix. This algorithm provides the real part of the CRP with
the errors less than 10%, and imaginary part of the CRP, with
the errors about 20%.

The typical behavior of the CRP of thawed and frozen
organic soil with the value of soil organic matter (SOM)
of 35%, as a function of volumetric moisture at the fixed
temperatures is shown in Fig. 1. The real part of the CRP, ε�,
in the case of the thawed soil depends on temperature weakly,
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as follows from Fig. 1. However, more significant depen-
dence for the imaginary part, ε��, of the thawed organic
soil CRP on temperature is observed. At that, ε��, decreases
with increasing temperature at a frequency of 1.4 GHz. The
effect of temperature on the real and imaginary parts of the
CRP for the frozen organic soil is much more noticeable
as compared to the thawed soil. Both ε�, and ε�� decrease
with the temperature decreasing from −1 °C to −30 °C.
In the thawed organic soil, the real and imaginary parts of
the CRP increase when soil moisture increases. As to the
frozen soil, ε� and ε�� significantly change only in the range
of volumetric moistures from 0.05 to 0.3 cm3/cm3. From the
above consideration, It can be concluded that the effect of
moisture has the strongest impact on the soil CRP in the case
of thawed organic soils, and the effect of temperature has the
strongest impact on the soil CRP in the case of frozen organic
soils.

The effect of the organic matter content on soil CRP was
estimated through the relative difference, δ, for two organic
soils with minimal and maximal organic matter content.
To calculate relative difference, δ, was used formula

δ = εmax − εmin

(εmax + εmin)/2
× 100%.

The relative difference between the CRPs for thawed soils with
volumetric moisture 0.4 cm3/cm3 at the temperature of 20 °C
was about 6% and 47% for the real and imaginary parts of
CRP, respectively. As for frozen soils with volumetric moisture
0.4 cm3/cm3 at the temperature of −30 °C, these values
yielded 11% and 34%, respectively. Thus, the soils organic
matter content weakly affects real part of CRP, but noticeably
affects imaginary part of CRP.

III. DIELECTRIC MODEL

The measured soil CRPs, ε∗, will be analyzed in terms of
the reduced CRI

(n∗ − 1)/ρd = (
√

ε∗ − 1)/ρd = (n − 1)/ρd + iκ/ρd (1)

where n = Re
√

ε∗ and κ = Im
√

ε∗ are the real and imaginary
parts of CRI, respectively. ρd is the dry soil bulk density. Such
an approach allows analyzing the dielectric data measured
at simultaneously changing values of moisture and density.
Moreover, the gravimetric moisture of the soil samples mg ,
which is the ratio of the mass of soil water to that of the
dry soil sample, can be the only variable when fitting the
reduced CRI measured as a function of gravimetric moisture
at different values of soil bulk density. Different values of
soil bulk density for soil samples with varying moistures
arise in the process of packing soil samples into a dielectric
measurement cell.

The dependences of the dry soil bulk density on the sample
moisture for the measured soils observed in the experiment
are shown in Fig. 2.

We suggest that the modified, as it was done in [6],
refractive mixing dielectric model (RMDM) can be expressed

Fig. 2. Dry soil bulk density as a function of gravimetric moisture for the
measured soils with different organic matter content.

by the following equations:
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(3)

The indices s, o, b, t , l, and i denote moist soil, organic
solids, bound, transient, liquid water, and ice, respectively.
The empirical parameters mg1 and mg2 are the maxi-
mum gravimetric fractions of: 1) bound water and of
2) total bound and transient soil water components. As seen
from (2) and (3), the reduced CRI does not depend on
soil bulk density. In Fig. 3(a) and (b), the reduced soil
CRI as a function of gravimetric moisture are shown
together with best fitting functions (2) and (3) at different
temperatures.

As follows from Fig. 3(a) and (b), the modified RMDM
(2) and (3) is a good approximation for the measured data.
Further, parameters mg1, and mg2 were estimated as a function
of temperature for each soil with different organic matter
contents. For this purpose, the measured values of (ns −1)/ρd ,
and κs/ρd were fit as a function of gravimetric moisture at
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Fig. 3. Typical behavior of the reduced CRI as a function of gravimetric moisture at fixed temperatures together with the best fitting functions. (a) Real part
of reduced CRI. (b) Imaginary part of reduced CRI.

Fig. 4. Maximum amount of bound water mg1 and the maximum amount
of both the bound and transient water mg2 as a function of temperature for
the soils with different contents of organic matter (SOM) and their standard
errors. Dashed lines correspond to the developed model.

fixed temperatures. The results of this fitting are presented
in Fig. 4. As seen from Fig. 4, only insignificant (on the
order of a few percent) decreases in mg1 are observed with the
temperature decreasing from −1 °C to −30 °C. In the case of
thawed soils mg1 increase with the temperature decreasing,
and this increase is even less significant compared to the
frozen soils. The more significant effect is observed for the
temperature dependences of mg2 (see Fig. 4). The value of mg2
for frozen soils increases by the factor of about 2, with the
temperature increasing from −30 °C to −1 °C. At the same
time, in the case of thawed soils the variations of mg2 with the
temperature are found (see Fig. 4) to be about 10%. As can be
deduced from the results presented in Fig. 4, the value of mg1
increases by the factors of about 1.5 and 1.3 for the frozen and
thawed soils, respectively, with the organic matter increasing
from 35% to 80%.

After that, the obtained values of mg1 and mg2 for thawed
soils were fit as a function of temperature by a linear function.

For frozen soils, mg1 and mg2 were fit as a function of tem-
perature with linear and exponential functions, respectively.
Thus, obtained dependences of mg1 and mg2 on temperature
and content of organic matter can be approximated by the
functions presented in Table II.

The other empirical parameters, namely, (no − 1)/ρo,
(nb −1)/ρb, (nt −1)/ρt , (nl −1)/ρl , (ni −1)/ρi , κo/ρo, κb/ρb,
κt/ρt , κl/ρl , κi/ρi , of the dielectric model were determined
by fitting the measured values of (ns − 1)/ρd and κs/ρd as
a function of mg at the fixed temperatures simultaneously for
all basic soils [Fig. 5(a) and (b)]. In this fitting, the only value
for each parameter being determined was used in spite of the
content of organic matter in the soil. At that, the values of mg1
and mg2 were assigned as previously determined. This means
that the soil type, which is identified by the content of organic
matter in soil, has a significant effect only on mg1 and mg2
and does not affect the other parameters. The parameters of
the theoretical dielectric model (2) and (3) that correspond
to the smallest standard deviations of the calculated values
from the experimental data are derived with the help of the
least-squares method applying the software ORIGION 9. In a
result of statistical analysis of the proposed dielectric model,
the 95% confidence intervals were found for all ten model
parameters, which are shown in Figs. 4 and 5(a) and (b).
To determine one parameter, an average of 15 measured values
of the CRI of the soil sample is used. All the determined
parameters as a function of temperature and organic matter
content are given in Table II.

The real part, ε�
s , and the imaginary part, ε��

s , of the soil
CRP εs∗ = ε�

s + iε��
s are related to the CRI ns∗ = n�

s + iκ ��
s by

the following relationships:
ε�

s = n2
s − κ2

s , ε��
s = 2nsκs. (4)

Formulas (2)–(4) with the empirical parameters defined
in Table II represent the developed temperature- and organic
matter-dependent dielectric model for thawed and frozen
organic soils at 1.4 GHz.

As follows from Table II, the developed dielectric model
contains 10 empirical parameters that are functions of only
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TABLE II

MODEL PARAMETERS AS A FUNCTION OF TEMPERATURE (T °C) AND SOM CONTENT (SOM%) AND THEIR STATISTICAL ERRORS

(R2 IS THE DETERMINATION COEFFICIENT; RMSE IS THE ROOT MEAN SQUARE ERROR)

two variables characterizing the soils, namely, temperature and
organic matter content. As a result, a complete set of the input
data of the developed dielectric model consist of the dry soil
bulk density, moisture, temperature, and the content of organic
matter in the soil.

IV. VERIFICATION OF THE MODEL

The model was verified by comparing the calculated CRP
with the measured ones for the four basic soils (based on
which the model was developed) and for one independent
soil. (The data of which were not used to develop the
model.) As an example, both the calculated and measured
values of CRP as a function of temperature at three fixed
moistures for two basic soils with the smallest (35%) and
the largest (80%) content of organic matter and one inde-
pendent soil with organic matter content of 38.5% are shown
in Figs. 6(a) and (b) and 7(a) and (b), respectively. According
to the Fig. 6(a) and (b) and 7(a) and (b), the calculated and
measured values of soil CRP are well consistent with each
other.

The most large deviation of the calculated CRPs from the
measured ones are observed for the basic soil with the larger
content of organic matter and the independent soil at the
highest values of moisture. The input soil data at which the
values of CRP shown in Figs. 6 and 7 were calculated are
given in Table III.

Moreover, we compared the CRP values calculated with the
help of the developed model with experimental data obtained
independently by another scientific group, who used dielectric
measurement procedure for undisturbed soil samples [10].
The results of this comparison presented in Fig. 8 show
that the calculated values of the CRP lie within the range
of the measured values. Unfortunately, verification of the
developed model on the bases of a few measured data available
in [11]–[15] appeared not possible because the data on organic
matter content, and soil bulk density were absent.

Thus, the developed dielectric model takes into account the
structure changes through the dry soil bulk density, which
is an independent input parameter of the model, integrally
accounting for the soil structure. To use the dielectric model
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Fig. 5. Temperature dependences of the model parameters. (a) (nq − 1)/ρq .
(b) κq/ρq . For organic solids, q = o, (squares); bound water, q = b, (circles);
transient water, q = t , (triangles); liquid water/ice, q = l/ i , (asterisks).

Fig. 6. Comparison of the calculated (lines) and measured (symbols) values
of the soil CRP as a function of temperature at different values of volumetric
moisture, mv, for two basic soils. (a) SOM = 35%. (b) SOM = 80%.

developed on the bases of laboratory measurements of soil
samples with modified structure in the case of natural soil
having a different structure, it is necessary to assign the value

Fig. 7. Comparison of calculated (lines) and measured (symbols) values of
the CRP for independent soil at different values of volumetric moisture, mv.
(a) Real part of CRP. (b) Imaginary part of CRP.

Fig. 8. Comparison of the calculated (lines) and measured (symbols) values
of the soils CRP as a function of volumetric moisture, mv. The measured
values of the soils CRP are taken from [10].

of the dry soil bulk density corresponding to natural soil. The
calculated real and imaginary parts of CRP values in the cases
of the basic soils and the independent one against the measured
ones are shown in Fig. 9, giving a visual representation for the
deviations of these values from each other.

Quantitative estimations of these deviations were con-
ducted in terms of root-mean-square error (RMSE), normal-
ized RMSE (nRMSE), and determination coefficient (R2).
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TABLE III

INPUT DATA FOR MODEL CALCULATIONS PRESENTED IN FIGS. 6 AND 7

Fig. 9. Calculated CRP’s values of moist soils as a function of the measured ones in the temperature ranges of −30 °C ≤ T ≤ 25 °C. (a) Real part of
CRP, ε�

s , for basic soils. (b) Imaginary part of CRP, ε��
s , for basic soils. (c) Real part of CRP, ε�

s , for independent soil. (d) Imaginary part of CRP, ε��
s , for

independent soil. The bisectors and linear fits are represented by solid and dashed lines, respectively.

The respective formulas for these errors can be found in [8].
The results of quantitative estimations for the deviations
between the calculated and measured soil CRP values are
given in Table IV.

We were able to identify with the help of the software
Grafula 3 the values of volumetric moisture and dielectric per-
mittivity for the data of five (36 samples) from 10 soils shown
in [10, Fig. 4(b)]. As a result, it appeared to be possible to esti-
mate the error of the developed model relative to the dielectric
data of these five soils. These are the soils with the content of
organic matter (22.27%, 51.27%, 64.95%, 72.98%, 91.65%)
and dry soil bulk density (0.79, 0.28, 0.81, 0.1, 0.12 g/cm3),
respectively. Quantitative estimations of these errors were
conducted in terms of RMSE, nRMSE, and R2. The results of
these estimations are given in Table IV. As seen from Table IV,
the errors of the developed model estimated relative to the

dielectric data measured by independent scientific group in the
case of undisturbed (in situ) soils did not increase noticeably in
terms of nRMSE. In the range of this accuracy the developed
dielectric model can be applied to the organic soils with the
values of dry soil density observed in situ.

The values of normalized RMSE for the real (6%–7%)
and imaginary (23%) parts of CRP for basic and independent
soils are on the order of the dielectric measurement errors
themselves.

V. DISCUSSION

There is a relationship between the models of the complex
dielectric permittivity of moist mineral and organic soils
considered in [1], [2], and [5]–[8] and TDR models for the
apparent dielectric constant. These models underlie TDR tech-
nologies for moisture measurement of composite materials,
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TABLE IV

ACCURACY OF THE MODEL PREDICTIONS

including those containing organic substances [16]–[21].
Namely, the value of apparent dielectric constant is
approximately equal to the real part of the CRP in the case of
low-loss composite media. So, we can compare the real part
of thawed organic soil CRP calculated with TDR dielectric
model and the developed model for mutual validation.

The initial empirical dependences between apparent dielec-
tric constant and volumetric soil moisture appeared in
[22] and [23]. The Topp formula gives the dependence of the
apparent dielectric constant (Ka) of thawed soils on volumetric
soil moisture content (θv) [22]. In particular, for organic soils
this formula has the form

Ka = 1.74 − 0.34θv + 135θ2
v + 55.3θ3

v . (5)

For low loss, nearly homogenous materials Ka is approxi-
mately equal to the real part of CRP. This formula is based
on TDR measurements in the frequency range from 0.02 to
1 GHz for one organic soil at the temperature of 20.5 °C. One
more empirical formula was proposed in [23]. In the Skierucha
formula, the real part of CRI (n) of moist soil is represented
as a function of soil volumetric moisture (θv) and soil bulk
density (ρd)

n = 0.573 + 0.582ρd + (7.755 + 0.792ρd)θv. (6)

Formula (2) is applicable for both the mineral and organic
soils. It is based on TDR measurements conducted for 19 min-
eral soils, nine organic soils, and nine mixtures composed of
these mineral and organic soils at the temperature of 20 °C.
At that, the upper frequency of the TDR signal was 1 GHz.
As pointed out in [23] the bulk density of organic soils varied
from 0.12 to 0.65 g/cm3. These formulas do not take into
account the dependence of moist soil permittivity either on the
temperature or the content of SOM, and concern only thawed
soils.

Further, we will compare the values of the real part of
soil CRP estimated using (5) and (6) and the developed
dielectric model with the respective measured values.
In Fig. 10(a) and (b) is shown the measured data for the
two organic soils with organic matter content of 35% and 80%
at the temperature of 20 °C alongside the respective

Fig. 10. Comparison the real part of CRP calculated with the Topp, Skierucha
models, and the developed model with the respective measured ones for the
two soils; (a) low organic matter content 35% and (b) high organic matter
content 80%.

values calculated with the use of the developed dielectric
model (2)–(4) and the Topp (5) and Skierucha (6) models.
In calculations with the Skierucha formula (6), we used the
soil bulk densities obtained in our measurements at different
moistures. The real part of CRP, ε�, shown in Fig. 10 was
estimated as ε� = Ka and ε� = n2 in the cases of Topp (5) and
Skierucha (6) models, respectively. As follows from Fig. 10,
the values calculated with the Topp and Skierucha models are
in good agreement with both the measured data and the results
of respective estimations obtained with the developed model.
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The deviations of the real part of CRP calculated with the
Topp, Skierucha, and developed models from the respective
measured values were estimated in terms of nRMSE. These
estimations yielded the values 22%–46%, 5.7%–12%, and
1.8%–1.2% for the soils in low and high organic matters for
the Topp, Skierucha, and developed models, respectively.

The obtained above estimations for the values of nRMSE
proves that taking into account the soil bulk density signif-
icantly decreases the error of Skierucha model compared to
the Topp model. In our model, the bulk density of soil is also
an important parameter. Therefore, we draw the attention of
possible users of the developed dielectric model to the fact
that the empirical formula linking the soil bulk density (ρd) to
the content of soil organic carbon (SOC) was obtained in [24].
This formula was obtained for Canada’s arctic and subarctic
soils

ρd = 0.071 + 1.32 exp (−0.071SOC%)

n = 1376, R2 = 0.984. (7)

SOC is expressed through SOM by the following formula [25]:
SOC = 0.58SOM. (8)

As follows from the above discussion, the error of the
dielectric model developed by us is smaller by the factors
of 12–38, 3–10 compared to the models by Topp, and
Skierucha, respectively. In addition, it is worth noting that
the preceded models developed by Topp, and Skierucha are
applicable only to the thawed soils and do not account for the
temperature dependence and organic matter content.

VI. CONCLUSION

For the first time, the dielectric model of thawed and frozen
organic soils at the frequency of 1.4 GHz which accounts
for temperature and organic matter content was developed.
The model predicts the CRP of organic soil as a function
of organic matter content (from 35% to 80%), bulk density,
moisture (from air dry to the field capacity value), and
temperature (from −30 °C to 25 °C). At that, the values
of organic matter content and soil bulk density are entire
characteristics of the organic soil type and have to be assigned
in advance. The most innovative feature of the developed
model is its ability to provide for CRP in the case of frozen
soils, including substantial dependence of frozen soil CRPs
on temperature. The errors of the developed model evaluated
relative to the data of laboratory measurements in terms of
normalized RMSE for the real (6%–7%) and imaginary (23%)
parts of CRP for organic soils are on the order of the dielectric
measurement errors themselves. As the proposed model was
calibrated on laboratory measuring data which usually has the
dry soil bulk density values larger than those of the soils
in situ, the model should be calibrated in situ conditions. This
model opens new opportunities in microwave radiometry and
radar remote sensing. In particular, the model can be used in
the recently developed remote sensing algorithm for deriving
the temperature profiles in the frozen soil from the radio
brightness observations conducted on the bases of the SMOS
instrument [26].
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